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Abstract

Feeding flaxseed to dairy cows can modulate gene expression and PG synthesis in the uterus at the time of peri-implantation. The objec-
tives of the present study were to determine which flaxseed components are responsible for these effects and how different endometrial
cell types are affected. We evaluated the effects of six different linoleic acid (7-6):a-linolenic acid (7-3) ratios and three concentrations of
the lignan enterolactone (ENL) on endometrial stromal cells (SC) and epithelial cells (EC). The mRNA abundance of genes with known or
suspected roles in embryo survival or PG synthesis was evaluated, along with PGE, and PGF,, concentrations in culture media. The mRNA
abundance of several genes was modulated by different fatty acid (FA) ratios and/or ENL, and this modulation differed between cell types.
The FA4 (FA at an 7-6:1-3 ratio of 4) treatment (rich in 7-3 FA) increased the mRNA abundance of genes that have positive effects on uter-
ine receptivity and implantation when compared with the FA25 (FA at an 7-6:1-3 ratio of 25) treatment (rich in 7-6 FA). ENL decreased
PGE, and PGF,, concentrations in both cell types, and this reduction was associated with lower mRNA abundance of the PG synthase
genes AKR1B1 and PTGES in SC. The combination of ENL with FA (FA4 treatment) resulted in the greatest reduction in PGF,, concen-
trations when compared with the addition of FA (FA4) or ENL alone. Because of the known luteolytic properties of PGF,,, a reduction
in endometrial PGF,, secretion would favour the establishment and maintenance of pregnancy.
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may also depend on increases in uterine PGE, synthesis” ™"

In ruminants, successful embryo implantation and survival is
and on conceptus-secreted PG®. Consequently, variations in
uterine and conceptus PGE, and PGF,, synthesis, along with

variations in the PGE,:PGF,, ratio, may affect embryo implan-

dependent on efficient recognition of the embryo by the
endometrium and the continuous secretion of progesterone

(Py) by the corpus luteum cL%?, In cows, interferon-t

(IFNT) is the main anti-luteolytic pregnancy recognition
signal secreted by the elongating conceptus between days
15 and 28 of gestation. IFNT prevents the regression of the
CL through the suppression of endometrial oxytocin-induced
luteolytic pulses of PGF,, synthesis(zf@. Particularly, it has
earlier been reported that the establishment of pregnancy

tation and survival.

Prostaglandins are the derivates of PUFA. Arachidonic acid
(AA), an n-6 fatty acid (FA), leads to the production of series
2 PG (including PGF,, and PGE,), whereas EPA, an 7-3 FA,
leads to the production of series 3 PG®. The same elongase
and desaturase enzymes can convert the main sources of

Abbreviations: AA, arachidonic acid; AKR1B1, aldo—keto reductase family 1, member B1l; ALA, a-linolenic acid; ANXA2, annexin A2; BEND, bovine
immortalised endometrial; CL, corpus luteum; CO, control cells with no hormones; COP, control cells treated with progesterone; COPI, control cells
treated with progesterone and recombinant ovine interferon-t; CXCL10, chemokine (C—X-C motif) ligand 10; CYP39A41, cytochrome P450, family 39,
subfamily A, polypeptide 1; DKK1, dickkopf homologue 1; E10, 10 wm-enterolactone; EC, epithelial cells; ENL, enterolactone; FA, fatty acids; FAO,
linoleic acid:a-linolenic acid ratio of 0; FA1, linoleic acid:a-linolenic acid ratio of 1; FA4, linoleic acid:a-linolenic acid ratio of 4; FA15, linoleic
acid:a-linolenic acid ratio of 15; FA25, linoleic acid:a-linolenic acid ratio of 25; FAoo, linoleic acid:a-linolenic acid ratio of oo; FBS, fetal bovine serum;
FOS, FBJ murine osteosarcoma viral oncogene homologue; GEC, glandular epithelial cells; HBSS, Hanks’ buffer saline solution; IFNT, interferon-;
IFIT3, interferon-induced protein with tetratricopeptide repeats 3; IRF6, interferon regulatory factor 6; ISG15, 1SG15 ubiquitin-like modifier; LA, linoleic
acid; LEC, luminal epithelial cells; OAS1, 2',5'-oligoadenylate synthetase 1, 40/46 kDa; P4, progesterone; PARM1, prostate androgen-regulated mucin-like
protein 1; PTGES, PGE synthase; rolFNT, recombinant ovine interferon-t; RPMI, Roswell Park Memorial Institute; SC, stromal cells; ZFP36L1, zinc finger
protein 36, C3H type-like 1.
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dietary 7-6 FA (linoleic acid (LA)) and 7-3 FA (a-linolenic acid
(ALA)) to AA and EPA, respectively@’m). Therefore, compe-
tition between 7-3 and 7-6 FA occurs for the synthesis of
PG, which may decrease the production of series 2 PG
when there is an increased availability of dietary n-3 FA®.
Indeed, it has been demonstrated that 7-3 FA can reduce
PGF,, secretion from bovine endometrial cells in vitro™?.
Also, feeding with  ALA and LA supplements
decreased"®, and increased®, respectively, circulating
series 2 PG metabolites in vivo. In addition to the above-
mentioned effects on elongase and desaturase enzymes, it
has earlier been reported that 7-3 and 7-6 FA can modulate
gene expression'”. For example, diets enriched in EPA and
DHA, both 7-3 FA found in fish oil, modulate bovine endo-
metrial gene expression of PG endoperoxide synthase
(PGFS) and PGE synthase (PGES) in a manner that favours
the establishment and maintenance of pregnancy(14_16) .

Flaxseed contains about 55 % of total FA in the form of ALA
and is known to have positive effects on fertility. For example,
cows fed whole flaxseed have fewer pregnancy losses and
lower plasma concentrations of series 2 PG than cows fed sun-
flower seed, which is rich in LA"7"'®. Moreover, cows fed with
a flaxseed supplement have higher conception and lower
embryo mortality rates than cows fed Megalac (rich in SFA)
or micronised soyabeans (rich in LA)??2?,

Apart from its important ALA content, flaxseed is also one
of the richest sources of plant lignans. Indeed, it contains
high amounts of secoisolariciresinol diglucoside, which is
mainly converted within the cows’ rumen into the mammalian
lignan metabolite enterolactone (ENL)?". This lignan presents
antioxidant activity and acts as a selective oestrogen receptor
agonist®?, and thus could be responsible for some of the
reproductive benefits observed when flaxseed is fed to
cows. However, the effects of ENL on reproductive perform-
ances have been poorly explored so far.

At the time of peri-implantation, the expression of several
endometrial genes is modulated to favour embryo implan-
tation and development®~>>. To better understand the
mechanisms behind the positive effects of flaxseed on the fer-
tility of dairy cows, we first performed a transcriptomic study
comparing endometrial tissue transcripts of pregnant (day 17)
dairy cows fed a supplement of 10% whole flaxseed with
2627 Among all differentially
expressed transcripts, genes involved in the synthesis of PG
such as PGE synthase (PTGES) and aldo-—keto reductase
family 1, member Bl (AKR1B1, a PGF synthase) were
identified. Genes known to be regulated by IFNT were also
identified (e.g. 2/,5-oligoadenylate synthetase 1, 40/46 kDa
(0ASD™® and 18G15 ubiquitin-like modifier (ISG15)*”
along with genes known or suspected to have a critical role
in embryo survival (e.g. dickkopf homologue 1 (DKKDH®
and Zn finger protein 36, C3H type-like 1 (ZFPSGL]))(SD. As
whole flaxseed was fed to cows in these previous exper-

COWS

those fed a control diet

iments, it was not possible to determine whether differences
in gene expression were due to the presence of n-3 FA, flax
lignans or both in the diet. Moreover, these studies provided
information on gene expression levels in the whole endome-
trium with no distinction among cell types. It has earlier been

demonstrated that epithelial cells (EC) and stromal cells (SC)
from the cow endometrium exhibit specific functional proper-
ties, such as greater production of PGF,, by EC and of PGE,
by SC®?. Therefore, the present in vitro study was undertaken
to identify the effects of 7-3 FA (ALA), n-6 FA (LA) and ENL
(mammalian lignan) on two bovine endometrial cell types,
the SC and EC. More precisely, the objectives of the present
study were to determine the effects of different LA:ALA
ratios and of ENL on the mRNA abundance of selected
genes having important roles in embryo implantation and
survival and in the synthesis of PGE, and PGF,, in bovine
endometrial primary cell culture.

Materials and methods
Endometrial primary cell isolation and culture

Uteri were collected from multiparous Holstein cows at stage 1
of the oestrous cycle (days 1-4) at the local slaughterhouse
and transported on ice to the laboratory. A total of twelve
cows were used to perform the experiments described in
the present study. Uteri were selected based on their healthy
and normal appearance and the presence of a corpus haemor-
rhagicum and a degraded CL from the previous cycle on the
ovaries®**? Endometrial EC and SC were isolated using
methods described in Fortier et al*® and Xiao & Goff®>
with the following modifications. The cervix was removed
and both horns were rinsed in sterile PBS (1-37M-NaCl,
27 mM-KCl, 100 mm-Na,HPO,, 18 mM-KH,POy4, pH 7'4). The
myometrium was removed by dissection and the uterine
horns were carefully inverted with a long hook to expose
the epithelium. Each horn was then cut into four to five sec-
tions that were each tied up at both ends. The tissue was
then digested for 1 h 30 min at 37°C in Hanks’ buffer saline sol-
ution (HBSS) without Ca and Mg (Invitrogen), supplemented
with 0:3% (v/v) trypsin (Invitrogen) and an antibiotic-antimy-
cotic 1 X solution (ABAM) (Invitrogen), to collect luminal epi-
thelial cells (LEC). This was followed by a second digestion for
1h 15min at 37°C in a new HBSS solution containing 0-06 %
(v/v) trypsin, 0:06% (w/v) collagenase type 1 (Invitrogen)
and ABAM to collect SC and glandular epithelial cells (GEC).
After each digestion, the sections of the horns were rubbed
lightly with the non-cutting edge of a cell lifter and rinsed
twice in HBSS to free the cells. Right after the LEC suspension
(first digestion) and the SC and GEC suspension (second
digestion) were obtained, 10% (v/v) fetal bovine serum
(FBS) (Invitrogen) was added to inhibit trypsin activity. To
purify LEC from the contamination by SC, the LEC suspension
was centrifuged at 200g for at least 7min to collect LEC
clumps (SC remaining in the supernatant). LEC pellets were
washed three times with HBSS, pooled and then suspended
in 30 ml of culture medium: Roswell Park Memorial Institute
(RPMD-1640 with r-glutamine and 25 mm-HEPES (Invitrogen)
supplemented with 10% (v/v) FBS and 100 pg/ml of Primocin
(InvivoGen). To increase the total yield of EC, the SC and GEC
suspension was filtered through a 40 pm BD Falcon cell
strainer (BD Biosciences). GEC clumps were recovered by
backwashing the strainer with HBSS, whereas the SC passed
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through the strainer. The GEC suspension was then centri-
fuged at 200g for 5min. The pellets were washed one
to two times with HBSS, pooled and then suspended in
20ml culture medium. To eliminate the remaining contami-
nating SC from the EC, LEC and GEC were plated in
92mm X 16 mm Petri dishes (10 ml/dish) and incubated at
37°C with 5% CO, for 3h. The culture media containing the
floating EC clumps were then collected delicately, thus leaving
the contaminating SC adhered to the dish. The filtered SC
suspension was centrifuged at 60g for 5min to further
eliminate contaminating EC, and the supernatant was then
centrifuged at 1000 g for 10 min to recover SC. The SC pellets
were then resuspended in 4ml erythrocyte lysis buffer
(154nM-NH4Cl, 10mm-KHCO; and 0-1mM-EDTA)?®  for
7min at room temperature and centrifuged at 1000g for
Smin. The SC pellets were washed twice in HBSS, pooled
and suspended in 20 ml culture medium.

Cell counts were assessed using trypan blue staining
(BioWhittaker) for the three purified cell types. The SC were
plated in Costar six-well TC-treated plates (Corning) at
5 X 10° viable cells per well. At 3 h after SC plating, the culture
medium was changed to get rid of the remaining contami-
nating EC clumps. LEC and GEC were pooled and plated in
Corning CellBIND six-well plates (Corning) at a minimum of
45X 10° viable cells per well. Cell isolation from one uterus
provides enough cells to seed about thirty wells (six-well
plates) for SC and thirty wells for EC. Both SC and EC
(includes LEC + GEC) were cultured at 37°C with 5% CO,
until 95-100% confluence (6—8d) in 2ml culture medium
supplemented with 10ng/ml of P4 (Sigma-Aldrich) except
for the cells with no hormones (CO). For the first 3d of
EC culture, FBS concentration was increased to 20% (v/v).
The culture medium was changed every 2—-3d. The purity
of cell cultures was determined using an inverted microscope,
with cell morphology between SC and EC being distinc-
tive (i.e. cuboidal or columnal for EC and fibroblast-like
shapes for SC). At the end of the cell treatments, the
average purity of SC and EC was estimated to be 97 and
95 %, respectively. In the present study, decision was made
to use a monolayer cell-culture system in order to avoid cell
proliferation inhibition associated with the use of Matrigel
Coating(57_39).

Cytotoxicity assay

To determine the cytotoxic effects of the different treatments
(Table 1) on endometrial cells, preliminary experiments
were conducted. Treatment of cells with ENL, recombinant
ovine interferon-t (rolFNT), or P4 had no effect on endo-
metrial cell viability. However, when using a total FA concen-
tration of 100 wm for the different LA:ALA ratios studied, as
previously reported for bovine immortalised endometrial
(BEND) Cells(/'O), cytotoxicity was observed in SC for all
ratios that contained ALA, whereas in EC, cytotoxicity was
observed in the LA:ALA ratio of 25 (FA25) and oo (FAo0).
Therefore, to avoid the cell toxicity of FA, preliminary trials
were conducted in order to determine the optimal total
FA concentration to be used in cell cultures. Concentrations

Table 1. Description of the experimental treatments used in primary
bovine endometrial cell cultures

Final concentrations

LA ALA ENL P4 rolFNT
Treatments* (M) (M) (M) (ng/ml) (ng/ml)
CO - - - - -
COP - - - 10 -
COPI - - - 10 45
FAO - 20 - 10 45
FA1 10 10 - 10 45
FA4 16 4 - 10 45
FA15 1875 1.25 - 10 45
FA25 19.23 0.77 - 10 45
FAc 20 - - 10 45
E1 - 1 10 45
E10 - 10 10 45
E1FA 16 4 1 10 45
E10FA 16 4 10 10 45

LA, linoleic acid (n-6); ALA, a-linolenic acid (n-3); ENL, enterolactone; P,,
progesterone; rolFNT, recombinant ovine interferon-t; CO, control cells with no
hormones; COP, control cells treated with P,; COPI, control cells treated with
progesterone and rolFNT; FA, fatty acids; FAO, LA:ALA ratio of 0; FA1, LA:ALA
ratio of 1; FA4, LA:ALA ratio of 4; FA15, LA:ALA ratio of 15; FA25, LA:ALA ratio
of 25; FAco, LA:ALA ratio of o; E1, ENL 1; E10, ENL 10; E1FA, ENL 1 + FA4;
E10FA, ENL 10 + FA4.

*The FA ratios represent the n-6:n-3 ratio (LA:ALA).

of 0, 1, 10, 20, 30, 50 and 100 pM-ALA were first tested in
duplicate on confluent SC (6—7 d). Cytotoxicity was estimated
as reported previously™"
tify cell number in monolayer cultures after a 24h period
of exposure to FA. Briefly, the culture medium was aspirated
and the cells were fixed with 10% buffered formalin for
10 min. Formalin was then removed and the cells were stained
with a solution of 1% crystal violet in 70 % ethanol, for 15 min
at room temperature. The wells were rinsed with distilled
water to remove excess staining, and cell death was evaluated
visually under an inverted microscope. Crystal violet stains
the nuclei of live cells that remained attached to the surface
of the six-well plate. For SC, the number of adherent cells
was decreased in the wells that were exposed to ALA
concentrations =30 M, whereas the wells containing ALA
concentrations of 1, 10 and 20 wm had no effect on cell number.
For EC, there was no effect on adherent cell number in wells
containing FA concentrations =50 M, regardless of the
LA:ALA ratio, after a 24h period of exposition to FA. Based
on these observations, a concentration of 20 um total FA was
chosen for both cell types (Table 1).

using crystal violet staining to quan-

Product preparation for cell treatments

LA and ALA were purchased from Cayman Chemical. In total,
six FA stock solutions, each having a different LA:ALA (72-6:
n-3) ratio (Table 1), were prepared at a total FA concentration
of 20mm. FA were dissolved in pure ethanol purged with N,
and kept in darkness under N, atmosphere at 4°C. For ENL
(Sigma-Aldrich), two stock solutions of 1 and 10 mm were pre-
pared using pure ethanol purged with N,. These solutions
were kept under N, atmosphere at 4°C. For P4, 20 pg/ml of
stock solution was prepared in culture medium and kept in
darkness. Finally, 180 pg/ml of rolFNT (RayBiotech) stock
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solution were prepared on ice according to the manufacturer’s
instructions. It has earlier been demonstrated that bovine
endometrial cells show similar responses to rolFNT and
recombinant bovine IFNT“?. The P, and rolFNT were used
to mimic the day-17 gestational situation of dairy cows™>.

Endometrial primary cell treatments

Upon reaching confluence (6-7d), the culture medium was
removed and each well was rinsed twice with 1ml HBSS.
The cells were then incubated for 24 h at 37°C with 5% CO,
in 2ml of a freshly prepared RPMI-1640 culture medium
with L-glutamine and 25 mM-HEPES and without FBS®V that
contained 100 wg/ml of Primocin, a final concentration of
0-2% ethanol (v/v), 10ng/ml of P4 G, 43 (except for the CO
treatment) and the appropriate treatment (Table 1). The
LA:ALA ratios of 4, 15 and 25 were chosen because they
correspond to physiological serum concentrations found in
dairy cows fed 10% flaxseed (rich in ALA) in the diet (DM
basis), Megalac/normal control diet and 10% sunflower seed
(rich in LA) in the diet, respectively(lz'ls) . The 1 uM-ENL treat-
ment corresponds to the sum of ENL and ENL-glucuronide
concentrations found in the serum of dairy cows receiving
flax hulls and oil®V. The effect of ENL was also evaluated
in combination with a LA:ALA ratio of 4 (FA4) in order to
mimic an in vivo situation of cows fed with 10% flaxseed
supplements"#'%%Y and to detect potential synergetic effects
between ENL and FA. The culture medium was then removed
and each well was rinsed twice with 1 ml HBSS. Cells were
incubated for an additional 24h in 2ml of a freshly prepared
RPMI-1640 culture medium with L-glutamine and 25mwm-
HEPES and without FBS, containing 100 pg/ml of Primocin,
10ng/ml of P4 (except for the CO treatment) and 45ng/ml
of roIFNT“® (except for the CO and CO with P4 (COP) treat-
ments). P4 and rolFNT were added to the cell-culture media
in order to mimic the hormonal conditions of pregnancy
during the peri-implantation period. At the end of rolFNT
incubation, the culture medium was immediately collected
from each well to measure the concentrations of PGE, and
PGF,,. Total RNA was extracted from the cells using the
NucleoSpin RNA/Protein Kit (Macherey-Nagel), according to
the manufacturer’s instructions. For both cell types, each
treatment was performed in triplicate and repeated four
times (i.e. four cows for validation of the endometrial cell-
culture system, four cows to study the effects of FA ratios
and four cows for ENL experiments). As the CO and COP
treatments were prepared only to assess the effects of Py
and roINFT in our cell-culture system, the COPI treatment
was used as the reference to compare the treatments and
analyse the results.

PG concentrations in culture media

For both cell types, PGF,, and PGE, concentrations were
measured in culture medium from each treatment, after a 24 h
incubation period, using PGF,, and PGE, Enzyme Immuno-
assays kits (Assay Designs), following the manufacturer’s
instructions. Culture media obtained from duplicates were

pooled for each treatment. Intra- and inter-assay CV were
3-74 and 6:21% for PGF,, and 4-12 and 5-12% for PGE,,
respectively. The PGE,:PGF,, ratio was also measured for
each treatment.

Quantitative RT-PCR analyses of selected genes

For cell cultures of SC and EC, reverse transcription of
extracted RNA and real-time quantitative PCR analyses of
selected genes were performed as described in Farmer
et al™. The complementary DNA samples obtained from
duplicate cell treatments were pooled. Amplification of
selected genes and reference genes (RG) (glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), peptidylpropyl isomer-
ase A (PPIA) and polyubiquitin) in bovines was performed
using bovine-specific primer sequences (Table 2). Genes
were selected from a previous study where endometrial
tissue transcripts in dairy cows were hybridised to a two-
species complementary DNA microarray. This microarray
was developed in our laboratory for profiling transcripts in
sows and dairy cows, which are believed to be associated with
embryo survival during the peri-implantation period(26'27).
The endometrial tissue samples of that previous study
were collected on day 17 of pregnancy from dairy cows fed
a control diet or a diet supplemented with 10% flaxseed,
thus resulting in in vivo gene modulation by a diet rich in
n-3 FA and lignans.

PCR amplification was performed in triplicate, and standard
curves were established in duplicate for each gene. Standard
curves were composed of serial dilutions of complementary
DNA pools from the same cell type (SC or EC) and were
used to obtain the relative mRNA abundance of selected
genes using the standard curve method as described by
Applied Biosystems(/’6
lisation was made according to the geNorm software (http://
medgen.ugent.be/genorm/), which finds the optimum RG
out of a group of candidate genes””. For both EC and
SC cultures, a normalisation factor was calculated with the
geometric mean of all three RG. This normalisation factor
was then used as a RG. Selected genes and RG amplifications
were run in separate assays. For each experimental sample,
the mRNA abundance of selected genes relative to that of
the RG was determined from the corresponding standard
curves. Mean values were calculated from triplicate ampli-
fications and relative quantity ratios were then obtained
by dividing the relative quantity unit of selected genes by
those of RG. These values were used to perform statistical
analyses.

’ Selection of the best RG for norma-

Statistical analyses

Statistical analyses were performed using the MIXED pro-
cedure of SAS (SAS Institute, Inc., 2002). The relative mRNA
abundance data collected from SC and EC culture experiments
were first analysed globally for all treatments (i.e. thirteen
experimental treatments; see Table 1) using a one-way
ANOVA followed by multiple comparisons of all treatments
with the COPI treatment with a Dunnett adjustment. Then, a
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separate analysis for the effect of the different FA ratios on the
relative mRNA abundance of selected genes was performed
using a one-way ANOVA followed by an all-pairwise multiple
comparison with a Tukey correction. The relative mRNA
abundance of selected genes in primary cell cultures treated
with ENL were also separately analysed according to a 3 X 2
factorial arrangement with ENL (0, 1 or 10 wm) and FA (no
added FA or 20 pMm-FA4) concentrations as the main effects.
Baseline (COPD) PG concentrations varied considerably
between the different cell-culture experiments, but similar
responses to the treatments were observed among the four
cows. Therefore, PG data were analysed using Friedman’s
test on rank-transformed data with the same three steps as
those described above for relative mRNA abundance data.
Finally, to study the effects of P4 and roIlFNT on endometrial

Table 2. Primer sequences used for quantitative RT-PCR

cells, the relative mRNA abundance data for the CO, COP
and COPI treatments were analysed separately using a one-
way ANOVA, followed by an all-pairwise multiple comparison
with a Tukey correction. Statistical significance was set at
P=0-05 and tendencies at 0-05 < P=0-1.

Results
Validation of the endometrial cell-culture system

To validate the cell-culture system, we evaluated cell response
to the hormonal treatments that mimic the hormonal con-
ditions of pregnancy during the peri-implantation period.
This was achieved by comparing the relative mRNA abun-
dance of selected genes in bovine endometrial cells treated
with P4 (COP), P4 and roIFNT (COPD or with no hormone

Genes Primer sequence 5 -3’ Fragment size (bp) GenBank accession no.

GAPDH F TGACCCCTTCATTGACCTTCA 66 NM_001034034
R AACTTGCCGTGGGTGGAAT

PPIA F GAGCACTGGAGAGAAAGGATTTG 71 NM_178320
R GGCACATAAATCCCGGAATTATT

Polyubiquitin F TGGAGCCCAGTGACACCAT 111 NM_174133
R GGCCATCTTCCAGCTGCTT

AKR1B1 F ACCTGGACCTCTACCTCATCCA 72 NM_001012519
R CCTCATCCAATGGGAAGAAGTC

ANXA2 F AGCCCCTGTATTTTGCTGACA 90 NM_174716
R TGCGCGAGACCATGATTCTA

CTGF F GAAGCTGACCTGGAGGAGAACA 94 AF309555
R TGCAGCCAGAAAGCTCAAACT

CXCL10 F TTGCCACAATGAAAAAGAATGG 92 NM_001046551
R CCTTTGCTTGTTAATTGCTTTCAG

CYP39A1 F GCTGGCTCTGTTGGAGATTCA 104 NM_001098938
R CCACCAAGTGGAGAGAACTCTGT

DKK1 F TGTGTTGTGCTAGACATTTCTGGTC 75 NM_001205544
R TGTGCTTGGTGCACACTTGAC

FOS F CTGAGCCCTTTGATGACTACATGT 96 NM_182786
R AGGAACCAGACAGGTCCATGTC

GJA1 F GCTCCTCTCTCGCCCATGT 100 NM_174068
R TTTGCTCACTTGCTTGTTTGTTG

IFIT3 F GGGTCGAGAAGCTCTCTGAGTATAGA 69 DW183548
R GCGTGAAGAAGGCAGTGAGG

IRF6 F TCTGGTGACTTCACACGATCCT 90 NM_001076934
R CAGCTGAGCAACGATGTTATCC

ISG15 F AGGGAGGCCCATGGATGA 89 NM_174366
R CACCCCGAAGACGTAGATTCA

OAS1 F TCACAGCTCAGGGATTTCAGACT 75 NM_001040606
R TCTTTTCCCAGTAGATGCAAAGC

PARM1 F CAGAATGGGCTTCAACCTTGAT 93 DW183724
R ATCACGCCTGCCTAAGAAATGA

PTGES F AGACCATCTACCCCTTCCTGTTC 118 NM_174443
R GCCACGGTGTGTACCATACG

PTGS2 F ACCATTTGGCTACGGGAACAC 71 NM_174445
R TCATCGCCCCATTCTGGAT

TGFB1 F TGCTTCAGCTCCACAGAAAAGA 115 NM_001166068
R GGCAGAAATTGGCGTGGTA

ZFP36L1 F AATTTCCCCCCTTTGTGTTGG 75 NM_001101234
R CATTCTCAGTCCTAGTTGTGAAAGGC

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; F, forward; R, reverse; PPIA, peptidylpropyl isomerase A; AKR1B1, aldo—keto
reductase family 1, member B1; ANXA2, annexin A2; CTGF, connective tissue growth factor; CXCL10, chemokine (C—X-C motif)
ligand 10; CYP39A1, cytochrome P450, family 39, subfamily A, polypeptide 1; DKK1, dickkopf homologue 1; FOS, FBJ murine osteosar-
coma viral oncogene homologue; GJAT, gap junction protein, « 1, 43kDa; /FIT3, interferon-induced protein with tetratricopeptide repeats
3; IRF6, interferon regulatory factor 6; ISG15, ISG15 ubiquitin-like modifier; OAST1, 2',5-oligoadenylate synthetase 1, 40/46kDa;
PARM1, prostate androgen-regulated mucin-like protein 1; PTGES, PGE synthase; PTGS2, PG endoperoxide synthase 2; TGFBI,
transforming growth factor, 31; ZPFP36L1, Zn finger protein 36, C3H type-like 1.
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(CO). Among these treatments, P4 and roIlFNT had no effect
on the gene expression levels of AKR1B1, connective tissue
growth factor (CTGF), cytochrome P450, family 39, subfamily
A, polypeptide 1 (CYP39A41), FB] murine osteosarcoma viral
oncogene homologue (FOS), gap junction protein, al,
43kDa (GJAD), interferon regulatory factor 6 (IRF6), PTGES
and PG endoperoxide synthase 2 (PTGS2) in either SC or
EC (results not shown). In EC, the transcript levels of
chemokine (C-X-C motif) ligand 10 (CXCL10) and DKK-1
were below the detection limit as measured by the quanti-
tative PCR technique. Significant results are shown in Fig. 1.
In SC, significant increases in relative mRNA abundance
were observed for CXCL10 (P<0-05), interferon-induced
protein with tetratricopeptide repeats 3 (IFIT3) and OAS1
(P<0:01), ISG15 and prostate androgen-regulated mucin-like

protein 1 (PARM1) (P<0-001) genes in cells treated with Py
and roIFNT (COPD when compared with those treated with
P4 only (COP) or with no hormone (CO) (Fig. 1(A)). There
was a significant increase in the relative mRNA abundance
of annexin A2 (ANXAZ2; P<0-05) in cells treated with P4 and
rolFNT (COPD) compared with those treated with P4 only
(COP). Moreover, there was a tendency for an increase in
the relative mRNA abundance of DKKI in cells treated with
P4, (COP v. CO: 0-05 < P<0-1), whereas a further increase
was observed in cells exposed to P4 and rolFNT (COPI .
CO: P<0-05). In EC, there was a significant increase in the
mRNA abundance of ISGI5 (P<0-05), IFIT3 and OAS1
(P<00D), and PARM1 (tendency, 005 < P<0-1) in cells
treated with P4 and roIlFNT (COPD) compared with those not
treated with hormones (CO) or P4 (COP) (Fig. 1(B)).
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Fig. 1. Relative mRNA abundance of selected genes in primary endometrial cell cultures treated with progesterone and recombinant ovine interferon-t (rolFNT).
Genes with significant differences or tendencies in relative mRNA abundance between the three treatments are presented. Data represents relative mRNA
abundance mean values with their standard errors of four cell-culture experiments performed in triplicate. °Mean values with unlike letters were significantly
different (P=0-05). The mean of all the three reference genes polyubiquitin, GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and PPIA (peptidylpropyl iso-
merase A) was used for normalisation. The hormonal treatments were as follows: CO (M), control cells without progesterone and rolFNT; COP (@), control cells
treated with progesterone; COPI (OJ), control cells treated with progesterone and rolFNT. ANXA2, annexin A2; CXCL10, chemokine (C—X-C motif) ligand 10;
DKK1, dickkopf homologue 1; IFIT3, interferon-induced protein with tetratricopeptide repeats 3; ISG15, ISG15 ubiquitin-like modifier; OAS1, 2,5'-oligoadenylate
synthetase 1, 40/46kDa; PARM1, prostate androgen-regulated mucin-like protein 1. (A) SC, stromal cells and (B) EC, epithelial cells (includes luminal and

glandular epithelial cells).
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Effects of different fatty acid ratios and enterolactone on
the relative mRNA abundance of selected genes in bovine
endometrial cells

Selected genes (see Table 2) were previously identified as
differentially expressed genes in the endometrial tissues of
cows that were fed a 10% flaxseed supplement compared
with those fed a control diet®**”. To identify which flaxseed
component (flax oil (7-3), lignans (ENL) or both) influenced
the endometrial mRNA abundance of the genes studied, differ-
ent 72-6:1-3 FA ratios and ENL concentrations were assayed in
two bovine endometrial cell types (SC and EC). The global
analysis of the relative mRNA abundance data of all treatments
containing P4 and rolFNT (see Table 1) revealed a trend
(0-05 < P<0-D) for an overall treatment effect for the IFIT3
gene in SC only (results not shown). Furthermore, multiple

(A) 09
0-8 |
07 F
0-6 F
0-5

0-4

Relative mRNA abundance

comparisons with the COPI treatment revealed that the
treatment of SC with 10 uM-ENL (E10) decreased the mRNA
abundance of IFIT3 (P<0-05; results not shown).

To further investigate how the different 7-6:12-3 FA ratios
modulate the mRNA abundance of selected genes in both
endometrial cell types, an all-pairwise multiple comparison
analysis was performed separately (Fig. 2). In SC (Fig. 2(A)),
analysis of all FA ratios revealed a significant overall treatment
effect for the transcript abundance of CXCL10 and IFIT3
(P<005) and a tendency for the transcript abundance of
FOS and CYP39A1 (0-05 < P<0-1). Moreover, the all-pairwise
multiple comparison analysis revealed that the relative mRNA
abundance of FOS was the highest in cells treated with LA
and ALA at a ratio of 15 (FA15), and significant differences
were observed when compared with the FAO, FA1 and FA25
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=z

09 r

06 |

05

0-4 |

Relative mRNA abundance

FOS cxcL1o

CYP39A1

IFIT3

Genes

AKR1B1 FOS

PTGS2
Genes

CYP39A1 IRF6 PTGES

Fig. 2. Relative mRNA abundance of selected genes in bovine primary endometrial cell cultures treated with fatty acids (FA) at different ratios (linoleic acid
(LA):a-linolenic acid (ALA)). Upon reaching confluence, cells were incubated for 24 h with appropriate treatments, followed by an additional 24 h of incubation in a
fresh culture medium without FA (see Table 1). Genes with significant overall differences or tendencies for relative mRNA abundance between the six treatments
are presented. In stromal cells (SC), a global analysis of all FA ratios revealed a significant treatment effect on the transcript abundance of CXCL10 (chemokine
(C—X-C motif) ligand 10) and /FIT3 (interferon-induced protein with tetratricopeptide repeats 3) (P<0-05) and a tendency for the transcript abundance of FOS
(FBJ murine osteosarcoma viral oncogene homologue) and CYP39A1 (cytochrome P450, family 39, subfamily A, polypeptide 1) (0-05 < P<0-1). In epithelial cells
(EC), there was a significant overall effect of the different LA:ALA ratios on the mRNA abundance of PTGES (PGE synthase) and PTGS2 (PG endoperoxide
synthase 2) (P<0.05) and tendencies were observed for the mRNA abundance of AKR1B1 (aldo—keto reductase family 1, member B1), FOS, CYP39A1 and
IRF6 (interferon regulatory factor 6) (0-05 < P<0-1). Values are means of four cell-culture experiments performed in triplicate, with their standard errors rep-
resented by vertical bars. ®°°Mean values with unlike letters were significantly different (P<0-05). The mean of all the three reference genes polyubiquitin,
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and PPIA (peptidylpropyl isomerase A) was used for normalisation. The cell treatments were as follows:
FAO (LA:ALA ratio of 0; ), 20 um-ALA; FA1 (=), 10 uM-LA + 10 um-ALA; FA4 (E), 16 uM-LA + 4 um-ALA; FA15 (@), 18-75 uM-LA + 1.25 pm-ALA; FA25 (@),
19:23 uM-LA + 0-77 um-ALA; FA (@), 20 wm-LA. (A) SC and (B) EC (includes luminal and glandular epithelial cells).
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treatments (P<0-05; Fig. 2(A)). The CXCL10 and CYP39A1
transcripts responded similarly to the addition of FA at differ-
ent ratios. Indeed, the highest and lowest mRNA levels of
CXCL10 and CYP39A1 were observed, respectively, with the
FA4 and FA25 treatments (P<0-05). The mRNA abundance
of IFIT3 decreased with increasing LA:ALA ratios, and the
lowest mRNA abundance was observed with the FAo treat-
ment, which was significantly different from the FAO, FAl,
FA4 and FA15 treatments (P<0-05).

In EC (Fig. 2(B)), there was an overall effect of the different
LA:ALA ratios on the mRNA abundance of PTGES and PIGS2
(P<0-05), and tendencies were observed for AKRIB1, FOS,
CYP39A1 and IRFG genes (0:05 < P<0-1). The two PG
synthase genes AKRI1B1 and PTGES responded similarly to
the addition of FA at different ratios. Indeed, these two
genes had the lowest mRNA abundance in cells treated with
FA25, which was significantly different from those treated
with FAO, FA1, FA4 and FAoco (P<<0-05). For PTGES, mRNA
abundance was lower in cells treated with FA15 than in
those treated with FA1 and FAco (P<0-05). The mRNA abun-
dance of CYP39A41 was lower in cells exposed to FA25 than
in those exposed to FA4, FA15 and FAco (P<0-05). Also, the
mRNA abundance of CYP39A41 was lower in cells treated
with FA1 than in those treated with FA4 and FAoo (P<<0-05).
The mRNA abundance of FOS and IRF6 was found to be

lowest in cells exposed to FA1, which was significantly differ-
ent from those exposed to FA4, FA15 and FAco (P<0-05). The
mRNA abundance of PTGS2 was found to be highest in EC
treated with FA15, which was significantly different from
those exposed to FAO (P<0:05) and FAl, FA4, FA25 and
FAco (P<0-01).

To determine whether ENL, alone or in combination with
FA4, can modulate the relative mRNA abundance of selected
genes in primary endometrial cell cultures, an additional anal-
ysis was performed according to a 3 X 2 factorial arrangement
of treatments. Significant results are presented in Table 3. In
SC, the presence of ENL significantly decreased the mRNA
abundance of AKRI1BI1, DKKI1, IFIT3, IRF6, PTGES and
ZFP36L1 and tended to reduce the mRNA abundance of
0AS1 and transforming growth factor, 81 (TGFB1). Regardless
of the presence or absence of FA in cell-culture media, SC that
were cultured with E10 had lower mRNA abundance than
those exposed to 0 wM-ENL for the following genes: AKR1B1
(0474 v. 0-544, P<0-05); DKKI (0-430 v. 0-584, P<0-05);
ZFP36L1 (0-502 v. 0-668, P<0:05); IFIT3 (0-591 v. 0-777,
P<0:01); IRF6 (0446 v. 0-587, P<0:05); PTGES (0-357 v.
0-542, P<0-001). Moreover, a significant difference was
observed between 10 and 1 uM-ENL for the mRNA abundance
of AKR1B1 (0-474 v. 0-542, P<0-:05). A significant interaction
between FA and ENL (P<0-:05) was obtained for AKR1BI,

Table 3. Effects of enterolactone (ENL), alone or in combination with a linoleic acid (LA):a-linolenic acid (ALA) ratio of 4:1, on the expression of the
selected genes in endometrial stromal (SC) and epithelial (EC) cellst

(Mean values with their standard errors)

Treatments
No FA FA4
P
OpM-ENL  1pM-ENL  10pM-ENL  Opm-ENL  1um-ENL 10 um-ENL
Cell types Genes COPI E1 E10 FA E1FA E10FA SEM ENL FA ENLXFA
SC AKR1B1 0-567 0-520 0-506 0-520 0-564 0-442 0-106  0-006* 0-204 0-038*
DKK1 0-578 0-500 0-412 0-591 0-434 0-449 0124  0-019* 0-899 0-561
IFIT3 0-843 0-634 0-551 0-712 0-652 0-632 0-057 0-008* 0-801 0-150
IRF6 0-636 0-520 0-492 0-539 0-585 0-400 0183  0-011* 0-249 0-122
OAS1 0-839 0-771 0-704 0-835 0-768 0-771 0-076  0-061t 0-541 0-593
PTGES 0-543 0-445 0-382 0-541 0-451 0-332 0-077 0-001* 0-644 0-758
PTGS2 0-414 0-559 0-524 0-594 0-546 0-644 0-100 0-326 0-038* 0-197
TGFB1 0-683 0-675 0-586 0-589 0-633 0-553 0-085 0-0521 0-0561 0-627
ZFP36L1 0-686 0-586 0-475 0-650 0-657 0-530 0-101 0-011* 0-462 0-518
EC ANXA2 0-708 0-793 0-812 0-717 0-798 0-762 0-060 0-047* 0-677 0-616
CTGF 0-739 0-761 0-788 0-705 0-696 0-697 0-068  0-892 0-0971 0-809
GJAT 0-683 0-764 0-626 0-675 0-616 0-527 0-065 0-074t 0-055t 0-387
IFIT3 0-918 0-848 0-686 0-789 0-686 0-673 0-062  0-003* 0-009* 0-198
ISG15 0-714 0-759 0-663 0-572 0-616 0-621 0-082 0-715 0-052t 0-669
OAS1 0-812 0-796 0-761 0-751 0-688 0-678 0-080 0-195 0-007* 0-780
PARM1 0-549 0-648 0-616 0-479 0-572 0-500 0122 0-184 0-047* 0-882
PTGS2 0-401 0-602 0-418 0-457 0-490 0-422 0-164 0-004* 0-543 0-072t
TGFB1 0-846 0-794 0-761 0-728 0-718 0-720 0-085 0-358 0-008* 0-493
ZFP36L1 0-759 0-846 0-862 0-769 0-816 0-788 0-047  0-087t 0-231 0-409

FA, fatty acids; COPI, control cells treated with progesterone and recombinant ovine interferon-t; E1, 1 uM-ENL; E10, 10 pm-ENL; FA4, 16 um-LA:4 um-ALA ratio of 4; E1FA,
1 uM-ENL + FA4; E10FA, 10 um-ENL + FA4; AKR1B1, aldo—keto reductase family 1, member B1; DKK1, dickkopf homologue 1; IFIT3, interferon-induced protein with tetra-
tricopeptide repeats 3; IRF6, interferon regulatory factor 6; OAS1, 2’,5-oligoadenylate synthetase 1, 40/46kDa; PTGES, PGE synthase; PTGS2, PG endoperoxide
synthase 2; TGFB1, transforming growth factor, B1; ZFP36L 1; Zn finger protein 36, C3H type-like 1; ANXA2, annexin A2; CTGF, connective tissue growth factor; GJA1, gap
junction protein, a 1, 43kDa; ISG15, ISG15 ubiquitin-like modifier; PARM1, prostate androgen-regulated mucin-like protein 1.

* P<0-05.

10-05 < P<0-1.

1 Results were obtained from four cell-culture experiments performed in triplicate and compared with a 3 x 2 factorial arrangement. All culture media contained 10 nm-progester-
one and 50 nm-recombinant ovine interferon-t.
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with the lowest mRNA abundance being observed when E10
was combined with 20 wM-FA4. There was a significant effect
of FA on the mRNA abundance of PTGS2 (P<0-038), with
higher levels being observed in cells treated with FA4 than
in those with no added fat (0:595 v». 0-499, 0:05 < P<0-1).
Finally, there was a trend observed for the effect of FA on
the mRNA abundance of TGFB1 (0-05 < P<0-1), with higher
mRNA levels being observed in SC that had no added fat com-
pared with those exposed to 20 wM-FA4.

In EC (Table 3), the presence of ENL in culture media
significantly increased the mRNA abundance of ANXA2
(P<0:05) and tended to increase the mRNA abundance of
ZFP36L1. In contrast, the transcript abundance of IFIT3
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significantly decreased (P<0-01) and the mRNA abundance
of GJAI tended to decrease when ENL was included in
cell-culture media. When comparing the different ENL concen-
trations, the E10 treatment decreased the mRNA abundance of
IFIT3 when compared with the 0 pM-ENL treatment (0-679 .
0-853, P<0:01). There was a tendency for an ENL X FA inter-
action for the mRNA abundance of PTGS2 in EC, with the
highest level being observed for the E1 treatment, without
added FA. Moreover, the mRNA levels of PTGS2 for the El
treatment (independently of FA) were higher than those
found for the EO (0-546 v». 0-429, P=0-01) and E10 (0-546
v. 0420, P < 0-01) treatments. The addition of 20 uM-FA4 in
culture media significantly decreased the mRNA abundance
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Fig. 3. Effects of the different fatty acid ratios (linoleic acid (LA):a-linolenic acid (ALA)) on PGE, and PGF,, concentrations measured in the culture media of
stromal (SC; left panels) and epithelial (EC; right panels) endometrial cells. Upon reaching confluence, cells were incubated for 24 h with appropriate treatments,
followed by an additional 24 h of incubation in fresh culture medium without fatty acids (see Table 1). Values are means of four cell-culture experiments performed
in duplicate, with their standard errors represented by vertical bars. PG data were analysed using Friedman’s test on rank-transformed data followed by multiple
comparisons of each treatment with the control cells treated with progesterone and recombinant ovine interferon-t containing no added fatty acids (COPI). Mean
value was significantly different from that of the COPI treatment: * P<0-05, ** P<0-01, *** P<0-001. When performing a global analysis of PG concentration data,
there was an overall treatment effect for PGE, and PGF,, concentrations in SC and EC (includes luminal and glandular epithelial cells) (P<0-001) and for the
PGE,:PGF,, ratio in EC (P<0-01). Fatty acid ratios: 0, 20 um-ALA; 1, 10 pM-LA + 10 pM-ALA; 4, 16 uMm-LA + 4 um-ALA; 15, 18-75 um-LA + 1-25 pm-ALA;

25, 19-23 pM-LA + 077 uM-ALA; o0, 20 pM-LA.
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of PARM1 (P<0-05), IFIT3 (P<0-01), OAS1 (P<0-01) and
TGFB1 (P<0-001), and tended to reduce the mRNA abun-
dance of CTGF, GJA1 and ISG15 (0-05 < P<0-1).

Effects of different fatty acid ratios and enterolactone on
PG concentrations in bovine endometrial cells

In addition to the relative mRNA abundance of selected genes,
PGE, and PGF,, concentrations were assessed in the culture
media of SC and EC, with series 2 PG playing a key role in
the embryo implantation process. The global analysis of
PGE, and PGF,, concentrations for all the treatments (thirteen
experimental treatments; see Table 1) revealed an overall
treatment effect in SC and EC (P<0-001) and an overall treat-
ment effect for the PGE,:PGF,, ratio in EC only (P<0-01)
(results not shown). Multiple comparisons (Fig. 3) then
revealed that the treatment of SC with FA4 (P<0-001), FA15
(P<0:05) and FAoo (P<0:01) significantly increased PGE, con-
centrations when compared with those that were not treated
with LA and/or ALA (COPD). Significant increases in PGF,,
concentrations were observed when SC were treated with
FA4 (v. COPI, P<0-01) and FAc (v. COPI, P<0-01), whereas
the FAO treatment decreased PGF,, concentrations (FAQ v.
COPI, P<0-01). In EC, PGE, concentrations increased with
the FA4, FA15, FA25 and FAoo treatments when compared
with the COPI treatment (P<<0-001). The FA15 (v. COPI,
P<0:05), FA25 (v. COPI, P<0:05) and FAco (». COPI,
P<0-001) treatments all increased PGF,, concentrations.
On the contrary, EC treated with FAO (v. COPI, P<0-001)
and FAl (v. COPI, P<0-05) significantly decreased PGF,,

concentrations. Finally, the PGE,:PGF,, ratio was increased
with the FAO treatment (v. COPI, P<<0:01) in EC only.

To further investigate how the different LA:ALA ratios affect
PGE; and PGF,, secretion in both endometrial cell types, an
all-pairwise multiple comparison analysis was performed sep-
arately (Fig. 4). In the culture media of SC, PGE, and PGF,,
concentrations were affected in the same way by the different
LA:ALA ratios, with lower PG concentrations being observed
in cells treated with LA and ALA at the ratios of 0 and 1
when compared with those treated with FA at all the other
ratios (P<0-05). In SC, no significant difference in the PGE,:
PGF,, ratio was found among the different FA ratios. In EC,
the lowest PGE, and PGF,, concentrations were found in
cells treated with LA and ALA at the ratios of 0 and 1, which
were significantly different from those treated with FA at all
the other ratios (P<0-05). PGF,, concentrations measured in
the culture media of EC increased gradually with increasing
LA:ALA ratios. The PGE,:PGF,, ratios were not affected by
the treatment with LA and ALA at the different ratios.

To determine whether ENL, alone or in combination
with FA4, can modulate PGE, and PGF,, secretion in pri-
mary endometrial cell cultures, an additional analysis was
performed according to a 3 X2 factorial arrangement of
treatments (Table 4). In SC, there was an overall effect of
ENL and FA on PGE, (P<0:05) and PGF,, (ENL, P<0-01;
FA, P<0-05) concentrations, whereas no effect on the PGE,:
PGF,, ratio was observed. When performing an all-pairwise
analysis on PGE, concentrations, there was a tendency for
lower PGE, concentrations in cells treated with E10 compared
with those treated with 0puM-ENL (59816 v. 841-57 pg/ml,
0:05<P<01) or 1pM-ENL (59816 wv. 70820pg/ml,
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Fig. 4. Effects of the different fatty acid ratios (linoleic acid (LA):a-linolenic acid (ALA)) on PGE, and PGF,, secretion in stromal (SC; upper panels) and epithelial (EC;
lower panels) (includes luminal and glandular epithelial cells) endometrial cells. Upon reaching confluence, cells were incubated for 24 h with appropriate treatments,
followed by an additional 24 h of incubation in fresh culture medium without fatty acids (see Table 1). Values are means of four cell-culture experiments performed
in duplicate, with their standard errors represented by vertical bars. PG data were analysed using Friedman’s test on rank-transformed data followed by all-pairwise
multiple comparisons. Mean values with unlike letters were significantly different (P=<0-05). The cell treatments were as follows: FAO (LA:ALA ratio of 0), 20 um-ALA;
FA1, 10 um-LA + 10 um-ALA; FA4, 16 um-LA + 4 pm-ALA; FA15, 18-75 wm-LA + 1-25 um-ALA; FA25, 19-23 uM-LA + 0-77 uM-ALA; FAco, 20 pMm-LA.
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Table 4. Effects of enterolactone (ENL), alone or in combination with a linoleic acid (LA):a-linolenic acid (ALA) ratio of 4:1, on PGE, and PGF5, synthesis in endometrial stromal (SC) and epithelial

(EC) cellst

(Mean values and lower and upper values)

Treatments

FA4

No FA

10 uM-ENL

1 uM-ENL

0pM-ENL

10 wM-ENL

1 uM-ENL

0 pM-ENL

E10FA

E1FA

FA

E10

E1

COPI

Cell

ENLXFA

PG Mean Lower—upper Mean Lower—upper Mean Lower—upper Mean Lower—upper Mean Lower—upper Mean Lower—upper ENL

types

0-079t
0-089t
0-967

0-029*
0-039*
0-534

96-44—-1374.55 0-037*

633-32

142.16-1515-83
16-75-78-69

789-16

248-97-2361-43

991-18

144.21-1254.29

563-00

199-99-1177-03

627-23

74.97-1867-10
12.26-85-31

PGE, (pg/ml)  691.95

SC

0-006*
0-792

14.26-35-39

21-03
28-80

269-26

33-20
27-09

25-67-96-74
391.27

44.56

11.54-65-69

26-12

15.27-54.42
13.10-43.53
114.44-665.42

1448-26-5851-61

27-25
2308

317-81

1284.34-4889-13 3558-57

34-06
17-27

286-91

PGF2, (pg/ml)
PGE2:PGF2,
PGE; (pg/ml)

6-50-57-54
111-38—-479.01

1024-45-3362-11

7-66—65-22

111.45-677-51
1152-83-4655-90 2025-31

9.70-31-88

119-58-760-84
1482-31-5203-48 2591-34

20-44
406-22

9-63-60-88

92.79-531.07
1160-13-3608-30 2806-12

2548
260-74
237510

6-11-23-53
95-12-629-10

0-102
0-006*
0-758

0-008*
0-007*
<0-001*

0-015*

EC

0-002*
0-642

PGFy, (pg/ml) 2723-27

0-21 0-03-0-47

0-02-0-57

0-19 0-02-0-49 0-18 0-02-0-46 0-19 0-03-0-46 0-23 0-02—0-51 0-28

PGE2:PGF2,

FA, fatty acids; COPI, control cells treated with progesterone and recombinant ovine interferon-7; E1, 1 uM-ENL; E10, 10 uM-ENL; FA4, 16 pM-LA:4 pMm-ALA ratio of 4; E1FA, 1 um-ENL + FA4; E10FA, 10 um-ENL + FA4.

* P<0-05.

10-05 < P<0-1.

1 Results were obtained from four cell-culture experiments performed in duplicate. The baseline (COPI) of PG concentrations varied considerably between the different cell-culture experiments, but similar responses to the treat-

ments were observed among the four cows. Therefore, the results were analysed using non-parametric Friedman’s test and compared with a 3 x 2 factorial arrangement. All culture media contained 10 nm-progesterone and

50 nm-recombinant ovine interferon-t.
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0-05 < P<0-1). Similarly, lower PGF,, concentrations were
found in SC treated with E10 compared with those treated
with 0 wM-ENL (23-58 ». 39-31 pg/ml, P<0-01) or with 1 um-
ENL (tendency, 23-58 v». 30-23, 0-05 < P<0-1). For both
PGE, and PGF,, concentrations, the interaction between
ENL and FA tended to be significant (0-05 < P<0-1).

In EC, there was an overall effect of ENL and FA on PGE,
(ENL, P<005; FA, P<001) and PGF, (ENL and FA,
P<0-01) concentrations and an effect of FA on the PGE,:
PGF,, ratio (P < 0-001). There was a significant effect of the
ENL X FA interaction (P<0-01) on PGF,, concentrations,
with the lowest concentration being observed when E10 was
combined with FA (FA4). The all-pairwise analysis for the
ENL factor revealed lower PGE, concentrations in cells treated
with E10 compared with those treated with 1 wM-ENL (265-00
v. 35454 pg/ml, P<0-05) or 0uM-ENL (tendency: 265-00 v.
346:57 pg/ml, 0-05 < P<0-1). The lowest PGF,, concen-
trations were obtained with the addition of E10 compared
with the treatments with 0 uM-ENL (2200-21 ». 276470 pg/ml,
P<0-01) and 1pM-ENL (2200-21 ». 3074:96 pg/ml, P<0-01).
The presence of FA (FA4) in cell-culture media significantly
increased PGE, concentrations (P<0-01) and the PGE,:PGF,,
ratio (P=0-01), whereas PGF,, concentrations were decreased
when both ENL and FA were present.

Discussion

The present study aimed to enhance the understanding on
how transcription levels of selected genes and series 2 PG
secretion vary under the treatment of LA and ALA at different
ratios and/or ENL concentrations in bovine endometrial cells.
Genes that were selected in the present study were previously
identified as endometrial transcripts differentially expressed
at day 17 of pregnancy, when dairy cows were fed 10%
(2627 Moreover, they were selected
based on their known or suspected roles in embryo survival
and PG synthesis.

In vivo, the bovine elongating conceptus secretes IFNT to
signal its presence to the endometrium, and Py is a pregnancy
hormone that plays a key role in the remodelling of the endo-
metrium during the peri-implantation period®*”. To mimic
the peri-implantation period in the present in vitro model,
endometrial cultured cells were exposed to P4 and roIFNT.
The addition of P4 alone had little effect on the mRNA abun-
dance of the genes studied in SC and EC. However, the
addition of P4 and rolFNT (COPID) successfully induced the
expression of several genes in both cell types. In accordance
with the present results, it was previously observed that
early pregnancy and/or IFNT can induce the transcription
levels of ¢xcr10“®, DK1Y, Frr3“”, 15G15°” and
0451 Y in the ruminant endometrium. Therefore, these simi-
larities validate our in vitro cell-culture system. In the present
study, we observed a modest increase in the mRNA abun-
dance of ANXAZ2 with the addition of P4 and roIlFNT (COPI).

This gene is considered as a positive regulator of invasive pro-
d(23)'

flaxseed in the diet

cesses during the peri-implantation perio
embryo implantation in cows is non-invasive®, which may
explain the modest up-regulation of ANXA2 mRNA in SC

However,
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treated with the two hormones. Interestingly, we report for the
first time the induction of the PARM1 transcript when both Py4
and rolFNT are added to endometrial cells. This gene encodes
for a mucin-like type I transmembrane protein that increases
cell proliferation and whose expression is androgen-regu-
lated®?. More recently, PARM1 was identified in the rat
ovary where it acts as a regulator of the catabolic conversion
of P4 to Sa-pregnanediol®®. The observed up-regulation of
the PARM1I transcript with the addition of P4 and rolFNT
suggests a putative role for PARM1 in the establishment of
early pregnancy in cattle.

In the present primary endometrial cell-culture system, we
observed that the different LA:ALA ratios and/or ENL concen-
trations affected the transcript abundance of selected genes
and series 2 PG concentrations in culture media. Moreover,
we reported that the SC response to the treatments differed
from the EC response, thus suggesting that mechanisms influ-
encing gene expression and PG secretion are regulated differ-
ently in those two cell types. In accordance with the present
results, Xiao et al°® also observed a different regulation of
PG synthesis in bovine EC and SC when steroid hormones
were added to the cell-culture medium. In the bovine endo-
metrium, SC and EC have a different morphology and present
different functions®®, which may explain the observed differ-
ences in mRNA abundance and series 2 PG concentrations.
For example, it has been demonstrated earlier that PGE,; is
mainly produced by SC, while EC secrete higher levels of
PGF5%,>?. Similar findings are reported in the present study.
Herein we used SC and EC monocultures in order to investi-
gate how these distinct endometrial cell types are affected
by different LA:ALA ratios and/or ENL concentrations. This
cell-culture system does not allow interactions between cell
types, and we recognise that different cellular responses to
the treatments may be observed in co-cultures of SC and EC.
Ulbrich et al.®> previously reported that bovine endometrial
SC are needed for the formation of tight junctions in endo-
metrial EC. Moreover, modifications in cell proliferation, trans-
epithelial resistance and cytokine secretion were observed
when SC were co-cultured with human or mouse endometrial
EC®7°® 1n contrast, there was no difference between bovine
endometrial epithelial monocultures and co-cultures with SC
for the accumulation of PGE or PGF in response to oxytocin
and AA®?. Additional studies are required to determine
whether co-cultures of SC and EC would respond differently
to the treatment with LA and ALA at different ratios and/or
ENL concentrations.

The in vitro culture approach used in the present study was
based on previous experiments where FA were given for 24 h
in BEND cells™1? or fed to cows for 4 weeks”, followed by
in vitro tissue or cell culture with FA free culture media for up
to 42 (tissue culture) or 6h (BEND cells). Other studies have
used alternative approaches where FA was included in culture
media until measurements were performed®®>®. Therefore, it
would be of interest to investigate whether keeping FA in cul-
ture media throughout the whole in vitro experiments would
result in different outcomes.

To the best of our knowledge, the present study is the first
to evaluate the direct effects of different LA:ALA ratios on

series 2 PG concentrations and gene expression in bovine
endometrial primary cell cultures. The results show that tran-
script levels of selected genes were affected by the different
LA:ALA ratios. Moreover, when considering only the three
physiologically observed ratios (FA4, FA15 and FA25), many
of these genes showed decreased mRNA abundance with
increasing 7-6:n-3 ratios in both cell types. FA4 corresponds
to the observed circulating FA ratio when dairy cows are fed
a diet containing 10% flaxseed (rich in ALA). Interestingly,
this ratio showed higher mRNA abundance of CXCL10,
CYP39A1 and IFIT3 in SC and of AKRIBI1, CYP39A1 and
PTGES in EC when compared with FA25, which mimics
cows fed 10% sunflower seeds (rich in LA). The AKRI1BI1
and PTGES genes are coding for enzymes involved in the syn-
thesis of PGF,, and PGE,, respectively. An up-regulation of
the AKR1B1 gene may also lead to higher levels of series 3
PG at the expense of series 2 PG when n-3 FA levels
increase®”, which may favour embryo survival. Moreover,
an up-regulation of the mRNA levels of PTGES is desirable
for embryo survival since PGE,“®~” has known positive
effects on uterine receptivity during the peri-implantation
period®™". cxcr10“® and IFI13“” are up-regulated
during early pregnancy in response to embryo IFNT signal,
and in the ovine endometrium, CXCLI0 is involved in the
redistribution of immune cells that favours conceptus implan-
tation®”. Therefore, the up-regulation of CXCLI0 and IFIT3
mRNA may be beneficial for embryo implantation and survi-
val. The CYP39A41 gene encodes for a steroid hydroxylase,
which prevents prolonged and inappropriate exposure to oes-
trogen in mice®®?. Because oestrogen levels must stay low
during early pregnancy((’g), an up-regulation of CYP39A41
would favour embryo survival. Collectively, the above-men-
tioned results suggest that lower 7-6:1n-3 FA ratios contribute
to an increase in the transcript abundance of genes that
have positive effects on uterine receptivity and implantation.

High LA:ALA ratios increased PGE, and PGF,, concen-
trations both in SC and EC culture media compared with con-
trol cells that were not exposed to LA and/or ALA (COPD).
Moreover, the all-pairwise multiple comparisons revealed
that PGF,, and PGE, concentrations increased with greater
LA:ALA ratios in EC, which is consistent with a previous
study with BEND cells, where increasing LA:EPA ratios
increases PGF,, secretion™®”. In SC, PG concentrations were
affected by the different LA:ALA ratios, with PGE, and PGF,,
concentrations being higher at FA4 (rich in 7-3) than at FA25
(rich in n-6). An increase in the synthesis and secretion of
PGF,, in SC is not desirable for embryo survival because of
its luteolytic properties(64’ . However, the contribution of
PGF,, secretion in SC to the total endometrial PGF,, secretion
is expected to be limited since PGF,, secretion is much lower
in SC than in EC®?. In contrast, increased PGE, secretion in
SC would favour embryo implantation based on its positive
effect on uterine receptivity.

Flaxseed is rich in plant lignans that are mainly converted
into the mammalian lignans ENL and enterodiol under the
action of the cow’s ruminal and intestinal microbiota®>.
Mammalian lignans are absorbed from the intestine, and
most of them are conjugated to glucuronides by specific
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enzymes in the intestinal wall and liver®®. In dairy cows, most

2D and,
©N

of the metabolism of flax lignans occurs in the rumen
ENL is the main lignan metabolite found in goat serum
Plant and mammalian lignans possess antioxidant activities >
and can act as phyto-oestrogens®?
least in part, the reproductive benefits observed when flax-
seed is fed to cows®. However, the effects of lignans on
reproductive functions have been poorly explored so far. In
the present study, we show for the first time that the presence
of ENL modulates series 2 PG secretion in EC and SC as well as
the mRNA abundance of genes known or suspected to play a
role in uterine receptivity and conceptus implantation. Indeed,
in both cell types, the addition of ENL decreased PGE, and
PGF,, concentrations in culture media. Moreover, the greatest
reductions in PGF,, concentrations were observed in EC
when FA (FA4) was combined with ENL. However, the present
results demonstrate that the addition of ENL has no effect on
the PGE,:PGF,, ratio, and that the presence of FA4 alone
seems to be sufficient to increase the PGE,:PGF,, ratio in
EC. Petit et al.®” observed a higher PGE metabolite:13,14-
dihydro-15-keto-PGF,, ratio in the uterine flushes of non-
pregnant cows fed with 9:1% flaxseed in the diet (which cor-
responds to the FA4 treatment used in the present study) when
compared with those fed the control diet (no added fat), thus
showing that ALA can increase the PGE,:PGF,, ratio in vivo.
The increase in the PGE,:PGF,, ratio in EC might protect
the CL against luteolysis and help in preparing the endome-
trium for implantation. However, further work is required to
determine which of the following factors contribute the most
in maintaining the CL and in uterine receptivity: PGE, and
PGF,, secretion or the PGE,:PGF,, ratio.

Among the selected genes, IFIT3, DKK1 and IRFG %47 are
known interferon-stimulated genes whose expression increase

, which may explain, at

in the ruminant endometrium during early pregnancy. The
decreases observed in the mRNA levels of IFIT3, DKK1 and
IRF6 in SC and in the transcript levels of IFIT3 in EC when
ENL was added to the culture medium may, therefore, nega-
tively affect uterine receptivity. ANXAZ2 is a gene involved in
the positive regulation of invasive growth®”, and in the pre-
sent study, the transcript levels of ANXA2 were up-regulated
in EC by the addition of ENL. However, because implantation
in the cow is a non-invasive process, an up-regulation of the
mRNA abundance of ANXA2 would not necessarily improve
embryo survival. It has earlier been reported that the gene
expression of ZFP36L1 is essential to embryo survival®"7"
This gene is implicated in the post-transcriptional control of
gene expression and is a negative regulator of the gene
activity of vascular endothelial growth factor-A (VEGFA)7V.
Here, we observed a down-regulation of the transcript levels
of ZFP36L1 in SC with the addition of ENL. Further work is
needed before being able to determine the physiological
impact of the decreased expression of ZFP306L1.

Among the genes that were modulated by ENL, three code
for enzymes involved in the synthesis of PG, which are as
follows: AKR1B1, known as the primary enzyme responsible
for PGF, production'”®; PTGES previously identified as the
main enzyme responsible for the synthesis of PGE, 7,
PTGS2 that convert AA to PGH2, a common precursor of

PGE, and PGF$*®. Interestingly, we reported that mRNA
levels of AKR1B1 and PTGES, but not PTGS2, were decreased
in SC with the addition of ENL, which was associated with
lower PGF,, and PGE, concentrations. This suggests that
ENL may reduce the secretion of PGE, and PGF,, by modify-
ing the transcription levels of PTGES and AKR1BI genes in
endometrial SC. Further work is needed to determine the
reasons why mRNA levels of AKRIBI1 and PTGES were not
affected by ENL in EC despite the fact that ENL decreased
the secretion of PGE, and PGF,,. The mRNA abundance of
PTGS2 was higher in SC treated with FA4, which was associ-
ated with increases in PGF,, and PGE, concentrations. Similar
increases in the mRNA abundance of PTGS2 were observed
with the addition of ALA and AA, and in PGF,, and PGE, con-
centrations with the addition of ALA and stearidonic acid to
ovine endometrial cells®®. Interestingly,
et al.“"? previously reported an increase in the mRNA abun-
dance of PTGS2 in BEND cells treated with increasing
LA:EPA ratios, and this was accompanied by similar increases
in PGF,, secretion. Moreover, in primary bovine endometrium
EC, AA-induced PGF,, and PGE, secretion was preceded by
increases in the protein levels of PTGS27®. However, in
BEND cells, EPA reduced and AA increased the synthesis of
PGFS,**7%, but neither PUFA affected the mRNA abundance
of PTGS2™Y In the absence of FA, the addition of ENL to
EC affected the mRNA abundance of PTGS2, which followed
the concentration profiles of PGF,, and PGE,. It remains to
be determined why the observed association between the
mRNA levels of PTGS2 and series 2 PG concentrations is lost
with the addition of FA to EC. The absence of a concordance
between the mRNA levels of AKR1B1, PTGES and PTGS2
and series 2 PG concentrations does not rule out the possi-
bility of post-translational alteration of PG synthesis enzymes
by ENL and/or FA that may affect the secretion of PG.

Among the different mechanisms that have been suggested
for explaining how 7-3 and 7n-6 FA modulate series 2 PG
secretion in endometrial cells, one indicates the possible inhi-
bition of PTGS2 enzyme activity by EPA, ALA and LA, pre-
viously identified as PTGS2 inhibitors”®. However, this
mechanism is unlikely because in the present study, PGE,
and PGF,, secretion was found to increase in EC treated
with increasing LA:ALA ratios. In the present study, the
lowest PGE, and PGF,, concentrations were observed with
the lowest LA:ALA ratios (i.e. high in 7-3), whereas the highest
PGE, and PGF,, concentrations were obtained with high
LA:ALA ratios (i.e. high in 7n-6). A possible competition
between 7-3 and 1-6 FA for enzymes involved in the desatura-
tion and elongation of long-chain FA or those involved in the
synthesis of PG may explain how 7-3 and 7-6 FA modulate
PGE, and PGF,, concentrations®* According to this last
proposed mechanism, increased 7-3 FA would favour the pro-
duction of series 3 PG at the expense of series 2 PG. Although
we found lower PGE, and PGF,,, secretion with higher 7-3 FA,
it remains to be determined whether this is accompanied with
increases in series 3 PG.

In conclusion, the present results demonstrate that the
addition of LA and ALA at different ratios and ENL can affect
the mRNA abundance of the genes studied and PGE, and

Caldari-Torres
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PGF,, concentrations in primary bovine endometrial cells,
with different effects being observed in EC and SC. The FA4
treatment, which corresponded to the observed circulating
ratio when cows were fed a diet containing 10% flaxseed,
increased the mRNA abundance of genes that have positive
effects on uterine receptivity and implantation, when com-
pared with the FA25 treatment (rich in LA). This suggests
that flax oil (rich in ALA) alone can modulate the transcript
abundance of genes known to have beneficial effects on the
fertility of dairy cows. The combination of ENL with FA
(FA4) resulted in the greatest reduction in PGF,, concen-
trations in both cell types, suggesting that feeding flaxseed
to dairy cows would have a greater impact on the reduction
in PGF,, secretion than giving flax oil (rich in ALA) or flax
meal (rich in lignans) alone. A decrease in endometrial
PGF,, secretion is desirable for embryo survival because of
its known luteolytic properties. Although the transcript levels
of AKR1BI1 and PTGES were modulated in SC with the
addition of ENL, these genes were not affected by ENL in
EC. This would suggest that different molecular mechanisms
are involved in SC and EC, with respect to the synthesis of
PGE, and PGF,,. The results presented herein focused on
mRNA abundance and PG secretion that were used as a func-
tional endpoint. Since changes in mRNA abundance do not
always reflect differences in protein expression, caution
needs to be exercised when extrapolating these results to pro-
tein expression or activities. Future studies are required to
assess whether the effects of the treatments observed on
mRNA abundance and PG secretion correlate with protein
expression and activities.
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