
Abstract
The ovary is part of the reproductive system, possessing very important functions in the reproduction 
process (ovum and embryo transfer, providing a suitable environment for sperm capacitation, etc.). There 
are two types of cells in the fallopian tubes: alveolar and secretive cells. These study shows the metabolic 
processes in pig oviductal epithelial cells associated with the activation of signaling pathways of amino 
acids metabolism and degradation during long-term in vitro culture. Oviductal epithelial cells from 45 col-
onies in the anestrous phase of the estrous cycle have been utilized in this study. RNA extract from the OEC 
primary cultures was pooled after 24h, 7days, 15 days and 30 days from the beginning of culture and the 
transcriptome investigated  by Affymetrix® Porcine Gene 1.1 ST. From the whole transcript that consisted 
of 2009 different genes, 1537 were upregulated and 995 were downregulated after 7 days of culture, 1471 
were upregulated and 1061 were downregulated after 15 days of culture and 1329 were upregulated and 
1203 were downregulated after 30 days of culture. The results of these studies provide, for the first time,  
information on the activation of metabolic pathways of amino acids such as valine, leucine, isoleucine, cys-
teine, and methionine in the investigated tissue. They also indicate genes that may be OECs-specific genetic 
markers that are expressed or upregulated during long-term in vitro culture.
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Introduction
It was well found that domestic pigs are a useful 

model for many aspects of biomedical research. In-
deed, phylogenetical similarities between pig and 
human open a new gateway in xenotransplantation, 
especially with regard to heart disease, orthopedics 
and traumatology. Although, transgenic pig technolo-
gy is well established, there are still many difficulties 
before a successful xenotransplant can be performed. 
Therefore, stem cells technology was built as the basis 
of regenerative a deconstructive bio-medicine. More-
over, application of a stem cells was recently used as 
the main tool of advanced biotechnology [1]–[3]. 

Primary, in vitro cell cultures (IVC) are one of the 
most prospective methods of tissue and organ re-
generation, with a large probability for application 
in reconstructive medicine. However, despite the fact 
that the stem-like specificity of cells cultured primar-
ily in vitro is well recognized, the cellular physiology 
as well as molecular properties, are not yet properly 
determined [4]–[6]. Our recent experiments indicate 
the huge plasticity of porcine cells of origin associat-
ed with reproduction, such as ovarian granulosa cells, 
and/or endometrial cells, cultured primary in vitro for 
short,- or long-term [5], [7]. However, the differences 
in cellular proliferation and differentiation capability 
between various cell types are significant, depending 
substantially on the type of reproductive tissue and 
organ from which they are isolated. Furthermore, 
physiology of the cells, represented by genetically pro-
gramed lifespan, ability for survival and/or apoptosis 
differs significantly, even in tissues recovered from the 
same donor. In result, each cell primary in vitro culture 
provides information about tissue dependent specific-
ity and plasticity 

We have also shown that porcine oviductal epithe-
lial cells (OECs) differ significantly from endometrial 
cells and ovarian granulosa cells in the logarithmic 
phase of in vitro proliferation. It may be suggested 
that these cells cultured primary in vitro displayed dif-
ferent proliferation capability, which is in tissue type 
dependent manner. Although the in vitro primary cul-
ture system of OECs was well established by our team, 
the physiological and molecular properties of these 
cells are  still not entirely known (unpublished data). 

In this study, using Affymetrix microarray assays, 
we investigated the expression profile of genes in-
volved in several important processes of amino acids 
metabolism. In results, we presented proteins – and 
enzymes significantly associated with activation of 
signaling pathways, involved in cysteine and methi-
onine metabolism as well as valine, leucine and isole-
ucine degradation. 

Material and Methods
Animals

In this study, crossbred gilts (n=45) at the age of 
about nine months and which displayed two regular 
estrous cycles were collected from a commercial herd. 

All the animals were checked daily for estrus behav-
ior and were slaughtered after reaching the anestrus 
phase of the estrus cycle. The uteri were then trans-
ported to the laboratory within 30 min at 38 °C. 

RNA extraction from oviductal epithelial cell
Oviductal epithelial cell were pooled and harvest-

ed 24h, 7days, 15 days and 30 days after beginning 
of culture. Total RNA was extracted from samples 
using TRI Reagent (Sigma, St Louis, MO, USA) and 
RNeasy MinElute cleanup Kit (Qiagen, Hilden, Ger-
many). The amount of total mRNA was determined 
from the optical density at 260 nm, and the RNA pu-
rity was estimated using the 260/280 nm absorp-
tion ratio (higher than 1.8) (NanoDrop spectropho-
tometer, 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 (Ag-
ilent Technologies, Inc., Santa Clara, CA, USA). The 
RNA in each sample was diluted to a concentration 
of 100 ng/μl with an OD260/OD280 ratio of 1.8/2.0. 
From each RNA sample, 500 ng of RNA was taken 
for microarray expression assays. 

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 by Affymetrix GeneChip® WT Terminal Label-
ing and Hybridization (Affymetrix). 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 Imaging Station of 
the GeneAtlas System. Preliminary analysis of the 
scanned chips was performed using Affymetrix Ge-
neAtlasTM 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 down-
stream data analysis software.

All of the presented analyses and graphs were 
performed using Bioconductor and R programming 
languages. Each CEL file was merged with a descrip-
tion file. In order 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 corrected 
for multiple comparisons using Benjamini and Hoch-
berg’s false discovery rate. The selection of signifi-
cantly altered genes was based on a p-value beneath 
0.05 and expression higher than two fold. 
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Differentially expressed genes were subjected 
selection by examination of genes involved in cell 
migration regulation. The differentially expressed 
gene list (separated for up- and down-regulated 
genes) was uploaded to DAVID software (Database 
for Annotation, Visualization and Integrated Dis-
covery) [8], where genes belonging to the “valine, 
leucine and isoleucine degradation” and “cysteine 
and methionine metabolism” pathways from Kyoto 
Encyclopedia of Genes and Genomes (KEGG) were 
obtained. Subsequently the expression levels of that 
genes were marked on the pathways using a “path-
view” – tool set for pathway based data integra-
tion and visualization [9]. Expression data of these 

genes were also subjected to a hierarchical clusteri-
zation procedure, and their expression values were 
presented as a heat map. 

Interactions between differentially expressed 
genes/proteins belonging to the “valine, leucine 
and isoleucine degradation” and “cysteine and 
methionine metabolism” KEGG pathways were in-
vestigated by STRING10 software (Search Tool for 
the Retrieval of Interacting Genes) [10]. The list 
of gene names was used as a query for an interac-
tion prediction. The search criteria were based on 
co-occurrences of genes/proteins in scientific texts 
(text mining), co-expression, and experimentally 
observed interactions. The results of such analyses 

Figure 1 The “cysteine and methionine metabolism”  KEGG pathway with marked expression levels of differently ex-
pressed genes. Arbitrary signal intensity acquired from microarray analysis is represented by colors (green, higher; 
red, lower expression). The boxes with names of genes were separated for three parts with representation of gene 
expression from the 7, 15 and 30 day of culture
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generated a gene/protein interaction network where 
the intensity of the edges reflected the strength of the 
interaction score. 

Ethical approval: The research related to animals use 
has been complied with all the relevant national regu-
lations and institutional policies for the care and use of 
animals. Bioethical Committee approval no. 32/2012.

Results
To investigate Oviductal epithelial cell transcrip-

tome changes following 7, 15 and 30 days after start 
of primary porcine oviductal epithelial cells, we 

performed whole gene expression analysis by Affy-
metrix® Porcine Gene 1.1 ST Array. In such assay 
expression of more than 14789 porcine transcripts 
was examined. The genes for which the fold change 
was higher than the cut-off value (fold>|2|) and 
corrected p value <0.05, were considered as differ-
entially expressed. From the whole transcript that 
consist of 2552 different genes. From these genes 
1537 were upregulated and 995 were downregu-
lated after 7 days of culture, 1471 were upregulat-
ed and 1061 were downregulated after 15 days of 
culture and 1329 were upregulated and 1203 were 
downregulated after 30 days of culture.

Figure 2 The “valine, leucine and isoleucine degradation” KEGG pathway with marked expression levels of differently 
expressed genes. Arbitrary signal intensity acquired from microarray analysis is represented by colors (green, higher; 
red, lower expression). The boxes with names of genes were separated for three parts with representation of gene 
expression from the 7, 15 and 30 day of culture
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Among these genes, genes belong to the “valine, 
leucine and isoleucine degradation” and “cysteine 
and methionine metabolism” KEGG pathways were 
extracted by DAVID (Database for Annotation, Vi-
sualization and Integrated Discovery) software. 
Subsequently the logarithm from expression values 
of these genes were marked on these pathways using 
“pathview” tools set (Fig. 1 and Fig. 2). Up and down 

regulated gene sets were subjected to DAVID search-
ing separately and only gene sets, where adj. p value 
was lower than 0.05 were selected (Tab. 1). These two 
sets of genes was subjected to hierarchical clusteriza-
tion procedure and presented as heatmap (Fig. 3).

In order to further explore known interaction 
between genes of interest, STRING-generated inter-
action network was generated among differentially 

Figure 3 Heat map representation of differentially expressed genes belonging to the “cysteine and methionine metabo-
lism” and “valine, leucine and isoleucine degradation”  KEGG pathways. Arbitrary signal intensity acquired from microar-
ray analysis is represented by colors (green, higher; red, lower expression). log2 signal intensity values were resized to 
Row Z-Score scale for any single genes (from -2, the lowest expression to +2, the highest expression)

Figure 4 STRING-generated interaction network between differentially expressed genes, belonging to the “cysteine and 
methionine metabolism” and “valine, leucine and isoleucine degradation” KEGG pathways. Applied prediction methods: 
text mining, co-expression, experimentally observed interactions
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expressed genes belonging to the “valine, leucine and 
isoleucine degradation” and “cysteine and methionine 
metabolism” KEGG pathways. Applied prediction 
methods that used text mining, co-expression, experi-
mentally observed interactions (Fig. 4). 

Discussion
The oviduct (uterine tube or Fallopian tube) is 

one of the most specialized organs in the mamma-
lian organism. The oviduct plays a very important 
role in reproduction, being primarily involved in 
the transport of oocytes after ovulation. The fertili-
zation process also occurs in the fallopian tube, and 
thus the oviduct also contributes to the transport 
of the developing embryo to the uterus [11]–[13]. 
Under physiological conditions, the fallopian tubes 
are filled with fluid, which creates the appropriate 
environment for sperm capacitation, fertilization, 
early embryonic development [14], [15].

The characteristic feature of oviduct epithelial cells 
are their cilia, specialised structures that facilitate the 
transport of the oocyte and / or embryo [16]. The rest 
of the cells in the OEC are secretory cells, that produce 
fluid filling the light of the fallopian tube . In in vitro 
primary culture conditions, OECs display epithelial 
cell morphology – appearing as densely packed polyg-
onal cells. In the first days of primary culture, ciliated 
cells are present, disappearing in secondary culture 
[17]–[19]. Secretory cells are located along the entire 
length of the fallopian tube in vivo. Their primary func-
tion is the production of specific proteins and glyco-
proteins involved in processes such as gametogenesis, 

fertilization, early embryonic development. Studies 
show that there are regional OEC variants, which may 
reflect distinct functional differences between individ-
ual sections of the fallopian tube [12], [20]. On the oth-
er hand, many researchers also draw attention to the 
morphological and functional changes occurring in 
the fallopian tube epithelium through the menstrual 
cycle. During follicular growth, in the vesicular phase, 
OEC cells rapidly proliferate, increase epithelial thick-
ness, and the number of ciliates cells and secretory 
cells. On the other hand, during the luteal phase, the 
number of epithelial cells decreases together with 
OECs secretory activity [21], [22].

Secretory epithelial oviductal cells produce a flu-
id that contains primarily glycoproteins. Current 
research confirms that the secreted products have 
an influence on the correctness of the fertilization 
process and the early development of the embryo 
[23], [24]. In recent years many studies have been 
conducted on in vitro embryonic viability. Many re-
searchers have attempted to use co-cultures, with 
cells such as human granulosa or various types of 
stem cells, to achieve the best possible developmen-
tal results. There could be a large potential in appli-
cation of OECs in these kind of studies [25].

Research by Abe et al. was carried out on the bo-
vine model. Studies have shown that bovine OEC, 
grown in co-cultures with spermatozoa, improve 
spermatozoa’s ability to fertilize oocytes in vitro. It 
has also been shown that OEC, in in vitro fertilized 
cows, secrete factors (glycoproteins and growth 
factors) that have a positive effect on the develop-

Table 1 Fold changes, adjusted p values and ENTREZ gene ID of differentially expressed genes belonging to the “cysteine 
and methionine metabolism” and “valine, leucine and isoleucine degradation” KEGG pathways. Symbols and names of the 
selected genes are also shown
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ing embryo. These studies are therefore useful in 
the analysis of fertility problems and provide many 
information on how to improve the quality of de-
veloping embryos in vitro [22], [26]. Substances se-
creted by the OECs influence the sperm, improving 
their ability to fertilise oocytes [20].

The above analyses concern the metabolism of sev-
eral essential amino acids. These are exogenous ami-
no acids that cannot be synthesized by the animal or 
human body. The present research concerns cysteine, 
methionine, valine, leucine and isoleucine [27].

Cysteine and methionine belong to the group of 
amino-acids consisting sulphur. Methionine is an 
essential amino acid that is not synthesized by the 
animal and human organism. In the case of plants 
and bacteria, methionine is synthesized from aspar-
tate. Methionine, by combining with ATP, is involved 
in the formation of S-Adenosylmethionine (SAM). 
Furthermore, SAM is a donor of methyl groups dur-
ing DNA methylation, and thus participates in regu-
lation of gene expression [28], [29].

Our study indicates that during long-term, in vitro 
breeding of pig oviduct epithelial cells, major chang-
es in genes, regulating expression of leucine and iso-
leucine degradation, occur. The vast majority of these 
genes exhibit increased expression on day 30 of the 
culture. So far, no change in the expression of these 
individual genes has been studied in oviductal cells.

The branched-chain amino acids (BCAA) is a 
group of amino acids that exhibit chain branching. 
There are 3 members of this group: leucine, isoleu-
cine and valine. Group of this amino acids cannot 
be synthetized in human and other mammals, they 
must be provided through dietary means. BCAA is 
a group of compounds that are extensively studied 
in human and animal models. Most of the research 
conducted focuses on the influence of these amino 
acids on physical fitness, primarily of men [30]. They 
are mainly associated with mediation of weight loss 
[31]. ACAA2 (Acetyl-CoA Acyltransferase 2 or mito-
chondrial acetyl-CoA acyltransferase) is one of the 
five types of thiolases found in mammals. ACAA2 is 
responsible for catalysis of the last step of the mito-
chondrial fatty acid beta-oxidation spiral [32].

Branched-chain keto acid dehydrogenase com-
plex (BCKD) is involved in the second stage of BCAA 
catabolism. This complex consists of three catalyt-
ic components: a heterotetrameric (alpha2, beta2) 
branched-chain alpha-keto acid decarboxylase (E1), 
homo-24-dihydrolipoly transacylase (E2), and a ho-
modimeric dihydrolipoamide dehydrogenase (E3). 
The second stage of the BCAA catabolism is an irre-
versible stage in the BCAA oxidation process. BCKS 
has two regulatory enzymes (kinase and phospho-
rylase) [33], [34].

Another gene involved in the pathway of degra-
dation of valine, leucine and isoleucine, whose ex-
pression has clearly increased over the 30-day in 
vitro culture, is 3-oxoacid-CoA transferase (OXCT1). 

This gene is responsible for the proper synthesis of 
succinyl-CoA or 3-ketoacid CoA transferase (SCOT). 
Ketones such as acetylacetate, 3-hydroxybutyrate 
and acetone, primarily produced by the liver, are 
the primary source of energy for the brain when the 
glucose content in the body decreases. Any distur-
bance of the ketolysis process can lead to excessive 
accumulation of ketones in the body and thus cause 
ketoacidosis [35], [36]. SCOT is produced in the mi-
tochondria, primarily in the liver, liver during fat 
breakdown. Ketone bodies are an important source 
of energy during difficult conditions and at the times 
of increasing energy requirements such as: fasting, 
diet and intense physical activity. SCOT is involved in 
acetoacetate to acetoacetyl-CoA catalysis [37]. Ace-
toacetyl-CoA is metabolized by the thiolase of aceto-
acetyl-CoA to two acetyl-CoA molecules. These two 
molecules are the substrate in the citric acid cycle, 
when producing energy [38]. Tanak et al. have rec-
ognised the expression of 3-oxo-acid CoA transferase 
(scot-t), as characteristic for reproductive cells. The 
gene responsible for the synthesis of this enzyme 
was expressed in sperm mitochondria [39]. There-
fore it is safe to assume that the expression of the 
OXCT1 gene occurs not only in the testes, but also in 
the cells of the oviduct. Another gene that exhibits 
increased expression during the 30 days of prima-
ry culture is the gene responsible for isovaleryl-CoA 
dehydroganase (IVD) sythesis. IVD is an enzyme be-
longing to the acyl-CoA dehydrogenase I group and 
participates in the leucine catabolism [40], [41]. 
Similar expression levels are shown by 2 genes rep-
resenting the aldehyde dehydrogenase family. The 
first of these two genes is acetaminophen dehydro-
genase 2 (ALDH2). This gene encodes one of the 
most important enzymes involved in the metabolism 
of alcohol . In addition, Chen et al. They found a mito-
chondrial ALDH2, whose activity was correlated with 
decreased ischemic heart damage in rodents. ALDH2 
is most likely to reduce the production of cytotoxic 
aldehydes during infarction [42].

The second gene is aldehyde dehydrogenase 6 
family member A1 gene (ALDH6A1). This gene is 
responsible for the synthesis of methylmalonate 
semialdehyde dehydrogenase, enzyme that catalyz-
es the oxidative decarboxylation of malonate and 
methylmalonate semialdehydes to acetyl- and pro-
pionyl-CoA, respectively [43], [44].

The gene, that is also involved in the BCAA degra-
dation pan, is the AACS gene encoding the cytosolic 
ligase. This enzyme participates in ketone body ace-
toacetate activation to form CoAs during cholesterol 
and fatty acid synthesis. The role of AACS in mam-
mals is not fully known. Expression of the gene re-
sponsible for AACS synthesis was found to be high in 
human brain, kidney, and heart and low in liver [45]. 
Our results indicate that AACS expression was low on 
the first day of culture, then increased during day 7 of 
culture, followed by a decrease on day 30.
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Another pathway described in this work is 
cysteine and methionine metabolism. Studies have 
shown that activation of this pathway occurs in the 
long-term in vitro OEC culture. Expression of most 
of the presented genes showed a decline on day 30 
of the culture. Genes such as spermidine (SRM), 
CDO1, ENOPH show the highest decrease in expres-
sion during the first 7 days of culture. Interestingly, 
genes such as AHCY, GCLS, CTH show decreased ex-
pression only on day 15 of the culture. 

Rapid decrease in expression of SRM was ob-
served. SRM belongs to the family of polyamines, 
playing an important role in the growth, prolif-
eration and cell survival. Many authors point out 
that the level of spermidine in cells falls with age. 
These studies also suggest that in vitro retarded 
cells exhibit a decrease in SRM expression [46]. 
Eisenberg et al. showed that spermidine adminis-
tration inhibited yeast, fly and human cell longev-
ity, by increasing autophagy, but this is also relat-
ed to reduced oxidative stress [47]. Another gene 
showing downregulation after 7 days of culture is 
enolase-phosphatase 1 (ENOPH1). This enzyme is 
released during methionine metabolism and regu-
lates the stress response of cells. Overexpression or 
complete blockage of ENOPH1 resulted in increased 
cell mortality [48].

These results suggest that during long-term in 
vitro OEC culture the pathways of amino acid me-
tabolism characteristic for other cell types are acti-
vated. These studies are among the first to show the 
genes involved in the metabolism of individual ami-
no acids, which may therefore be genetic markers of 
the processes involved in amino acid metabolism in 
OEC-specific long-term in vitro culture.

Referring to our findings on the results, obtained 
by Sen et al., expression DNMT1 has a strong influ-
ence on the function of the stem cell. Sen et al. have 
suggested that the gene presented encodes proteins 
characteristic for undifferentiated cells. The effects 
of DNMT1 expression decreased with cell differen-
tiation [49]. The close association of DNMT1 with 
OCT4 and Nanog genes has also been demonstrat-
ed, and thus the decrease in expression of these two 
genes results in a decrease in DNMT1 expression 
during differentiation. It has been found that this 
gene plays a fundamental role in regulating stem cell 
differentiation, primarily that of pluripotent stem 
cells [50]–[53]. Our studies have shown that DMNT1 
expression in long-term in vitro culture decreases. 
The appearance of DMNT1 expression in the OEC 
may indicate that these cells possess stem cell poten-
tial that decreases with each day of in vitro culture.

Conclusions
These studies confirm the key role of oviductal 

epithelial cells in reproduction, while also high-
lighting the additional properties of OECs. Having 
the characteristics of stem cells, and thus using this 

property to obtain diverse, stable cultures of differ-
entiated cells that could be used in widely under-
stood regenerative medicine.
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