
Biochemical properties of cofactor and coenzyme 
metabolism in porcine oviductal epithelial cells – 
a microarray study

Abstract
The oviduct is a key organ responsible for ultimate oocytes maturation, transport of gametes, sperm ca-
pacitation, fertilization, as well as early embryo development. Its innermost layer, oviductal epithelium, 
represents a highly dynamic structure which undergoes changes in response to different physiological and 
pathological processes. Previously, the expression profile of genes involved in several important processes 
in porcine oviductal epithelial cells (OECs) during long-term primary in vitro culture. The present stu-
dy further characterizes the porcine OECs model using Affymetrix microarray assay and it analyzes gene 
expression changes observed on the 7th, 15th and 30th day of culture.  25 genes belonging to “coenzyme 
metabolic process”, “cofactor biosynthetic process” and “cofactor metabolic process” GO BP terms were 
differentially expressed in culture. The most up-regulated genes were ALDH1L2, P2RX7, PANK1, ACSS2, 
SCD, AASS and PDK3. In contrast, several genes appeared to be significantly down-regulated, e.g. ACSL4 
and HAAO. Considering the biological roles of the most regulated genes, it can be concluded that these 
changes may indicate the increased metabolic and proliferation activity of studied cells in primary in vitro 
culture. 
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Introduction
The oviduct represents a key organ in the ulti-

mate mutation of oocytes, transport of gametes, 
sperm capacitation, fertilization, and early embryo 
development. The mucosal layer of the oviduct can 
be exposed to various pathogens and endotoxins 
entering from the peritoneal cavity, follicular flu-
id, and uterus. Moreover, there is evidence show-
ing that the presence of gametes in the oviduct or 
follicular granulosa cells, with associated fluid, can 
modify gene expression of the oviductal epithelial 
cells. Close to the time of ovulation, the oviduct ep-
ithelium is sensitive to local programming stimuli 
from both male and female gametes, follicular cells, 
and fluid [1,2]. Well characterized in vitro models 
of the oviduct epithelium are of interest for several 
general reasons. Firstly, they contribute to the un-
derstanding of molecular mechanisms associated 
with oocyte fertilization and early embryo develop-
ment; additionally, they provide a tool for reproduc-
tive toxicity testing. 

Ethical concerns and the lack of healthy tissue 
sources present limitations for the in vitro model of 
the human oviductal epithelium [3]. Regarding the 
anatomical structure and physiological processes, 
pig reveals some close similarities to human. Por-
cine derived tissues are readily available from local 
meat processing facilities, and the procedure for the 
isolation of epithelial cells is relatively simple and 
inexpensive. Due to these benefits, pig became one 
of the favored animal models for the study of the 
oviductal epithelial cells, it has already been used in 
studies of reproduction biology [4–6]. The porcine 
oviductal epithelial cells culture system is easily 
reproducible, and it represents a long-term culture 
in the strict sense. Porcine oviductal epithelial cells 
culture has been reported to be maintained for up 
to 6 weeks or 10 to 15 passages of cell lines [3].

 Affymetrix microarray assays have been previ-
ously employed to investigate the expression pro-
files of genes involved in several important process-
es in oviductal epithelial cells, such as biological 
adhesion [7], amino acids metabolism and degra-
dation [8], cell cycle process, proliferation [9], ep-
ithelium morphogenesis and oviduct development 
[10]. The aim of the present study is to further char-
acterize the porcine oviductal epithelial cells model 
during long-term primary in vitro culture.

Material and Methods
Tissue Collection

The oviducts were collected from 45 crossbred 
gilts, obtained from a commercial herd. The animals 
were approximately nine months old and displayed at 
least two regular oestrous cycles. After reaching the 
anoestrus phase of the cycle, the animals were slaugh-
tered. Collected oviducts were transported to the labo-
ratory and kept in an isolated container at 38°C. 

Primary Long-Term Cell Culture 
The method used for OEC harvesting and culture 

has been described in our previous studies [7,8,11]. 
Briefly, collected oviducts were washed twice in 
Dulbecco’s phosphate buffered saline (PBS) and 
sectioned longitudinally. Then, OECs were gently 
scratched with surgical blades and subsequently 
digested for 1 h at 37 °C in 1mg/mL solution of col-
lagenase I (Sigma Aldrich, St. Louis, MO, USA) and 
Dulbecco’s modified Eagle’s medium (DMEM; Sigma 
Aldrich). The cell suspension was filtered through 
40 µm pore size strainer and centrifuged for 10 
min at 200× g. After rinsing with PBS, OECs were 
incubated for another 10 min at 37°C with 0.5% 
Trypsin/EDTA (Sigma Aldrich), filtered and centri-
fuged as described above, resuspended in supple-
mented DMEM (10% FCS, 100 U/mL penicillin, 100 
µg/mL streptomycin, and 1 µg/mL amphotericin B) 
and seeded onto culture dishes. The cells were cul-
tured for up to 30 days (37 °C, 5% CO2) and the me-
dium of the cultures was changed every three days. 
Once OECs reached confluence of around 75-80%, 
they were digested with 0.025% Trypsin/EDTA 
(Cascade Biologics, Portland, USA), centrifuged and 
passaged to another culture dish at a seeding densi-
ty of 2 × 104 cells/cm2. 

RNA Isolation from Oviductal Epithelial Cells
OECs were suspended in TRI Reagent (Sigma 

Aldrich) after 24 h and 7, 15, and 30 days of cul-
ture. The total mRNA isolation was performed us-
ing RNeasy MinElute cleanup Kit (Qiagen, Hilden, 
Germany). The quantity of isolated mRNA was 
assessed by measuring the absorbance at a wave-
length of 260 nm, whereas the purity of RNA sam-
ples was determined as 260 nm/280 nm ratio of 
absorbance using a spectrophotometer (Bioanalyz-
er 2100, Agilent Technologies, Inc., Santa Clara, CA, 
USA). Each mRNA sample was diluted to 100 ng/µL 
concentration.

Microarray expression analysis and statistics
Total RNA (100 ng) from each pooled sample was 

subjected to two rounds of sense cDNA amplification 
(Ambion® WT Expression Kit). The obtained cDNA 
was used for biotin labeling and fragmentation using 
Affymetrix GeneChip® WT Terminal Labeling and 
Hybridization (Affymetrix, Santa Clara, CA, USA). Bi-
otin-labeled fragments of cDNA (5.5 μg) were hybrid-
ized 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. Preliminary analysis of the 
scanned chips was performed using the Affymetrix 
GeneAtlasTM. Operating Software. The quality of gene 
expression data was confirmed according to the 
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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 
generated using Bioconductor and R programming 
languages. Each CEL file was merged with a descrip-
tion file. To correct background, normalize, and sum-
marize the results, we used the Robust Multiarray 
Averaging (RMA) algorithm. To determine the statis-
tical significance of the analyzed genes, moderated 
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 smaller 
than 0.05 and expression higher than two-fold. 

Differentially expressed genes were subjected 
to selection through examination of genes involved 
in cell migration regulation. The differentially ex-
pressed gene list (separated for up- and down-reg-
ulated genes) was uploaded on the DAVID software 
(Database for Annotation, Visualization and Inte-
grated Discovery) [12], where genes belonging to 
the terms of all three Gene Ontology (GO) domains 
were extracted. Expression data of these genes were 
also subjected to the hierarchical clusterization 
procedure, with their expression values presented 
as a heatmap. 

Subsequently, we analyzed the relation between 
the genes belonging to chosen GO terms with the 
GOplot package [13]. The GoPlot package calculat-
ed the z-score: the number of up- regulated genes 
minus the number of down- regulated genes divid-
ed by the square root of the count. This informa-
tion allowed to estimate the change course of each 
gene-ontology term.

Interactions between differentially expressed 
genes/proteins belonging to the studied gene on-

tology group were investigated using the STRING10 
software (Search Tool for the Retrieval of Interacting 
Genes) [14]. The list of the names of the genes was 
used as a query for interaction prediction. The search 
criteria were based on co-occurrences of genes/pro-
teins in scientific texts (text mining), co-expression, 
and experimentally observed interactions. The re-
sults of such analyses generated a gene/protein in-
teraction network where the intensity of the edges 
reflected the strength of the interaction score. 

Finally, the functional interaction between genes 
that belong to the chosen GO BP terms were inves-
tigated with the REACTOME FIViz application to the 
Cytoscape 3.7.2 software. The ReactomeFIViz app is 
designed to find pathways and network patterns re-
lated to cancer and other types of diseases. This appli-
cation accesses the pathways stored in the Reactome 
database, allowing to perform pathway enrichment 
analysis for a set of genes, to visualize hit pathways 
using manually laid-out pathway diagrams directly 
in Cytoscape, and to investigate functional relation-
ships among genes in hit pathways. The application 
can also access the Reactome Functional Interaction 
(FI) network, a highly reliable and manually curated 
pathway-based protein functional interaction net-
work 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. 246/1992.

Results
Whole transcriptome profiling with Affymetrix 

microarrays allowed analysis of the gene expression 
changes between 7, 15, and 30 days of porcine 
oviductal epithelial cell culture.  Using Affymetrix® 

FIGURE 1 Heat map representation of differentially expressed genes belonging to the to “coenzyme metabolic process”, 
“cofactor biosynthetic process” and “cofactor metabolic process” 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)
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FIGURE 2 The circle plot showing the differently expressed genes and z-score of  the “coenzyme metabolic process”, 
“cofactor biosynthetic process” and “cofactor metabolic process” 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

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

ENTREZ 
GENE ID

MEAN 
RATIO

ACSL4 2,078475 -1,049840 -1,389865 0,000888 0,778847 0,027679 448980 -0,120410

HAAO 2,260462 1,012229 -1,484548 0,000495 0,948252 0,010911 100514283 0,596048

PPARA 2,156741 1,463697 1,431760 0,001697 0,036412 0,040484 397239 1,684066

CPOX 2,562460 1,513475 1,395239 0,000490 0,019946 0,042725 100511474 1,823725

ALDOC 3,100575 1,215495 1,317360 0,000301 0,274540 0,110445 100512013 1,877810

PGM1 2,424519 1,680756 1,691567 0,000276 0,002924 0,002153 397566 1,932281

TPI1 2,751177 1,737387 1,421065 0,000059 0,000779 0,006133 100157582 1,969876

ME1 2,691975 1,528067 1,911722 0,000358 0,017206 0,001723 397538 2,043921

ACSL3 2,049555 1,676912 2,729973 0,002097 0,008605 0,000218 100233169 2,152147

FECH 2,109918 2,722032 2,420194 0,000678 0,000117 0,000152 100322873 2,417382

SLC25A1 3,272247 1,857686 2,239022 0,000043 0,000649 0,000117 100154310 2,456318

OXSM 2,234415 2,697009 2,514316 0,000560 0,000143 0,000144  --- 2,481914

PFKFB4 2,978245 3,699473 2,573760 0,000132 0,000034 0,000122 100158056 3,083826

PDK1 4,856476 1,981458 2,658224 0,000100 0,004418 0,000537 100286871 3,165386

PCBD1 2,831266 3,234674 3,436204 0,000047 0,000015 0,000007 100155605 3,167382

ACACA 3,411749 3,730045 3,501388 0,000588 0,000307 0,000279 397324 3,547727

TSPO 3,123906 3,962945 3,669010 0,000048 0,000012 0,000009 396592 3,585287

ACOT13 2,203769 4,264528 4,968930 0,000233 0,000008 0,000003 100514587 3,812409

SCD 5,037882 1,402767 5,796847 0,000092 0,087483 0,000025 396670 4,079166

PDK3 2,773770 4,066151 5,486628 0,000182 0,000024 0,000006 100153858 4,108850

AASS 2,332931 4,119242 6,132447 0,007329 0,000476 0,000092 100513962 4,194873

ACSS2 6,349718 2,503393 5,620930 0,000007 0,000095 0,000002 100153866 4,824680

PANK1 7,855562 3,491674 7,158650 0,000007 0,000033 0,000002 100154650 6,168629

P2RX7 6,165142 8,522042 5,795398 0,000027 0,000007 0,000010 497623 6,827528

ALDH1L2 4,535793 8,626347 22,102755 0,000038 0,000004 0,000001 100151976 11,754965

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
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Porcine Gene 1.1 ST Array Strip, the expression 
of 12257 transcripts was examined and genes 
were considered as differentially expressed when 
presented a fold change higher than abs (2) and 
corrected p-values lower than 0.05. This set of 
genes consisted of 2533 different transcripts. 

DAVID (Database for Annotation, Visualization 
and Integrated Discovery) software was used for 
the extraction of gene ontology biological process 
terms (GO BP) that contained differentially ex-
pressed transcripts. Up- and down-regulated gene 
sets were subjected to DAVID searches separately, 

FIGURE 3 The representation of the mutual relationship of differently expressed genes that belong to “coenzyme meta-
bolic process”, “cofactor biosynthetic process” and “cofactor metabolic process” 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 – up-regulated, 
red – down-regulated). The genes were sorted by logFC from most to least changed gene

FIGURE 4 Heatmap showing the gene occurrence between chosen differently expressed genes that belongs to “coenzyme 
metabolic process”, “cofactor biosynthetic process” and “cofactor metabolic process” 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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performed only on selected gene sets with adjusted 
p-value lower than 0.05.  The DAVID software anal-
ysis showed that the differently expressed genes 
belonged to 657 Gene ontology terms 25 genes that 
belong to “coenzyme metabolic process”, “cofactor 
biosynthetic process” and “cofactor metabolic pro-
cess” GO BP terms were chosen for further analysis. 
These sets of genes were subjected to hierarchical 
clusterization procedure and presented as heat-
maps (Fig. 1). Gene symbols, fold changes in ex-

pression, Entrez gene IDs and corrected p values of 
the genes were shown in table 1. 

The enrichment of each GO BP term was calculated 
as z-score and shown on the circle diagram (Fig. 2).

Chosen GO BP terms contained 166 differently ex-
pressed genes. Therefore, the calculated mean value 
of the mean fold change ratio of each gene between 
7, 15 and 30 days of culture. Based on that criteria, 
10 most downregulated and 10 most up-regulated 
genes were chosen for further analysis.

FIGURE 5 STRING-generated interaction occurrence between chosen differently expressed genes that belongs to the to 
“coenzyme metabolic process”, “cofactor biosynthetic process” and “cofactor metabolic process” GO BP terms. The inten-
sity of the edges reflects the strength of interaction score 

FIGURE 6 Functional interaction (FI) between chosen differently expressed genes that belongs to the to “coenzyme 
metabolic process”, “cofactor biosynthetic process” and “cofactor metabolic process” 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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In Gene Ontology database genes that formed 
one particular GO group can also belong to other GO 
term categories. Accordingly, we explored the gene 
intersections between selected GO BP terms. The 
relation between those GO BP terms was presented 
as a circle plot (Fig. 3) as well as a heatmap (Fig. 4).

The STRING-generated interaction network was 
created among differentially expressed genes be-
longing to each selected GO BP terms. Using such 
prediction method, we obtained a molecular inter-
action network formed between the proteins de-
rived from the genes of interest (Fig. 5). Finally, we 
investigated the functional interactions of the cho-
sen genes with REACTOME FIViz app to Cytoscape 
3.7.1 software. The results were shown in Fig. 6. 

Discussion
Whole transcriptome profiling approach was em-

ployed to analyse the genes belonging to “coenzyme 
metabolic process”, “cofactor biosynthetic process” 
and “cofactor metabolic process” GO BP terms. In 
general, the chosen ontology groups are associated 
with chemical reactions and cell signalling path-
ways resulting in the formation of cofactors, as well 
as with reactions and pathways that involve coen-
zymes and cofactors.

The most up-regulated gene was ALDH1L2 which 
encodes a mitochondrial isoform of a similar cytoso-
lic enzyme, ALDH1L1 possessing 10-formyltetrahy-
drofolate dehydrogenase/hydrolase activities [15]. 
While the proposed function of the cytosolic en-
zyme is the overall regulation of the flux of one-car-
bon groups through folate pool, its mitochondrial 
counterpart ALDH1L2 may be also involved in pro-
ducing formate, a pathway shuttling one-carbon 
groups from mitochondria to cytosol. Additionally, 
this enzyme might be involved in the regulation of 
mitochondrial protein biosynthesis [16]. The reac-
tion catalyzed by ALDH1L irreversibly removes car-
bon groups from the folate pool completing the fo-
late-dependent biosynthetic pathways, which might 
fulfill several metabolic functions including clear-
ance of excess of folate-bound one-carbon groups 
[15]. It should be mentioned that, in contrast to cy-
tosolic ALDH1L1, mitochondrial ALDH1L2 is pres-
ent at detectable levels in several cancer cell lines, 
denoting different mechanisms of regulation of 
these enzymes [15].

The next up-regulated gene was P2RX7 which 
generates a plasma membrane receptor for extra-
cellular ATP.  P2RX7 is expressed at a high level by 
immune and tumor cells; however recent studies 
have shown its presence in an increasing number 
of different cells lineages, including stem, neu-
ral, bone, endothelial, muscle, and skin cells [17].  
P2RX7 was revealed in the oviductal epthelium, and 
is a cation-selective plasma membrane channel that 
undergoes, when over-activated, a channel-to-pore 
transition responsible for a reversible permeabili-

zation of the plasma membrane to low molecular 
weight aqueous solutes [18]. P2RX7 induces vari-
ous downstream cell cascades, including inflamma-
tory molecule release, cell proliferation, apoptosis, 
metabolic events, and phagocytosis [17]. Previously, 
P2RX7 has been mostly associated with cytotoxici-
ty and proinflammatory cytokines release. Howev-
er, recent studies revealed that P2RX7 has a potent 
growth-promoting activity and has been implicated 
in tumor progression [18].

The upregulation of genes related to coenzyme 
A (CoA) metabolism, i.e. PANK1 and ACSS2. PANK1 
encodes a member of the pantothenate kinase fam-
ily, which catalyzes the cytosolic phosphorylation of 
pantothenate (vitamin B5), N-pantothenoylcysteine 
and pantetheine, and it controls the overall rate of 
CoA biosynthesis was revealed by the microarray 
analysis [19].  CoA plays a central role in the metab-
olism of carboxylic acids, including short- and long-
chain fatty acids [20,21]. Fatty acids are incorporated 
into membranes and signaling molecules, and they 
participate in energy metabolism. These essential 
functions require activation of fatty acids by acyl-CoA 
synthetases, e.g. ACSS2, forming an activating thio-
ester linkage between the fatty acid and CoA [22]. 
The same as PANK1, ACSS2 gene was up-regulated at 
D7 and D30 during long-term OECs culture. 

Additionally, up-regulation of stearoyl-CoA desat-
urase gene (SCD), which product is an endoplasmic 
reticulum enzyme that catalyzes the biosynthesis of 
monounsaturated fatty acids from saturated fatty 
acids [23] was observed in the array analysis. SCD 
plays an important role in linking lipid metabolism 
with adaptive stress signaling and in disorders such 
as metabolic syndrome, cardiovascular disease and 
cancer [24].

The next highly up-regulated gene was AASS, 
which encodes alpha-aminoadipic semialdehyde 
synthase, a bifunctional protein that catalyzes the 
first 2 steps in the lysine degradation pathway [25]. 
The role of AASS in lysine metabolism has been 
confirmed by earlier studies, where the inactivat-
ing mutations in the AASS gene were shown to be a 
cause of hyperlysinemia [26].

The similar pattern of expression was observed 
in the case of PDK3 gene. Pyruvate dehydrogenase 
kinases (PDKs) characterize the pyruvate dehy-
drogenase complex (PDC) phosphatase inhibitors, 
which enhances cell glycolysis and facilitates tumor 
cell proliferation [27,28]. Pyruvate dehydrogenase 
kinase 3 (PDK3) is a mitochondrial protein consid-
ered as a potential pharmacological target for dif-
ferent types of cancer [29].

The previously mentioned genes encode proteins 
participating in metabolism activation and cell 
proliferation. During long-term OECs culture, the 
up-regulation of these genes may be due to the pro-
cesses related to cell expansion following the initial 
seeding on culture vessels.
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There are several genes belonging to the chosen 
GO BP terms which were significantly down-reg-
ulated after 15 days of in vitro culture. The most 
down-regulated gene was ACSL4, which plays an es-
sential regulatory role in the ferroptotic cell death 
process. Acsl4 is responsible for shaping the cellu-
lar lipidome and its expression has been reported to 
correlate with sensitivity to this form of necrotic cell 
death [30]. Knockdown of ACSL4 has been shown 
to inhibit erastin-induced ferroptosis in HepG2 and 
HL60 cell lines, whereas overexpression of ACSL4 
by gene transfection restored sensitivity of LNCaP 
and K562 cells to erastin [31]. When compared to 
D1 and D7, the down-regulation of ACSL4 in OECs 
after 15 days in culture may indicate lower sensitiv-
ity to ferroptotic necrosis.

The next gene that was down-regulated during 
the culture period is HAAO. Known as 3-hydroxyan-
thranilate-3,4-dioxygenase, the product of this gene 
is an enzyme that catalyzes the biosynthetic path-
way from tryptophan to quinolonate. HAAO hyper-
methylation, which leads to the repression of gene 
transcription, appears to be a frequent event in 
endometrial carcinomas [32,33]. Given this, HAAO 
down-regulation may be related to OECs prolifera-
tion in culture. 

In conclusion, the current results suggest differ-
ential expression of genes belonging to “coenzyme 
metabolic process”, “cofactor biosynthetic process” 
and “cofactor metabolic process” GO BP terms in 
porcine OECs during 30 days of culturing. Con-
sidering the biological roles of the most up- and 
down-regulated genes, it can be concluded that 
these changes may indicate the increased metabolic 
and proliferation activity of studied cells in primary 
in vitro culture. This assumption is consistent with 
our earlier studies showing that, after long-term 
culture, the OECs still proliferate and maintain their 
tube forming properties [10,34].
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