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Abstract.  Interferon-tau (IFNT), a type I interferon (IFN), is known as pregnancy recognition signaling molecule secreted 
from the ruminant conceptus during the preimplantation period. Type I IFNs, such as IFN-alpha and IFN-beta, are known 
to activate cell-death pathways as well as induce apoptosis. In cows, induction of apoptosis with DNA fragmentation is 
induced by IFNT in cultured bovine endometrial epithelial cells. However, the status of cell-death pathways in the bovine 
endometrium during the preimplantation period still remains unclear. In the present study, we investigated the different cell-
death pathways, including apoptosis, pyroptosis, and autophagy, in uterine tissue obtained from pregnant cows and in vitro 
cultured endometrial epithelial cells with IFNT stimulation. The expression of CASP7, 8, and FADD (apoptosis-related genes) 
was significantly higher in pregnant day 18 uterine tissue in comparison to non-pregnant day 18 tissue. The expression of 
CASP4, 11, and NLRP3 (pyroptosis-related genes) was significantly higher in the pregnant uterus in comparison to non-
pregnant uterus. In contrast, autophagy-related genes were not affected by pregnancy. We also investigated the effect of IFNT 
on the expression of cell-death pathway-related genes, as well as DNA fragmentation in cultured endometrial epithelial cells. 
Similar to its effects in pregnant uterine tissue, IFNT affected the increase of apoptosis-related (CASP8) and pyroptosis-
related genes (CASP11), but did not affect autophagy-related gene expression. IFNT also increased γH2AX-positive cells, 
which is a marker of DNA fragmentation. These results suggest that apoptosis- and pyroptosis-related genes are induced by 
IFNT in the pregnant bovine endometrial epithelial cells.
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During the mammalian preimplantation period, endometrial tissue 
remodeling, including cell-death, occurs for preparing the uterus 

for implantation [1–3]. Apoptotic cell death in the preimplantation 
endometrium was observed in rats [1], pigs [2], mice, and monkeys 
[3]. However, the expression profile of cell-death related genes in 
the bovine pregnant uterus still remains unverified. Interferon-tau 
(IFNT) is a ruminant-specific interferon (IFN) secreted from the 
conceptus until day 25 of pregnancy in cattle [4], and the secretion 
peaks at day 18 [5]. IFNT is a type I IFN, whose characteristic 

features include their antiviral and proapoptotic activities [6]. Type I 
IFN-mediated apoptosis induction is initiated via diverse mechanisms 
and involves both the up-regulation of proapoptotic factors [7, 8] 
and the suppression of antiapoptotic responses [9]. Pyroptosis is 
another cell-death pathway that is induced by interferon regulatory 
transcription factor (IRF)-1, whose expression is mediated by IFNs 
[10, 11]. Furthermore, type I IFN has also been reported to induce 
autophagy in dendritic cells and B cells [12–14]. IFNT-mediated 
induction of cell death with increased DNA fragmentation was 
reported in cultured bovine uterine epithelial cells [7]. However, 
the detailed molecular mechanisms involved in the process of cell 
death in this tissue are not clearly understood (Fig. 1).

Recently, several forms of cell-death-related pathways were 
discovered [15]. Generally, cell death is classified as accidental cell 
death (ACD) or regulated cell death (RCD) [16]. ACD is caused by 
injury due to exposure to factors, such as acid, alkali, and heat shock. 
In contrast, RCD such as apoptosis involves genetic and molecular 
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mechanisms encoded within cells [17].
A characteristic feature of apoptosis, pyknosis, involves the irrevers-

ible condensation of chromatin in the nucleus of cells, and blebbing 
of the cell membrane [17]. There are two major pathways to induce 
apoptosis. One pathway involves apoptosis via Caspase-9 (CASP9) 
and CASP8. CASP9 is activated by the release of cytochrome c 
from the mitochondria based on the expression of BAX, p53, BAK, 
BCL2, BH3-interacting domain death agonist (BID), and other 
molecules [18]. CASP8 is activated by binding with fas-associated 
death domain protein (FADD)-induced ligands, such as Tumor 
necrosis factor (TNF)–alpha [19]. Apoptotic pathways via CASP8 
and 9 are not completely independent from each other [18–20]. When 
apoptosis is induced, cells release growth factors before dying [21]. 
Thus, apoptosis is not only related to the removal of cells, but is 
also involved in cell proliferation.

Pyroptosis is another form of RCD involving the rupture of the 
plasma membrane, efflux of the cytoplasm, and DNA fragmenta-
tion [20, 22, 23]. When membrane rupture occurs, diffusion of the 
cytoplasm passes the information (for example, bacterial infection) 
to nearby cells. Pyroptosis was determined to be a CASP1 dependent 
cell-death pathway [24]. After further study, a cell-death mechanisms 
that were similar to pyroptosis, but were dependent on CASP4 and 11, 
but not CASP1, was discovered [25, 26]. This CASP1-independent 
cell-death like pyroptotic pathway was recently classified as a form of 
pyroptosis [27]. In CASP1-dependent pyroptosis, CASP1 is activated 
by an inflammasome consisting of NLRP3 (nucleotide-binding domain 
leucine-rich repeat contain receptor family, pyrin domain-containing 
proteins), ASC (apoptosis-associated speck-like protein containing a 
caspase recruitment domain) and pre-CASP1. While, the pathways 
depending on CASP4 and/or 11 are not necessary for the formation 
of an inflammasome. Destruction of the plasma membrane is induced 
by degradation of Gerdermin D (GSDMD) in both pathways [28–30].

Autophagy is a process for cellular survival, and is regulated by 
ATG, mTOR, LAMP2, and other proteins. Autophagic cell death was 
discovered using mouse embryonic fibroblast cells that were Bax 
and Bak double knockouts [31]. Autophagic cell death is related to 
differentiation; for example, metamorphosis in Drosophila [32, 33].

RCD (including apoptosis, pyroptosis, and autophagic cell death) is 

characterized by DNA fragmentation. Increase in DNA fragmentation 
has been observed in the preimplantation endometrium in some 
mammals [1–3]. Cell death relates to many phenomena, for example 
apoptosis relates to cell proliferation, pyrotosis relates to information 
diffusion, and autophagic cell death relates to differentiation. Thus, 
it is important to clarify the involvement of cell-death mechanisms 
in the bovine preimplantation uterus.

In the present study, we focused on several cell-death pathways 
(apoptosis, pyroptosis, and autophagic cell death) in the bovine 
preimplantation uterus. The purpose of the study was to clarify 
which cell death pathways in bovine endometrium is involved in 
implantation, and whether cell death is induced by IFNT in bovine 
uterus epithelial cells.

Materials and Methods

Collection of endometrial tissue samples
Uterine tissues were obtained from Japanese Black cows at the 

ranch of the NARO institute of Livestock and Grassland Science 
within 10-30 min of exsanguination, as previously described [34]. 
Briefly, the tissue samples were collected from cows on day 18 after 
artificial insemination (n = 3). The day of artificial insemination 
was designated as day 1. The uterine horn ipsilateral to the corpus 
luteum (CL) was obtained and immediately cut open to observe 
the endometrium. The presence or absence of fetal trophoblast 
was checked macroscopically to determine whether the cows were 
pregnant. The intercaruncular endometrial tissues (< 0.5 cm3) were 
collected and snap-frozen in liquid nitrogen, and then stored at –80°C 
until RNA extraction. All procedures for animal experiments were 
carried out in accordance with guidelines approved by the Animal 
Ethics Committee of the National Institute of Agrobiological Sciences, 
2014 (#H18-036-3).

Recombinant bovine IFNT
Recombinant bovine IFNT (rbIFNT) was produced in Escherichia 

coli using cDNA (bTP-509A, gifted by Dr RM Roberts, University 
of Missouri, Columbia, MO, USA) and an expression vector [35]. 
Antiviral activity, determined by MDBK cells, was 8 × 106 IU/ml. 

Fig. 1. Cell-death signaling pathways for apoptosis, pyroptosis, and autophagy.
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The final IFNT concentration of 1,000 IU/ml was determined based 
on the antiviral activity of day 15 pregnant bovine uterine vein 
plasma sufficient to stimulate leukocytes locally in the uterine vicinity 
(500–1,000 U/ml) [36]. Recombinant bovine IFNT was added to 1 
ml of culture medium, which was adjusted to approximately 500 
IU/ml, according to the previous study [11].

Collection and culture of bovine endometrial epithelial cells
Non-pregnant bovine uteri were obtained from a local abattoir. 

Intercaruncular endometrial tissues were collected from the uterine 
horn and placed in sterile calcium- and magnesium-free Hank’s 
balanced salt solution (HBSS) (–); the tissues were them cut into 
small pieces (3 × 3 mm). These pieces were placed in 60 mm Petri 
dishes (IWAKI, Osaka, Japan). These pieces were cultured in 5% FBS 
(ICN Bio-Source International, Camarillo, CA, USA) in Dulbecco’s 
Modified Eagle’s medium (high glucose) (DMEM; Wako, Osaka, 
Japan) supplemented with 0.06 g/l penicillin G potassium (Nacalai 
Tesque, Kyoto, Japan) and 0.1 g/l streptomycin sulfate (Nacalai 
Tesque) at 38.5°C with 5% CO2 in air. After a week, the tissue pieces 
were removed and proliferating epithelial cells were cultured at 
38.5°C with 5% CO2 in air. For the preprocessing removal of stromal 
cells, the culture dish was washed with calcium- and magnesium-free 
Phosphate buffered saline (PBS) (–). Subsequently, to separate the 
stromal cells, PBS (–) containing 0.05% trypsin and 0.53 mM EDTA 
was added to the dish and incubated for 2 min at 38.5°C in a CO2 
incubator. After the incubation, the dish was washed with PBS (–) 
for removing stromal cells and TrypLETM Express (Thermo Fisher 
Scientific, Waltham, MA) was added to disperse epithelial cells at 
38.5°C with 5% CO2 in air for 30 min. Next, 5% FBS in DMEM 
was added to inhibit trypsin activity in the TrypLETM Express; the 
cell suspension was centrifuged at 1,200 × g for 3 min. The pellet 
was washed with 5% FBS in DMEM and centrifuged at 1,200 × g 
for 3 min. Viable cells were plated at a dilution of 1.0 × 105 cells/ml 
onto 4-well culture plates (Thermo Fisher Scientific; for analysis of 
gene expression) or 8-well slides and chambers (Watson Bio Lab, 
Tokyo, Japan; for immunostaining) and cultured at 38.5°C with 
5% CO2 in air. The medium was changed every 3 days. After cells 
became 70% confluent, they were cultured for 24 h with IFNT (500 
IU/ml). Cycloheximide (Sigma-Andrich, St. Louis, USA), known 
as an apoptosis inducer, was used at 10 µM as a positive control.

RNA extraction and quantitative reverse-transcription 
polymerase chain reaction (RT-qPCR)

Bovine uterine tissues were homogenized using BioMasher® 
(Nippi, Tokyo, Japan) and centrifuged at 15,000 × g for 30 sec. 
Then, total RNA was extracted from the supernatant using ISOGEN 
II (Nippon Gene, Tokyo, Japan) according to the manufacturer’s 
instructions. To extract RNA from cultured uterine endometrial 
epithelial cells, ISOGEN II was dispensed in 4-well culture plates 
and RNA extraction was performed according to the manufacturer’s 
instructions. All RNA samples were stored in a freezer at –80°C until 
use. The RNA concentration was measured via spectrophotometry 
(NanoDrop ND-2000, Thermo Fisher Scientific). Complementary 
DNA was synthesized from 200 ng of total RNA by reverse transcrip-
tion using the ReverTra Ace® qPCR RT Master Mix with gDNA 
remover (Toyobo Life Science, Osaka, Japan) according to the 

manufacturer’s instruction using a thermal cycler (ASTEC Program 
Temp Control System PC-815 or 816, ASTEC, Fukuoka, Japan). All 
cDNA samples were stored in a freezer at –30°C until use. Specific 
primers (Table 1) were designed using Primer-BLAST (http://www.
ncbi.nlm.nih.gov/tools/primer-blast/). The relative expression levels 
were assessed via qRT-PCR using a LightCycler® Nano (Roche 
Diagnostics, Basel, Switzerland) and THUNDERBIRDTM SYBR® 
qPCR Mix (Toyobo Life Science) at a final primer concentration of 
0.5 µM for each primer. Thermal cycling conditions were as follows: 
1 cycle at 95°C for 30 sec (denaturation), followed by 45 cycles at 
95°C for 10 sec (denaturation), 55°C for 15 sec (primer annealing), 
and 72°C for 30 sec (extension). Relative mRNA abundance was 
calculated via the ΔΔCt method using the expression of H2AFZ as 
a reference gene.

Detection of γH2AX in cultured uterine epithelial cells
After 24 h of IFNT or Cycloheximide (CHX) treatment, cell samples 

were washed with PBS (–) and fixed in 4% paraformaldehyde diluted 
with PBS (–) for 15 min. After washing three times with PBS (–) 
for 5 min, the samples were permeabilized by PBS (–) containing 
0.2% (v/v) Triton X-100 (PBS-T) for 10 min. After washing with 
PBS (–), the cells were subjected to antigen activation. Samples were 
boiled by micro wave for 30 min with a citric acid buffer (1.8 mM 
sodium citrate and 8.2 mM citric acid) followed by cooling for 30 
min at room temperature.

After washing with PBS (–), the cells were blocked with 1% (w/v) 
BSA (Sigma-Andrich) in PBS-T for 1 h at room temperature. Washes 
with PBS (–), incubation with a primary rabbit polyclonal antibody 
for gamma H2A.X (ab11174, Abcam, Cambridge, MA, USA) diluted 
1:500 with Can Get Signal® Immunostain Immunoreaction Enhance 
Solution A (Toyobo Life Science) or only vehicle-control at 4°C 
overnight, was performed for immunoreaction. The samples were 
washed three times with PBS (–) for 5 min each and incubated for 1 h 
with a fluorescein-conjugated secondary antibody (Alexa Fluor® 488 
donkey anti-rabbit IgG, A21206, Thermo Fisher Scientific) diluted 
1:500 with Can Get Signal® Immunostain Immunoreaction Enhance 
Solution A at room temperature. Cells were then washed with PBS 
(–) for 5 min, and 10 µl of the mounting solution (Fluoro-KEEPER 
Anti fade Reagent, Non-Hardening Type with DAPI, NacalaiTesque) 
was dropped on the samples, which were then covered with a cover 
glass. Then, gamma H2A.X staining was examined under a fluorescent 
microscope with FITC (Leica DMi8, Leica Camera AG, Wetzlar, 
Germany).

Statistical analysis
All data are shown as the mean ± standard error of the mean 

(SEM). The significance of differences was assessed by student’s 
t test in the R (version 3.3.0; https://www.r-project.org/). Data with 
P values of < 0.05 were considered statistically significant. P values 
of < 0.1 were assumed to indicate a tendency.

Results

Expression of apoptosis-related genes in pregnant and non-
pregnant uterine endometrial tissues

Expression of FADD, CASP7, and CASP8 was significantly higher 
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(P < 0.05) in pregnant endometrial tissue than in non-pregnant tissue 
(Fig. 2). In Addition, expression of BAX and CASP3 tended to be higher 
in pregnant tissue compared with non-pregnant tissue. Expression 
of BCL2 tended to be lower (P < 0.1) in pregnant tissues than in 
non-pregnant tissue (Fig. 2). However, no significant differences 
were observed between the pregnant and non-pregnant tissues in 
terms of p53 and CASP9 expression.

Expression of pyroptosis-related genes in pregnant and non-
pregnant uterine endometrial tissues

Expression of CASP4, CASP11, and NLRP3 was significantly 
higher (P < 0.05) in pregnant endometrial tissue compared with 
non-pregnant tissue (Fig. 3). In addition, expression of CASP1, 
ASC1, and GSDMD tended to be higher (P < 0.1) in pregnant tissues 
as well (Fig. 3).

Expression of autophagy-related genes in pregnant and non-
pregnant uterine endometrial tissues

No significant differences were observed between pregnant and 
non-pregnant tissues in terms of autophagy-related gene expression 
(ATG3, BECN1, LAMP2 and mTOR; Fig. 4).

Effect of IFNT on DNA fragmentation of in vitro cultured 
bovine uterine endometrial epithelial cells

Figure 5 shows immunostaining for γH2AX (a marker of DNA 
fragmentation). Cycloheximide treatment increased DNA fragmenta-
tion in the epithelial cells (Fig. 5A). The addition of IFNT increased 
DNA fragmentation (Fig. 5A). The ratio of γH2AX-positive cells 

to DAPI-positive cells was significantly higher (P < 0.05) in the 
epithelial cells when cells were cultured with IFNT than in those 
cultured without IFNT (Fig. 5B).

Effect of IFNT on the expression of cell death pathway related 
genes in cultured uterine epithelial cells

The expression of apoptosis-related genes CASP7 and FADD was 
significantly higher (P < 0.05) in the presence of IFNT than in control 
(Fig. 6). In addition, the expression of CASP8 seemed to be higher 
(P = 0.1011) in epithelial cells cultured with IFNT than in those 
cultured without IFNT (Fig. 6). However, no significant difference 
was observed in the expression of BCL2, BAX, CASP3, CASP9, 
and p53 in both cells cultured with and without IFNT. Expression 
of pyroptosis-related gene GSDMD was significantly higher (P < 
0.05) in epithelial cells cultured with IFNT than in those cultured 
without IFNT (Fig. 7). Expression of CASP4 and 11 tended to be 
higher (P < 0.1) in epithelial cells cultured with IFNT than in those 
cultured without IFNT (Fig. 7). However, no significant difference 
was observed in the expression of ASC1 between cells cultured 
with and without IFNT (Fig. 7). Expression of pyroptosis-related 
genes CASP1 and NLRP3 was not detected (N. D.: Not Detected). 
No significant difference was observed in the expression of ATG3, 
BECN1, LAMP2, and mTOR (Fig. 8).

Discussion

In the present study, we investigated the status of pregnancy-
dependent cell-death pathways by analyzing several cell death-related 

Table 1. Primer sequences used for qRT-PCR

Accession No. Gene Forward (5'-3') Reverse (5'-3')
Apoptosis-related gene

NM_173894 BAX GGCTGGACATTGGACTTCCTTC TGGTCACTGTCTGCCATGTGG
NM_001166486 BCL2 GGTGCCTATCTGGGCCATAAG CAGCTTCACTTCAGTGGTGC
NM_001007816 FADD AGGACCGAGACCTGCG ACGTCAGATACTCCGAGGTG
NM_001077840 CASP3 AGCGTCGTAGCTGAACGTAA CCAGAGTCCATTGATTTGCTTC
XM_604643 CASP7 TAACGACTGCTCTTGTGCCA GCTGTCTTGCCATCTGTTCC
NM_001045970 CASP8 AGCATAGCACGGAAGCAGG GGTCTTATCCAAAGCGTCTGC
NM_001205504 CASP9 CCGATCTGGCCTATGTCCTG TCACAGTCGATGTTGGAGCC
NM_174201 p53 AGTTGGAGCACATGACGGAG GCGCGTAAATTCCCTTCCAC

Pyroptosis-related gene
NM_174730 ASC1 AGCAAGGGCCCTAGAAACGTG GTGACCCGTGCGATGAGAG
XM_019975839 CASP1 CTCAGGCATGCCAAATCTGC TGTGAACCTGAAGTGAGCCC
NM_176638 CASP4 CTGGCCTTTTGGATGACTTTGT AGACTTGACCTGCCTCTTGG
NM_001109796 CASP11 ACTCCACACCCAGGAGATTG GAGATCGGGATCTGGCATAGG
NM_001046160 GSDMD TTGTAGTGACCGAGGTGCTG CCTTTGCCCTGTAAGCAGAAG
NM_001102219 NLRP3 CTTTCTGGACTCTGACCGGG TCCAGGTCCTCCAGGTAACG

Autophagy-related gene
NM_001075364 ATG3 AAGGGAAAGGCACTGGAAGT GTGATCTCCAGCTGCCACAA
NM_001033627 BECN1 AGTTGAGAAAGGCCAGACAC GATGGAATAGGAACCACCAC
NM_001034570 LAMP2 AAGAGCAGACCGTTTCCGTG CGAACACTCTTGGGCAGTAG
XM_015466779 mTOR ATGCTGTCCCTGGTCCTTATG GGGTCAGAGAGTGGCCTTCAA

Reference gene
NM_174809 H2AFZ AGAGCCGGTTTGCAGTTCCCG TACTCCAGGATGGCTGCGCTGT
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gene expressions using in vivo collected uterine tissue and in vitro 
cultured uterine epithelial cells using IFNT.

In the first analysis, apoptosis-related gene expression was analyzed. 
In day 18 pregnant endometrial tissues, CASP7 and CASP8 were 
expressed at significantly higher levels, (with CASP3 expression also 
tending to be higher) in comparison to non-pregnant tissue (Fig. 2). 
To confirm that the increase in the expression of apoptosis-related 
genes was induced by IFNT secreted by the conceptus, we analyzed 
the expression of the same apoptosis-related genes in cultured uterine 
epithelial cells with IFNT administration. IFNT significantly increased 
CASP7 and FADD (Fig. 6). Moreover, the ratio of γH2AX-positive 
cells also increased with IFNT treatment (Fig. 5). In general, when 
DNA fragmentation occurs in the nucleus, it is repaired by enzymes 
using γH2AX and phosphorylated histone, as a scaffold. In fact, 
the increase in the expression of γH2AX gene was discovered in 
a human blood cell line at proapoptosis [37]. Next, we performed 
immunostaining for γH2AX to detect DNA fragmentation. The 
results in this study suggest that IFNT activates the apoptosis-related 

Fig. 2. Expression of apoptosis-related genes in the endometrium 
obtained from pregnant and non-pregnant cows. Expression levels 
of apoptosis-related genes (p53, BAX, BCL2, FADD, CASP3, 
CASP7, CASP8, CASP9) in the endometrial tissues obtained from 
the pregnant (P) (n = 3) and non-pregnant (NP) (n = 3) bovine 
uterus were analyzed using qRT-PCR normalized to H2AFZ as a 
reference gene. All data are shown as the means ± standard error 
of the mean (SEM). There was a statistically significant difference 
in mRNA levels (* P < 0.05), and tendency († P < 0.1) when 
pregnant and non-pregnant tissues were compared.

Fig. 3. Expression of pyroptosis-related genes in the endometrium 
obtained from pregnant and non-pregnant cows. Expression 
levels of pyroptosis-related genes (CASP1, CASP4, CASP11, 
NLRP3, ASC1, GSDMD) in the endometrial tissues obtained from 
the pregnant (P) (n = 3) and non-pregnant (NP) (n = 3) bovine 
uterus were analyzed using qRT-PCR normalized to H2AFZ as 
a reference gene. All data are shown as the means ± standard 
error of the mean (SEM). There was a statistically significant 
difference in mRNA levels (* P < 0.05), and tendency († P < 0.1) 
when pregnant and non-pregnant tissues were compared.

Fig. 4. Expression of autophagy-related genes in the endometrium 
obtained from pregnant and non-pregnant cows. Expression 
levels of autophagy-related genes (mTOR, BECN1, ATG3, 
LAMP2) in the endometrial tissues obtained from the pregnant 
(P) (n = 3) and non-pregnant (NP) (n = 3) bovine uterus were 
analyzed using qRT-PCR normalized to H2AFZ as a reference 
gene. All data are shown as the means ± standard error of the 
mean (SEM). No significant difference was observed in genes 
expression (mTOR, BECN1, ATG3, LAMP2).
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pathways in cultured bovine endometrial epithelial cells. This induction 
might be similarly occurring in bovine endometrial tissues because 
an abundance of IFNT is secreted in the preimplantation uterus [4]. 
An increase in FADD and CASP8 gene expression was detected 
in pregnant uterine tissues, although no significant difference was 
observed in the expression of p53 and CASP9 between pregnant and 

non-pregnant endometrial tissues. Similar results were observed in 
uterine epithelial cells cultured with IFNT. Thus, the induction of 
apoptosis-related factors at preimplantation may occur via a CASP8-
mediated pathway and not a CASP9-mediated pathway. There are 
several apoptosis pathways mediated via caspases [16]. The apoptosis 
pathway via CASP8 is induced by extracellular ligands, such as 
TNF-alpha [19]. IFNT may act as a ligand to induce apoptosis-like 
TNF-alpha. On the other hand, in the present study, several factors 
related to the apoptosis pathway via CASP9 were increased during 
pregnancy or by IFNT treatment. In the previous study, BAX was 
up-regulated and BCL2 was suppressed by tBID, which is a BID 
molecule cleaved by CASP8 [38]. Likewise, the apoptotic pathway 
via CASP9 is induced by DNA fragmentation and mitochondrial 
mutation [39–42]. These factors might affect the pathway via CASP9 
changing with time lag by DNA fragmentation and/or tBID .

We also investigated the pyroptosis pathway in vivo and in vitro. 
Expression of CASP4 and CASP11 was significantly increased, and 
expression of GSDMD tended to be increased in pregnant tissues 
(Fig. 3). In uterine epithelial cells cultured with IFNT, expression of 

Fig. 5. Effect of IFNT on the induction of DNA fragmentation in 
the bovine uterine epithelial cells. (A) Immunostaining for 
γH2AX, images of DAPI, and merged images; the yellow 
square in epithelial cells from bovine luminal epithelium. 
γH2AX-positive cell was shown by yellow arrow. Positive 
control means cultured with cycloheximide. Negative control 
means incubation with vehicle instead of primary antibody. 
The experiment was repeated tree times. Immunostaining 
images are shown at magnification × 20. The white scale bar 
in enlarged shows 37.5 µm and the white scale bar in others 
shows 150 µm. (B) The vertical line shows the ratio of γH2AX 
positive cells to DAPI. IFNT and control mean cultured with 
and without IFNT, respectively. Data are shown as the means 
± standard error of the mean (SEM). The asterisk (*) indicates 
significant difference between control and IFNT (P < 0.05).

Fig. 6. Effect of IFNT on the expression of apoptosis-related genes 
in the bovine uterine epithelial cells. Expression levels of 
apoptosis related genes (p53, BAX, BCL2, FADD, CASP3, 
CASP7, CASP8, CASP9) in the uterine epithelial cells cultured 
with or without IFNT were analyzed using qRT-PCR normalized 
to H2AFZ as a reference gene (n = 5). All data are shown as 
the means ± standard error of the mean (SEM). There was a 
statistically significant difference in mRNA levels (* P < 0.05) 
when compared between pregnant and non-pregnant tissues.
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CASP4, 11, and GSDMD was higher (Fig. 7). These results suggest 
that pyroptosis was induced in bovine endometrial epithelial cells 
by IFNT, which strongly suggests that a similar pathway is activated 
in the pregnant endometrial tissues by secreted IFNT. Expression 
of NLRP3 was significantly increased and expression of CASP1 
and ASC1 tended to be increased in pregnant endometrial tissues. 
In contrast, expression of NLRP3 and CASP1 was not detected 
and no significant differences were observed in the expression of 
ASC1 in cultured endometrial epithelial cells. It was suggested that 
IFNT-induced pyroptosis in the cultured epithelial cells occurred 
via a pathway independent of CASP1. Pyroptosis has an important 
role of promptly communicating with surrounding cells regarding 
the presence of a pathogen [27, 43, 44].

No significant differences were observed in autophagy-related 
genes between pregnant tissue and non-pregnant tissue (Fig. 4), and 
in cultured uterine epithelial cells with or without IFNT. In the mouse 
uterus, autophagy was inhibited by P4 and/or E2 in the preimplanta-
tion endometrium [45]. It might be suggested that autophagy was 
regulated by steroid hormones, and maintained steady-state levels 
regardless of pregnancy status.

In the present study, the expression of cell-death-related genes 
increased in pregnant cow uterine endometrial tissues. This result is 
similar to a previous apoptotic study regarding mRNA expression 
levels in the bovine preimplantation endometrium [46]. However, it 
seemed that DNA fragmentation was not really induced based on the 

TUNEL analysis of the bovine preimplantation endometrium [46], 
although DNA fragmentation was obviously induced by IFNT in the 
present study. In a previous study, cell death caused by IFNT in the 
bovine endometrial epithelium was inhibited by P4 [7]. Furthermore, 
P4 concentration in the blood is high in pregnant cattle [47]. It 
was suggested that cell death by IFNT might be inhibited by P4 in 
downstream gene expression. Cell-death factors have other functions 
involved in cell proliferation [21]. Cell proliferation for implantation 
and/or enlargement of the uterus may be induced by inhibiting cell-
death via P4. More detailed studies are necessary to elucidate the 
relationship of cell death, IFNT, and P4 in the preimplantation period.

In conclusion, the pregnancy-dependent cell death is activated in 
the bovine uterus through several pathways, such as apoptosis and 
pyroptosis, and such activation is possibly caused by IFNT. Further 
study is needed to clarify whether the cell-death pathway directly 
causes cell death of endometrial epithelial cells or affects indirect 
signal transduction to cause uterine modulation.
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Fig. 7. Effect of IFNT on the expression of pyroptosis-related genes 
in the bovine uterine epithelial cells. Expression levels of 
pyroptosis related genes (CASP4, CASP11, ASC1, GSDMD) in 
the uterine epithelial cells cultured with or without IFNT were 
analyzed using qRT-PCR normalized to H2AFZ as a reference 
gene (n = 5). All data are shown as the means ± standard error 
of the mean (SEM). The asterisk (*) indicates significant 
differences between control and IFNT (P < 0.05). The dagger (†) 
indicates the tendency (P < 0.1).

Fig. 8. Effect of IFNT on the expression of autophagy-related genes 
in the bovine uterine epithelial cells. Expression levels of 
autophagy related genes (mTOR, BECN1, ATG3, LAMP2) in 
the bovine epithelial cells cultured with or without IFNT were 
analyzed using qRT-PCR normalized to H2AFZ as a reference 
gene (n = 5). All data are shown as the means ± standard error 
of the mean (SEM). No significant difference was observed in 
genes expression (mTOR, BECN1, ATG3, LAMP2).
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