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Preface 

The global demand of dairy products has been estimated to expand from 2024 to 2033 

(OECD/FAO, 2024). Although a simple solution to produce high amount of milk may be the increase of 

the number of cows, this action also causes the competing to secure forage crops and an increase of the 

emissions of greenhouse gas such as methane (Montes et al., 2013; Pérez-Marín and Quintela, 2023). 

Thus, another aspect is also needed to solve this issue of the expanded demand of milk, and the 

improvement of the efficiency of milk production in cows is one of the solutions. Selecting high-yielding 

cows genetically contributes to increase the milk production level in cows (Brito et al., 2021), but 

reproduction is adversely affected by high yield, as a result of metabolic stress and feed imbalances and 

negative genetic relationships between yield and reproduction (Parkinson, 2019; Brito et al., 2021). 

Reproductive performance has been known to strongly affect the efficiency of milk production in cows. 

In dairy cows, the level of milk yield in cows with high parity is higher than that in cows with low parity 

(Ray et al., 1992). In addition, the level of milk production decreases as the days postpartum extends 

(Haile-Mariam and Goddard, 2008). Therefore, cows need to experience the parturition to increase and 

recover their milk production level. Reduced reproductive performance including the low fertility and 

subsequent prolonged calving interval, as well as other diseases such as mastitis (Sguizzato et al., 2024) 

and infectious disease such as bovine leukemia (Norby et al., 2016) and Johne’s disease (Garvey, 2020), 

lead to the low efficiency of milk production in cows. Low productive efficiency of milk also causes the 

large economic loss and put a pressure on the farm management. Thus, improvement of the reproductive 

performance in cows has been needed for the sustainable dairy industry. 

Cows failing to conceive after three or more inseminations without detectable abnormality in 

the estrous cycle, clinical signs and genital organs are generally defined as repeat breeder cows (Casida, 

1961; Levine HD, 1999; Pérez-Marín and Quintela, 2023). The presence of repeat breeder cows is one 

of the major sources of reduced herd reproductive performance and, thus, causes reduced milk 

production and economic loss in dairy industry (Lafi et al., 1992; Levine HD, 1999; Pérez-Marín and 

Quintela, 2023). Therefore, treatment for improving fertility in repeat breeder cows has been needed. 

The incidence of cows failing to conceive after three or more inseminations has been reported to be 16% 

in Japan (Katagiri et al., 2019), 22% in the United States of America (Bartlett et al., 1986) and 25% in 

Spain (Garcia-Ispierto and López-Gatius, 2017). In Japan, approximately 50% of these cows had no 

detectable abnormality in the estrous cycle, clinical signs and genital organs and, thus, the incidence of 

true repeat breeder cows has been estimated to be 8% (Katagiri et al., 2019).  

The modest change in circulating ovarian steroid hormone concentrations (Erb et al., 1976; 

Kimura et al., 1987; Shelton et al., 1990; Båge et al., 2002) is one of the causes of low fertility in repeat 
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breeder cows. In repeat breeder cows, increase of plasma progesterone (P4) concentrations after 

ovulation is slower and these concentrations show lower levels than fertile cows during the luteal phase 

(Kimura et al., 1987; Shelton et al., 1990; Båge et al., 2002). Repeat breeder cows also show slower 

increase and lower levels of peak plasma estradiol (E2) concentrations than fertile cows around the day 

of ovulation (Erb et al., 1976). Although these changes are modest, they may be enhanced as an 

alternation of growth factors and cytokines in the endometrium since these factors are primary regulated 

by E2 and P4 (Brigstock, 1991; Paria et al., 2001; Katagiri and Moriyoshi, 2013). Epidermal growth 

factor (EGF) is one of those growth factors that is regulated by sex steroid hormones and plays an 

essential role in the regulation of uterine function (Brigstock, 1991; Nelson et al., 1991; Johnson and 

Chatterjee, 1993a, b) and the embryo development (Paria and Dey, 1990; Brigstock, 1991). An alteration 

of the endometrial EGF profile has been linked to low fertility in repeat breeder cows (Katagiri and 

Takahashi, 2004a, 2006; Katagiri and Moriyoshi, 2013; Katagiri et al., 2016). In fertile cows, 

endometrial EGF concentrations peak twice on days 2–4 and days 13–14 during the estrous cycle, while 

these peaks are lost in approximately 70% of repeat breeder Holstein cows (Katagiri and Takahashi, 

2004a, 2006; Katagiri et al., 2016). In most cases, the loss and recovery of the endometrial EGF peak 

on day 3 is accompanied by those on day 14 (Katagiri and Takahashi, 2006, 2008), thus making the 

endometrial EGF concentration on day 3 an indicator of the endometrial EGF profile (Katagiri, 2006; 

Katagiri et al., 2013). In addition, cows recovered the cycle of the normal endometrial EGF profile early 

after the parturition ease to be pregnant within 150 days postpartum and cows which failed to recover 

the normal EGF profile in early postpartum period could be a source of repeat breeder cows (Ninpetch, 

2022).  

For cows with the alteration of the EGF profile, the administration of high dose of estradiol 

benzoate (EB) with an intravaginal progesterone-releasing device is effective to restore their normal 

endometrial EGF profile and fertility (Katagiri and Takahashi, 2008). However, there are two concerns 

to use this hormonal treatment. Firstly, the effectiveness of this treatment varies among herds (Katagiri 

et al., 2019). Secondly, the use of estrogen products to food producing animals that include lactating 

cows has been prohibited in some countries and regions. Thus, an alternative treatment option is needed.  

Seminal plasma (SP) infused into the uterus modulates the expression of growth factors and 

cytokines in the endometrium (Robertson, 2005) and improves fertility in mouse (Bromfield et al., 2014) 

and pig (O’leary et al., 2004) whose site of ejaculation is the uterus, whereas intrauterine SP infusion 

did not improve fertility in cows whose ejaculation site is the vagina (Odhiambo et al., 2009; Ortiz et 

al., 2019). However, SP infusion into the vagina has been reported to restore the normal endometrial 

EGF profile and fertility in repeat breeder dairy cows (Badrakh et al., 2020a, b; Kyaw et al., 2022). A 
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form of osteopontin (OPN) in SP showed the activity to normalize the endometrial EGF profile (Badrakh 

et al., 2020b), and OPN purified from milk also showed this activity and improved fertility in repeat 

breeder dairy cows (Kyaw et al., 2022). Therefore, as a treatment which does not require estrogen 

products, the treatment based on its OPN action are expected to be put to practical use for improving 

fertility in repeat breeder cows. However, as regards the application of OPN to fertility improvement 

technology at production sites, SP and raw milk may not be suitable as a source of OPN. SP is difficult 

to obtain in quantity and both SP (Givens, 2018) and raw milk (Vasavada, 1988; Herlekar et al., 2013; 

Kuczewski et al., 2021) may transmit infectious diseases. Thus, alternative sources of this protein 

without these disadvantages are needed. In addition, the mechanism by which OPN infused into the 

vagina restores the normal endometrial EGF profile and fertility remains unknown. Understanding this 

mechanism is important for the improvement of treatment to repeat breeder cows. 

OPN is an acidic protein, consisting of a signal sequence and mature region of 16 and 262 

amino acids in cattle, and also named as secreted phosphoprotein 1 (Denhardt and Guo, 1993; Icer and 

Gezmen-Karadag, 2018). This protein is secreted in various tissues (Sodek et al., 2000) including the 

reproductive organs such as the ovary (Brunswig-Spickenheier and Mukhopadhyay, 2003; Poole et al., 

2013), oviduct (Gabler et al., 2003), uterus (Johnson et al., 1999; Garlow et al., 2002; Joyce et al., 2005), 

testis (Erikson et al., 2007), and epididymis (Erikson et al., 2007). OPN has multiple functions in the 

body, and this protein switches its function by the presence of posttranslational modifications and the 

binding to various receptors, i.e., integrins and CD44 (Lund et al., 2009). OPN has roles in different 

physiological systems, including cancerous (Castello et al., 2017), inflammatory (Lund et al., 2009) and 

reproductive systems (Johnson et al., 2003; Monaco et al., 2009; Boccia et al., 2013; Liu et al., 2014; 

Kuwabara et al., 2015). In the reproductive system, OPN has a role in sperm capacitation (Boccia et al., 

2013) and acrosome reaction (Monaco et al., 2009), preimplantation embryo development (Monaco et 

al., 2009; Liu et al., 2014), conceptus attachment (Johnson et al., 2003; Erikson et al., 2009; Kim et al., 

2010), and corpus luteum (CL) formation (Kuwabara et al., 2015).  

One of the alternative sources of OPN to SP and raw milk may be the recombinant protein, 

which can be cost-effectively produced in Escherichia coli (E. coli) (Overton, 2014). However, such 

recombinant proteins do not undergo posttranslational modification, which is considered important for 

biological activity of various proteins (Sahdev et al., 2008). For OPN, posttranslational modifications 

have shown to be crucial in the expression of its biological activity (Ashkar et al., 2000; Weber et al., 

2002; Lund et al., 2009; Minai-Tehrani et al., 2013), but some functions of OPN do not depend on this 

modification (Ashkar et al., 2000; Weber et al., 2002; Erikson et al., 2009; Kim et al., 2010; Wing et al., 

2020; Wu et al., 2022). In the function of OPN to restore the normal endometrial EGF profile and fertility 
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in repeat breeder cows, the significance of posttranslational modifications is unknown and should be 

examined. 

OPN can be cleaved by thrombin, and this cleavage changes the biological activity of OPN 

(Senger et al., 1996; Weber et al., 2002; Yamamoto et al., 2003; Lund et al., 2009). Each cleaved 

fragment of OPN has different binding sites to integrins and CD44 (Lund et al., 2009; Sørensen and 

Christensen, 2023). If the sites, or the structural element, which is responsible for the OPN action to 

restore the normal endometrial EGF profile and are identified, the recombinant protein moiety or the 

chemically synthesized peptide containing these sites may became a candidate of treatment agent to 

improve fertility. Furthermore, the clarification of the structural element may also help us to understand 

the mechanism by which this protein controls the uterine function via the vagina in cattle. 

The objective of the present study was to identify the structural element of OPN for the 

restoration of the normal endometrial EGF profile and fertility in repeat breeder dairy cows. In chapter 

1, the significance of posttranslational modifications of OPN for these reproductive functions was 

investigated by using the recombinant OPN expressed in E. coli that had no post-translational 

modification. In chapter 2, the element of the primary structure of this protein for the restoration of the 

normal endometrial EGF profile and fertility was determined by investigating the treatment effects of 

the fragments of rOPN cleaved by thrombin and the chemically synthesized peptides of integrin binding 

motif of OPN.  
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Chapter 1: The significance of post-translational modifications of osteopontin for the restoration 

of the normal endometrial epidermal growth factor profile and fertility 

in repeat breeder dairy cows 

 

Introduction 

Intravaginal infusion of OPN in SP and milk restores the normal endometrial EGF profile and 

fertility in repeat breeder dairy cows (Badrakh et al., 2020b; Kyaw et al., 2022). Nevertheless, SP and 

raw milk may not be suitable as raw materials to prepare OPN at production sites since SP is difficult to 

obtain in quantity and both SP (Givens, 2018) and raw milk (Vasavada, 1988; Herlekar et al., 2013; 

Kuczewski et al., 2021) may transmit the infectious diseases. One of the alternative sources of OPN 

without these disadvantages may be recombinant protein (Overton, 2014), which can be cost-effectively 

produced in E. coli (Overton, 2014). However, such recombinant proteins do not undergo 

posttranslational modification, which is considered important for biological activity of various proteins 

(Sahdev et al., 2008).  

For OPN, posttranslational modifications have shown to be crucial in the expression of its 

biological activity (Ashkar et al., 2000; Weber et al., 2002; Lund et al., 2009; Minai-Tehrani et al., 2013), 

but some functions of OPN do not depend on this modification (Ashkar et al., 2000; Weber et al., 2002; 

Erikson et al., 2009; Kim et al., 2010; Wing et al., 2020; Wu et al., 2022). OPN enhances the lung cancer 

cell growth depending on glycosylation in human (Minai-Tehrani et al., 2013). OPN induces the 

expression of interleukin (IL) -12 (Ashkar et al., 2000; Weber et al., 2002) and tumor necrosis factor α 

(TNFα) (Weber et al., 2002) in macrophage depending on phosphorylation, while it induces the 

chemotaxis of macrophages (Weber et al., 2002) and suppresses the expression of IL-10 (Ashkar et al., 

2000) in a phosphorylation independent manner in mice. In sheep and pigs, recombinant rat OPN 

produced in E. coli without posttranslational modifications binds to integrins in uterine luminal 

epithelial cells (Erikson et al., 2009), trophectoderm cells (Erikson et al., 2009; Kim et al., 2010), 

endothelial progenitor cells (Wing et al., 2020) and the placental tissue (Wu et al., 2022), leading to 

promote trophectoderm cell adhesion and migration (Erikson et al., 2009; Kim et al., 2010), endothelial 

progenitor cell incorporation into vasculature (Wing et al., 2020), and ion transport across the placenta 

(Wu et al., 2022).   

Therefore, in the present study, we investigated the effect of full-length recombinant OPN 

(rOPN) expressed in E. coli, which has no posttranslational modification (Sahdev et al., 2008), on the 

normalization of the endometrial EGF profile and the recovery of fertility in repeat breeder dairy cows. 

Fertility was evaluated with respect to the conception rate after artificial insemination (AI) and by the 
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survival and size of embryo transfer (ET) embryo recovered on day 14. 

 

Materials and methods 

rOPN preparation 

 A gene-encoding bovine OPN (Uniprot ID: P31096) was synthesized by GeneArt (Thermo 

Fischer Scientific, Waltham, MA, USA) with codon optimization for E. coli expression. The 

deoxyribonucleic acid (DNA) encoding was performed to predict the mature region of OPN (Leu17–

Asn278) and amplified by polymerase chain reaction (PCR) using primers [5′-GCCGCGCGGCAGCC- 

ATATGCTGCCGGTTAAACCGACCAG-3′ (sense; NdeI-site underlined) and 5′-CGAGTGCGGCCG- 

CAAGCTTTTAATTCACTTCACTGCTTG-3′ (antisense; HindⅢ-site underlined)]. PCR was 

performed using KOD Plus NeoTM DNA polymerase (Toyobo, Osaka, Japan), and its product was 

purified with QIAEX II Gel Extraction kit (Qiagen, Hilden, Germany), and inserted into NdeI–HindIII 

sites of pET-28a (Merck Millipore, Darmstadt, Germany) using the seamless ligation cloning extract 

(Okegawa and Motohashi, 2015). The resultant plasmid vector was designated as SPP1/pET-28a.  

 The E. coli Rosetta (DE3) (Merck Millipore) cells harboring SPP1/pET-28a were cultured 

overnight on LB agar plates containing 50 µg/mL kanamycin and 30 µg/mL chloramphenicol at 37°C. 

A single colony was inoculated into 150 ml LB medium containing 50 µg/ml kanamycin and 30 µg/ml 

chloramphenicol, and to grow the cells, a seed culture was agitated overnight at 37°C and inoculated 

into 3000 mL LB medium containing 50 µg/mL kanamycin. When OD600 of the culture medium reached 

to between 0.4 and 0.8, the culture medium was cooled in ice for 10 min, and to induce protein 

expression, 0.1 mM isopropyl β-D-thiogalactopyranoside was added. Then, the cells were cultured at 

30°C for 20–22 h, harvested by centrifugation (10,000 × g at 25°C for 5 min), and frozen at −80°C until 

rOPN was purified according to a previous report (Tagami et al., 2016). Briefly, the cells were 

resuspended in Buffer-A (20 mM sodium phosphate buffer, pH 7.0 and 0.3 M NaCl) at 4°C and disrupted 

by sonication. Cell-free lysate was obtained by centrifugation (6,000 × g at 4°C for 20 min) and applied 

to a Ni2+-charged Chelating Sepharose Fast Flow column (Cytiva, Marlborough, MA, USA), which was 

washed with 20 mM imidazole in Buffer-A. Then, rOPN was eluted with a 20–500 mM imidazole linear 

gradient in Buffer-A. Purified rOPN was dialyzed against the phosphate-buffered saline (PBS) (Takara 

Bio, Kusatsu, Japan) with cellulose membrane [cellulose tubing (30/32), Viskase Companies, Illinois, 

USA]. The purification and dialysis of rOPN were performed at 4°C. The dialyzed proteins containing 

rOPN and 1% (w/v) trehalose as a cryoprotectant was filtrated (pore size of the filter: 0.22 µm), and the 

solution containing 0.3 mg rOPN was aliquoted in 10 mL vials (NV-10, Nichiden Rika Glass, Kobe, 

Japan) and lyophilized. The lyophilized rOPN were stored at 4°C until infusion into repeat breeder cows. 
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 Concentrations of rOPN in final preparation were calculated based on total protein 

concentrations and purities of rOPN. The total protein concentration was measured based on the 

absorbance at 280 nm (𝐸280 𝑛𝑚,   1 𝑐𝑚
1% = 10) (Noble and Bailey, 2009), and the purity of rOPN calculated 

by the densitometry using the gel image of sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) by ImageJ (https://imagej.net/ij/index.html). 

 The identity of rOPN was confirmed by western blotting according to previous methods 

(Kyaw et al., 2022), with slight modification. Briefly, in the western blotting, the purified rOPN was 

subjected to SDS-PAGE, and the proteins were transferred to polyvinylidene difluoride (PVDF) 

membrane (Immun-Blot PVDF Membrane, Bio-Rad Laboratories, Berkeley, California, USA). The 

membrane was blocked by incubating it in PBS with 5% bovine serum albumin at room temperature for 

1 h. The membrane was washed with Tris-buffered saline with Tween 20 (TBS-T) (pH 7.5) and then 

incubated in the TBS-T with the anti-OPN polyclonal antibody (LB-4225, Cosmo bio, Cambridge, UK) 

at a 1:1,000 dilution for 3 h at room temperature. The unbound primary antibody was washed out using 

TBS-T, and the membrane was incubated in the TBS-T with the secondary antibody (anti-IgG-

horseradish peroxidase; #4050-05, SouthernBiotech, Birmingham, AL, USA) at a 1:4,000 dilution for 2 

h at room temperature. The unbound secondary antibody was washed using TBS-T, and the peroxidase 

was detected using 50 mM Tris (pH7.0) dissolved 3,3′-diaminobenzidine tablet (Fujifilm Wako Pure 

Chemical Industries, Osaka, Japan).  

 

SP preparation 

 SP was prepared as reported previously (Badrakh et al., 2020a). Briefly, semen was 

collected from seven fertile Holstein bulls using an artificial vagina at a commercial AI center (Genetics 

Hokkaido, Tokachi Shimizu, Hokkaido, Japan). Two ejaculates were collected on the same day twice a 

week. SP was separated from the semen by centrifugation (1000 × g for 10 min), stored at −20°C, and 

transported to the laboratory. Frozen SP was thawed and centrifuged (5,000 × g at 4°C for 20 min). The 

resulting supernatant from SP collected from seven bulls were pooled and used as the SP sample, which 

was aliquoted in 0.5 mL and stored at −30°C until infusion into repeat breeder cows.  

 

In vitro embryo production and freezing for direct transfer 

 In the present study, ovaries were obtained from Japanese black or F1 crossbred (Japanese 

black × Holstein) cattle slaughtered at a local abattoir located within 1 h from the laboratory and 

transported to the laboratory within 4 h after collection. All media (BO-IVM, BO-IVF, BO-SemenPrep, 

and BO-IVC) used in these experiments were purchased from IVF Bioscience (Cornwall, UK).  
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 Cumulus-oocyte complexes (COCs) were aspirated from follicles (2–8 mm in diameter) 

of slaughterhouse-derived ovaries were submitted to in vitro maturation (IVM), in vitro fertilization 

(IVF) and in vitro culture (IVC) as described previously (Chelenga et al., 2020). For IVM, COCs were 

washed twice in TCM199 (Invitrogen, Grand Island, NY, USA) supplemented with 0.1% polyvinyl 

alcohol, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 10 mM sodium bicarbonate, and 

50 µg/mL gentamicin sulfate (isolation medium, pH 7.4 at 37°C), as described elsewhere (Harada et al., 

1997), and once in BO-IVM media before culture in 50 µL BO-IVM droplets (approximately 10 

COCs/50 µL droplets) covered with paraffin oil at 39°C for 20–24 h in 5% carbon dioxide (CO2) in 

humidified air. After IVM, COCs were subjected to IVF and IVC. Commercial frozen semen (Genetics 

Hokkaido) derived from a Holstein bull was used for IVF. The sperms were washed twice by 

centrifugation (300 × g for 5 min) in BO-SemenPrep media, and 2 × 106 cells/mL sperm was coincubated 

with oocytes in 500 µL of BO-IVF medium (day 0) in a 4-well dish without an oil overlay at 39°C for 

18–24 h in 5% CO2 humidified air for IVF. After IVF, inseminated oocytes were denuded of the 

surrounding cumulus cells and excess spermatozoa by vortexing. For IVC, presumptive zygotes were 

washed three times in BO-IVC media and then cultured in a 30 µL BO-IVC droplet (approximately 10–

25 zygotes/droplet) with an overlay of paraffin oil at 39°C for 144–150 h in 5% oxygen, 5% CO2, and 

90% nitrogen. An inverted microscope was used to examine the development of the embryos at days 6 

and 7. Grade 1 blastocysts according to the International Embryo Technology Society classifications 

(Robertson and Nelson, 2010) were then frozen in 1.5 M ethylene glycol in Dulbecco’s PBS (DPBS) 

supplemented with 0.1 M sucrose and 20% calf serum (freezing medium) in a program freezer (ET-1, 

Fujihira, Tokyo). The embryos were directly transferred into the freezing medium and then loaded into 

a 0.25 mL straw to equilibrate for 15–20 min. The straws were then placed in a methanol bath of a 

programmable freezer at −7°C for 1 min, seeded at −7°C, maintained at −7°C for 9 min, cooled to −30°C 

at the rate of 0.3°C/min, and plunged into liquid nitrogen (Dochi et al., 2008). 

 

Animals 

 All animal experiments were performed in accordance with the Japanese Act on Welfare 

and Management of Animals and approved by the Institutional Animal Care and Use Committee of 

Hokkaido University (Approval No. 16-0071 and 19-0030). In the present study, 269 lactating Holstein 

cows were used and housed in sixteen commercial farms in Hokkaido, Japan. They were multiparous 

lactating cows (> 9500 kg of 305-day fat-corrected milk) and between two and six in parity. We excluded 

cows with problems at calving and during the postpartum period requiring three or more veterinary visits. 

 Repeat breeder cows (n = 251) were selected by local veterinarians according to the criteria 
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for failure to conceive after three or more AIs without a detectable abnormality during an estrous cycle, 

clinical signs and genital organs by rectum palpation, vaginal examination, and ultrasonography 

(Badrakh et al., 2020a; Kyaw et al., 2022). The absence of any abnormality in the uterine morphology 

was confirmed by transrectal ultrasonography (Mee et al., 2009) and the uterine cytology by cytobrush 

(Dubuc et al., 2010) before the enrollment in the study. 

 Fertile controls (n = 18) were cows 120 days postpartum on the day of ET and between 

two and six in parity before the first service after parturition. They were also confirmed to have no 

detectable abnormality in the estrous cycle, clinical signs and genital organs by rectum palpation, vaginal 

examination, ultrasonography, and uterine cytology before the enrollment of the study. They became 

pregnant within two inseminations after the study period. 

 

Synchronization of estrus and ovulation 

 Estrus was synchronized by giving a single administration of prostaglandin F2α (PGF2α) 

(20 or 25 mg of dinoprost tromethamine im; Pronalgon F, Zoetis Japan, Tokyo, Japan) or an Selectsynch 

protocol (Larson et al., 2006) in cows. In the Selectsynch protocol, gonadotropin-releasing hormone 

(GnRH) (100 µg fertirelin acetate im; Conceral, MSD Animal Health, Tokyo, Japan) was treated 

between day 7 and day 9 of the estrous cycle, and PGF2α (25 mg of dinoprost tromethamine im) was 

administrated 7 days after the GnRH treatment. All cows synchronized by a single administration of 

PGF2α and the Selectsynch protocol showed estrus within 5 and 4 days after PGF2α treatment, 

respectively, detected either by observation twice daily after the PGF2α treatment or by using an 

automated activity monitor. The day of estrus was defined as day 0. 

 Ovulation was synchronized by an Ovsynch protocol (Wiltbank and Pursley, 2014), in 

which the cows were treated with the first GnRH (100 µg of fertirelin acetate im) followed by PGF2α 

(25 mg dinoprost tromethamine im) 7 days later and the second GnRH (100 µg fertirelin acetate im) 55 

± 2 h after PGF2α treatment. The next day of the second GnRH treatment was considered as day 0. 

 

Endometrial tissue collection, EGF assay, and the analysis of the endometrial EGF profile 

 Endometrial tissues were collected for the EGF assay as described previously (Katagiri 

and Takahashi, 2004a). Tissues were weighed and frozen in liquid nitrogen within 10 min and then 

stored at −20°C until the EGF assay.  

 Endometrium tissue samples were processed, and the tissue extracts were used for the EGF 

assay (Katagiri and Takahashi, 2006; Badrakh et al., 2020a). An antihuman EGF mouse monoclonal 

antibody (MAB636, R & D Systems, Minneapolis, MN, USA) and antihuman EGF rabbit antiserum 
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(#5022-100, Biogenesis, Poole, UK) were used as the solid-phase antibody and detection antibody, 

respectively. The assay system was verified for the measurement of bovine EGF using recombinant 

bovine EGF (Badrakh et al., 2020a). Assay sensitivity was 10 pg/well. The intra and interassay 

coefficients of variation at 50 pg/well were 4.2% and 6.8%, respectively. 

 In the present study, endometrial EGF concentrations were measured on day 3, and a 

normal endometrial EGF profile was defined by concentrations within the normal range for day 3 (4.70–

13.50 ng/g tissue weight) (Katagiri and Takahashi, 2006; Katagiri et al., 2016). 

 

AI and ET  

AI was performed with commercial frozen-thawed Holstein semen by professional AI 

technicians within 4–12 h after estrus detection. For ET, commercial, in vivo derived, frozen-thawed 

Japanese black embryos or in vitro derived, frozen-thawed embryos were transferred on day 7 into the 

uterine horn ipsilateral to the side of the ovaries with a CL by transcervical method using a flexible 

transfer catheter (Mo–NO.4, Misawa Medical Industry, Kasama, Japan).  

 

Infusion of samples into the vagina 

All samples were prepared in 10 mL PBS, loaded into a 10 mL syringe, and infused into the 

vagina as previously described (Badrakh et al., 2020a; Kyaw et al., 2022). Briefly, the tip of a disposable 

plastic catheter for AI, which was attached to the syringe loaded with an infusion sample, was introduced 

into the vagina and guided deep into the vagina adjacent to the external orifice of the cervix. The plunger 

was pushed to deposit the samples. 

 

Embryo collection and measurement of embryo length 

Transferred embryos were collected on day 14 (i.e., 7 days after ET) via the balloon catheter 

either 18 Fr, two eyes (#01209300, Nipro, Osaka, Japan) or 20 Fr, two eyes (#0120752520, Nipro) 

flushing the uterus nonsurgically with a commercial medium for embryo collection (Embryotech, 

Zenoaq, Fukushima, Japan). Side holes of the balloon catheter were enlarged by removing the rubber 

between two side holes next to each other. Embryo length was determined as the length of the long axis 

of collected embryos, or twice the length of fragmented filamentous embryos with embryonic disc that 

were recovered.  

 

Study design 

Study 1-1: The effect of rOPN on the restoration of the normal endometrial EGF profile and 
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fertility 

After the screening the repeat breeder cows for any detectable abnormality in the uterine 

morphology and cytology, estrus or ovulation was synchronized by a single administration of PGF2α or 

the Ovsynch protocol. The endometrial EGF concentration was determined on day 3. The cows with an 

altered EGF profile were used for the study (Fig. 1-1A). Repeat breeder cows were synchronized for 

estrus according to the Selectsynch protocol and infused with 10 mL PBS (negative control, n = 74), 0.5 

mL frozen-thawed SP (positive control, n = 37), or 0.3 mg rOPN (n = 105) into the vagina within 4–12 

h after estrus detection, corresponding to the timing of AI. To examine the effects of the treatments on 

the endometrial EGF profile, the endometrial EGF concentration was measured on day 3 for the second 

time. Some cows infused with PBS (n = 58), SP (n = 20), or rOPN (n = 83) were subjected to AI 

immediately before the samples were infused. Pregnancy was confirmed by transrectal ultrasonography 

between days 30 and 35 after AI. 

 

Study 1-2: The effect of the rOPN on the embryo survival and elongation  

After the screening for any detectable abnormality in the uterine morphology and cytology in 

repeat breeder cows and fertile control cows, the endometrial EGF concentration was measured on day 

3 on the same schedule as in study 1-1 (Fig. 1-1B). Repeat breeder cows with an altered EGF profile (n 

= 35) and fertile controls with normal EGF profile (n = 18) were synchronized for estrus and infused 

with rOPN or PBS, as in study 1-1. Repeat breeder cows were infused with PBS (n = 18, PBS group) or 

rOPN (n = 17, rOPN group), while fertile controls were infused with PBS (n = 18, fertile control group). 

To examine the endometrial EGF profile, the endometrial EGF concentration was measured on day 3 

for the second time. On day 7, the cows were transferred either in vivo derived embryos or in vitro 

derived embryos (two embryos in each cow: PBS group, n = 4; rOPN group, n = 5; fertile control group, 

n = 6; three embryos in each cow: PBS group, n = 14; rOPN group, n = 12; fertile control group, n = 

12). In total, 50, 46, and 48 embryos were transferred in the PBS, rOPN, and fertile control group, 

respectively. On day 14, the embryos were recovered, and the embryo lengths were measured. 

 

Data analyses  

Fisher’s exact test with the Benjamini-Hochberg method was performed to compare the 

restoration rates of the normal endometrial EGF profile, conception rates, the proportion of cows from 

which embryos were collected, and embryo recovery rates between groups. The Steel–Dwass test was 

used to compare endometrial EGF concentrations between groups. The Wilcoxon signed-rank test was 

conducted to compare endometrial EGF concentrations before and after treatment. Embryo lengths were 
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denoted by the sinh-arcsinh normal distribution, and the transformed data were evaluated by a two-way 

analysis of variance (ANOVA) with groups and embryo types as factors. Tukey’s test was used to 

compare embryo lengths transformed into the sinh-arcsinh normal distribution between groups. The 

Pearson’s rank correlation coefficient was used to determine the correlation between the endometrial 

EGF concentration and the embryo length transformed into the sinh-arcsinh normal distribution. 

Data were analyzed using the computer software JMP Pro 16 (SAS Institute Inc., Tokyo, 

Japan). The P-values in Fisher’s exact test were adjusted for multiple comparisons using the Benjamini–

Hochberg method (Benjamini and Hochberg, 1995). P values less than 0.05 were considered for 

statistical significance. 

 

Results 

Preparation of rOPN 

The predicted mature OPN, where a predicted signal peptide was truncated, was produced in 

E. coli as N-terminally His6-tagged recombinant protein. By western blotting, OPN was confirmed as 

the band with the apparent molecular mass of approximately 45.0 × 103 on the SDS-PAGE gel (Fig. 1-

2). In eight batches of rOPN preparations, the bands of rOPN accounted for 49.0% ± 11.8% (range: from 

34.6% to 65.3%) of the total protein content in the final preparation. The yields of rOPN were 1.9 ± 

1.0 mg/L of culture. 

 

Study 1-1: The effect of rOPN on the restoration of the endometrial EGF profile and fertility 

Endometrial EGF concentrations before treatment were comparable in all groups (P > 0.1) (Fig. 

1-3). After treatment, endometrial EGF concentrations in the rOPN and SP groups were comparable but 

higher than those in the PBS group (P < 0.05). The restoration rates of the normal endometrial EGF 

profile of the rOPN and SP groups were comparable (58.1% vs. 62.2%) but higher than that of the PBS 

group (29.7%) (P < 0.05, Table 1-1).  

 The conception rates of inseminated cows with normalized endometrial EGF profile after 

treatment with rOPN and PBS infusion were higher than those of inseminated cows with unnormalized 

endometrial EGF profile (P < 0.05, Table 1-1), while the conception rate of cows after SP infusion was 

not different between cows with normalized and unnormalized endometrial EGF profile. The overall 

conception rate of the rOPN group was higher than that of the PBS group (47.0% vs. 28.1%) (P < 0.05). 

The conception rate of the SP group was intermediate between PBS and rOPN groups.  
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Study 1-2: The effect of the rOPN on the embryo survival and elongation 

The proportion of cows with a normal endometrial EGF profile after treatment of PBS and 

rOPN groups were 44.4% (8/18) and 58.8% (10/17), respectively. The fertile control group has the 

highest proportion of cows with a normal endometrial EGF profile after treatment (94.4%, 17/18), which 

was higher than those of the PBS (44.4%) and rOPN groups (58.8%) (P < 0.05). One cow in the fertile 

control group had an altered endometrial EGF profile after treatment (endometrial EGF concentration: 

4.39 ng/g tissue). Endometrial EGF concentrations after treatment of the PBS and rOPN groups were 

similar but lower than those of the fertile control group (P < 0.05, Fig. 1-4). 

 The number of filamentous embryos that lost one of the distal ends and the number of distal 

end fragments without embryo discs were equal. Therefore, the number of embryo discs represented the 

number of embryos. The proportion of cows from which embryos were collected and embryo recovery 

rates were similar between in vitro and in vivo derived embryos within groups (Table 1-2, P > 0.1). 

Embryo recovery rates of the rOPN and fertile control groups were comparable (58.7% vs. 58.3%) and 

higher than that of the PBS group (32.0%) (P < 0.05). The proportion of cows from which embryos were 

collected and embryo recovery rate in cows with a normal endometrial EGF profile after treatment were 

higher than those in cows with an altered endometrial EGF profile after treatment (P < 0.05, Table 1-3). 

In most of cows from which embryos were collected, multiple embryos were recovered. 

 The two-way ANOVA revealed the effect of treatments but not embryo types, without 

correlation (P > 0.1). Embryo lengths of all recovered embryos and the largest embryos in each cow 

from the fertile control and rOPN groups were comparable and greater than those from the PBS group 

(P < 0.05, Table 1-2). Endometrial EGF concentrations was not correlated to the embryo lengths of all 

recovered embryos (r = −0.01) or the largest embryos in each cow (r = −0.09) (Fig. 1-5, P > 0.1). 

 

Discussion 

In the present study, rOPN affected the normalization of the endometrial EGF profile and 

recovery of fertility in repeat breeder cows with an altered EGF profile. Despite the role of 

posttranslational modifications in some activities of OPN (Ashkar et al., 2000; Weber et al., 2002; 

Minai-Tehrani et al., 2013), these modifications were not essential and the peptide or protein moiety 

without the modifications can restore the normal endometrial EGF profile and fertility in repeat breeder 

cows. In study 1-1, rOPN normalized the endometrial EGF profile to a similar extent as SP in repeat 

breeder cows. Furthermore, the effect of normalizing the endometrial EGF profile by rOPN (58.1%) 

was similar to that of milk OPN (56.1%) (Kyaw et al., 2022). The present results also showed that the 

normalization of the endometrial EGF profile after rOPN infusion resulted in the recovery of fertility in 
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repeat breeder cows. The conception rate of cows infused with rOPN (47.0%) was similar to those that 

underwent hormone therapy (40.0%) (Katagiri and Takahashi, 2008), SP (44.4%) (Badrakh et al., 2020a) 

and mOPN (43.5%) (Kyaw et al., 2022). However, further study including a larger number of animals 

is needed to confirm the effect of rOPN on fertility.  

 It remains unknown how OPN infused into the vagina restores the normal endometrial EGF 

profile. However, it is unlikely that SP (i.e., OPN) ejaculated into the vagina reaches the uterus 

(Fernandez-Fuertes, 2023) because of the low volume of semen ejaculated from bull (around 5 ml) 

(Murphy et al., 2018), the length of the cervix (Perkins et al., 1954) and the high viscosity of cervical 

mucus (Suarez and Pacey, 2006) although sperm have the potential to act as a vehicle of SP factors into 

the uterus (Chu et al., 1996; Fernandez-Fuertes, 2023). Accordingly, our previous report showed that SP 

restored the normal endometrial EGF profile and fertility by infusion into the vagina, but not into the 

uterus, in repeat breeder cows (Badrakh et al., 2020a). Furthermore, intrauterine infusion of SP at the 

time of AI had no effect on pregnancy rates in cows (Odhiambo et al., 2009; Ortiz et al., 2019). These 

reports indicate that the site of action of SP and OPN to restore the normal endometrial EGF profile and 

fertility in repeat breeder cows is the vagina.  

Hypothetically, OPN activates the immune cells in the vagina, causing uterus-targeted or 

systemic changes by the activation of immune cells in the adjacent lymph nodes (Kyaw et al., 2022). 

These activated immune cells in the vagina and lymph nodes may recirculate and infiltrate into the uterus, 

causing the normalization of the endometrial EGF profile in repeat breeder cows. OPN causes 

proinflammatory response in the immune cells and activate them, including macrophages, dendritic cells, 

and lymphocytes (Lund et al., 2009). Proinflammatory cytokines, such as IL-6 (Campanile et al., 2021) 

and TNFα (Gori et al., 2011), play roles in the regulation of endometrial functions. In proinflammatory 

cytokines, TNFα has been hypothesized to be involved in the normalization of the EGF profile by OPN 

infusion (Kyaw et al., 2022) since EGF synthesis is primary regulated by estrogen in the endometrium 

(Huet-Hudson et al., 1990; Brigstock, 1991) and TNFα activates estrogen receptor signaling pathways 

in endometrial epithelial cells (Gori et al., 2011). The role of immune cells and the proinflammatory 

cytokines (e.g., IL-6 and TNFα) in normalizing the endometrial EGF profile after intravaginal OPN 

infusion is needed to be investigated. In addition, the active site of OPN to normalize the endometrial 

EGF profile and receptive mechanism of OPN in the vagina also need to be studied to understand the 

mechanism of this function of OPN.  

 Although the normalization of the endometrial EGF profile in repeat breeder cows increases 

embryo survival or promotes embryo development, thereby recovering the conception rate (Katagiri and 

Takahashi, 2006; Katagiri and Moriyoshi, 2013), this hypothesis had not been tested. The proportion of 
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cows from which embryos were collected and embryo recovery rate by day 14 of pregnancy reflects the 

embryo survival in the uterus (Lonergan et al., 2007; Sánchez et al., 2019; Mateo-Otero et al., 2020; 

O’Callaghan et al., 2021). In the present study, the normalization of the endometrial EGF profile after 

OPN infusion increased the embryo survival to day 14 in the uterus in repeat breeder cows. Since EGF 

controls the endometrium function (Brigstock, 1991; Nelson et al., 1991; Johnson and Chatterjee, 1993a, 

b), EGF secreted by the endometrium on days 2–4 would regulate the uterine environment to suit embryo 

development in cattle (Katagiri and Takahashi, 2004a). Furthermore, the recovery of the endometrial 

EGF peak on day 3 of the estrous cycle is accompanied by that on day 14 in most cases (Katagiri and 

Takahashi, 2008). Bovine elongating embryos (days 13–16 of pregnancy) express EGF receptors, but 

not ligand (Kliem et al., 1998), thus EGF secreted by the endometrium on days 13–14 may act on the 

embryo and stimulate embryo development (Kliem et al., 1998; Katagiri and Takahashi, 2004a). 

Alternatively, we could not find the relationship between embryo size and the endometrial 

EGF concentration on day 3. Endometrial EGF concentrations on days 3 and 14 have been correlated to 

embryo length on day 16 of pregnancy (Katagiri and Takahashi, 2004b). Thus, embryo elongation might 

become apparent after the exposure of the EGF peak on days 13–14. The elongation of a bovine embryo 

begins between days 12 and 14 (Lonergan and Forde, 2014), and mean values of embryo length indicated 

logarithmic growth between day 10 and 16 (Betteridge et al., 1980). To confirm that the normalization 

of the endometrial EGF profile may promote embryo elongation in repeat breeder cows, further 

investigation should evaluate embryo lengths later than day 14 (i.e., day 16). 

 Interestingly, the present results suggest that in addition to the normalization of the endometrial 

EGF profile in repeat breeder cows, OPN infusion into the vagina might enhance embryo development 

in the uterus by an unknown mechanism independent of the endometrial EGF concentration on day 3. 

The embryo recovery rates were comparable between the rOPN group and the fertile control group 

despite lower proportion of cows with a normal endometrial EGF profile and endometrial EGF 

concentrations on day 3 after treatment of rOPN group than those of the fertile control group. 

Furthermore, although the embryo length was not correlated to the endometrial EGF concentration on 

day 3 after treatment, embryo lengths on day 14 were comparable between the rOPN group and the 

fertile control group but higher than those of the PBS group. Although OPN has been shown to directly 

promote adhesion, migration and cytoskeletal remodeling of trophectoderm cells that is essential for 

elongation and attachment of trophectoderm cells to uterine luminal epithelium for implantation in sheep 

(Kim et al., 2010) and pigs (Erikson et al., 2009), as discussed above, it seems unlikely that rOPN 

infused into the vagina directly enhance the development of transferred embryos in the uterus in repeat 

breeder cows. OPN infusion into the vagina may help in controlling the endometrial function by 
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activating immune cells in the vagina and adjacent lymph nodes (Kyaw et al., 2022), which in repeat 

breeder cows, may regulate the uterine environment via a pathway independently on the endometrial 

EGF concentration on day 3. Furthermore, the formation of CL has been described as an inflammation 

involving various immune cells (Fair, 2015; Alrabiah et al., 2021). In cattle, P4 secreted from CL 

enhances embryo elongation in the uterus by regulating the secretion of histotrophic substances and 

growth factors from the endometrium (Clemente et al., 2009; Forde et al., 2011, 2012; Spencer et al., 

2016). Thus, immune cells activated by OPN infusion into the vagina might support CL formation and 

enhance progesterone secretion from a CL, thus independently promoting embryo development in the 

uterus with endometrial EGF concentration on day 3. 

In conclusion, the present results indicate that rOPN infused into the vagina restores the normal 

endometrial EGF profile and fertility in repeat breeder cows without posttranslational modifications. 

The normalization of the endometrial EGF profile by OPN infusion improves embryo survival in the 

uterus. However, whether the endometrial EGF concentration on day 3 is directly correlated to the 

embryo size on day 14 remains unclear. Further study must confirm the relationship between the 

normalization of the endometrial EGF profile and embryo elongation.  
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Tables and figures 

 

Table 1-1. The effect of recombinant osteopontin (rOPN) on the endometrial epidermal growth factor (EGF) 

profile and fertility in repeat breeder cows. 

 

Groups (n) 

No. (%) of cows 

with a normal EGF 

profile after 

treatment 

Endometrial EGF 

profile after treatment 

No. of 

inseminated 

cows  

No. (%) of 

conceived 

cows 

     

PBS (74) 22 (29.7) A Normalized 19  9 (47.4) C 

  Unnormalized 39  7 (17.9) D 

  Total 58 16 (27.6) A 

SP (37) 23 (62.2) B  Normalized  9  6 (66.7) 

  Unnormalized 11  3 (27.3) 

  Total 20  9 (45.0) AB 

rOPN (105) 61 (58.1) B Normalized 47 32 (68.1) C 

  Unnormalized 36  7 (19.4) D 

  Total 83 39 (47.0) B 

Total (216) 106 (49.1) Normalized 75 47 (62.7) C 

  Unnormalized 86 17 (19.8) D 

  Total 161 64 (39.8) 

 

SP: Seminal plasma. 

A, B Restoration rates of the normal endometrial EGF profile and conception rates with different letters in 

the same column differ significantly (P < 0.05). 

C, D Conception rates with different letters between different endometrial EGF profiles within the same 

group differ significantly (P < 0.05). 



 

 

Table 1-2. The effect of recombinant osteopontin (rOPN) on the embryo survival and elongation 

 

Groups 
Embryo 

type 

No. of 

cows 

No. (%) of cows 
from which embryos 

were collected 

No. of 

transferred 

embryos* 

No. (%) of 

recovered 

embryos 

Embryo lengths of all 

recovered embryos 

(mm) 

Embryo lengths of the 

largest embryos in 

each cow (mm) 

PBS In vitro 10  4 (40.0) 26  9 (34.6)  9.6 ± 11.4 17.5 ± 13.5 

 In vivo  8  3 (37.5) 24  7 (29.2) 14.8 ± 17.0 16.5 ± 21.5 

 Total 18  7 (38.9) 50 16 (32.0) A 11.9 ± 13.8 A 17.1 ± 15.7 A 

rOPN In vitro 10  7 (70.0) 25 16 (64.0) 31.6 ± 25.9 46.7 ± 26.9 

 In vivo  7  4 (57.1) 21 11 (52.4) 27.1 ± 27.1 57.0 ± 16.4 

 Total 17 11 (64.7) 46 27 (58.7) B 29.7 ± 26.0 B 50.4 ± 23.3 B 

Fertile control In vitro 10  7 (70.0) 24 13 (54.2) 53.3 ± 26.8 70.3 ± 18.2 

 In vivo  8  6 (75.0) 24 15 (62.5) 30.9 ± 23.8 48.4 ± 22.4 

 Total 18 13 (72.2) 48 28 (58.3) B 41.3 ± 27.2 B 60.1 ± 22.4 B 

 

Embryo lengths are described as means ± standard deviations. 

* Two or three embryos were transferred into the uterus in each cow. 

A, B Embryo lengths and embryo recovery rates with different letters in the same column differ significantly (P < 0.05). 
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Table 1-3. The relationship between the endometrial epidermal growth factor (EGF) profile after treatment and the embryo survival 

 

Endometrial 

EGF profile 

after treatment 

Groups 
No. of 

cows  

No. (%) of 

cows from 

which embryos 

were collected 

No. of 

transferred 

embryos* 

No. (%) of 

recovered 

embryos  

No. of cows transferred 

three embryos and 

recovered indicated number 

of embryos  

 
No. of cows transferred 

two embryos and 

recovered indicated 

number of embryos 

      Three  Two One 
 

Two One 

Normal PBS  8  6 (75.0) A 23 14 (60.9) A 2 3 0 
 

1 0 

 rOPN 10  9 (90.0) A 27 21 (77.8) A 4 2 0 
 

2 1 

 Fertile control 17 12 (70.6) 46 27 (58.7) 3 4 1 
 

4 0 

 Total 35 27 (77.1) A 96 62 (64.6) A 9 9 1 
 

7 1 

Altered PBS 10  1 (10.0) B 27  1 (3.7) B 0 0 0 
 

0 1 

 rOPN  7  2 (28.6) B 19  6 (31.6) B 2 0 0 
 

0 0 

 Fertile control  1  1 (100.0)  2  1 (50.0) 0 0 0 
 

0 1 

 Total 18  4 (22.2) B 48  8 (16.7) B 2 0 0 
 

0 2 

 

* Three or two embryos were transferred into the uterus per cows. 

A, B The proportions of cows from which embryos were collected and embryo recovery rates with different letters within the same group in the same column differ 

significantly (P < 0.05). 
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Fig. 1-1. The outline of activities during study 1-1 (A) and study 1-2 (B).  

(A) Repeat breeder cows, which failed to conceive after three or more artificial inseminations (AI) 

without a detectable abnormality in the estrous cycle, clinical signs and genital organs, were subjected 

to the examination of uterine ultrasonography and cytology (Screening). The cows showing no 

abnormality at screening were synchronized estrus or ovulation, and the endometrial epidermal growth 

factor (EGF) concentration was determined on day 3 [day 0 = the day of estrus or the next day of the 

second gonadotropin-releasing hormone (GnRH) treatment of the Ovsynch program] and cows with an 

altered EGF profile were used for the further study. Cows were synchronized estrus and infused with 

samples into the vagina 4 to 12 h after estrus detection. The endometrial EGF concentration was 

determined on day 3 for the second time. Some cows were subjected to AI immediately before the 

infusion with samples. Pregnancy was diagnosed between day 30 and 35 after AI.  

(B) Repeat breeder cows and fertile control cows were subjected to the screening and the endometrial 

EGF concentration was determined on day 3 same as study 1-1. Repeat breeder cows with an altered 

EGF profile and fertile control cows with a normal EGF profile were synchronized estrus and infused 

with samples into the vagina 4 to 12 h after estrus detection. The endometrial EGF concentration was 

determined on day 3 for the second time. Thereafter, cows were transferred embryos on day 7. Embryos 

were recovered on day 14 and embryo lengths were measured. 
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Fig. 1-2. Verification of recombinant osteopontin (rOPN) by Western blotting. 

The band with the apparent molecular mass of approximately 45.0 × 103 on the SDS-PAGE gel (lane 2) 

was identified as OPN by Western blotting (2.4 µg of total protein per lane). Lane 1: molecular mass 

marker, lane 2: final preparation. 
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Fig. 1-3. The effect of recombinant osteopontin (rOPN) on endometrial epidermal growth factor (EGF) 

concentrations in repeat breeder dairy cows in study 1-1. 

Repeat breeder cows with an altered EGF profile were infused with PBS (n = 74), seminal plasma (SP, 

n = 37) or rOPN (n = 105) into the vagina at the estrus. Endometrial EGF profiles of 22, 23 and 61 cows 

were normalized in PBS, SP and rOPN groups, respectively. Endometrial EGF profiles of 52, 14 and 44 

cows were unnormalized in PBS, SP and rOPN groups, respectively. a, b Values with different letters 

between before and after treatment within the same group differ significantly (P < 0.05). A, B Values 

with different letters between groups within all cows before treatment or all, normalized or unnormalized 

cows after treatment differ significantly (P < 0.05).  
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Fig. 1-4. The effect of recombinant osteopontin (rOPN) on endometrial epidermal growth factor (EGF) 

concentrations in repeat breeder dairy cows in study 1-2. Repeat breeder cows with an altered EGF profile 

were infused with PBS (PBS group, n = 18) or rOPN (rOPN group, n = 17) into the vagina at the estrus. 

Fertile cows with a normal EGF profile (Fertile control group, n = 18) were infused with PBS into the vagina 

at the estrus. a, b Values with different letters between before and after treatment within the same group differ 

significantly (P < 0.05). A, B Values with different letters between groups within cows before or after 

treatment differ significantly (P < 0.05).  
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Fig.1-5. The relationship between the endometrial epidermal growth factor (EGF) concentration and the 

embryo length. Embryos were transferred to repeat breeder cows infused with PBS (white squares) or 

recombinant OPN (gray triangles) or to fertile cows infused with PBS (black circles). There were no 

correlations between the endometrial EGF concentration and the embryo length of all recovered embryos (r 

= −0.01) or that of the largest embryos per cows (r = −0.09), respectively (P > 0.1. The correlation was 

evaluated between the data of endometrial EGF concentrations and that of embryo lengths transformed into 

the sinh-arcsinh normal distribution). 
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Summary 

Endometrial EGF shows a cyclic change with two peaks on days 2–4 and days 13–14 of the 

estrous cycle in fertile cows. In repeat breeder cows, loss of the peaks has been associated with reduced 

fertility. By infusing SP and OPN derived from SP and milk into the vagina, their EGF profile and 

fertility are restored. However, SP is difficult to obtain, and both SP and OPN derived from SP and milk 

can transmit infectious diseases. While OPN can be sourced from recombinant protein without this risk, 

recombinant OPN expressed in E. coli (rOPN) should be examined for its effects on the EGF profile, 

since it does not undergo posttranslational modification, which is important for its biological activity. 

Thus, in chapter 1, the effect of rOPN on the restoration of the normal endometrial EGF profile and 

fertility in repeat breeder cows was investigated. In study 1-1, PBS, SP (0.5 ml), and rOPN (0.3 mg) 

were infused into the vagina at estrus (day 0) in 74, 37, and 105 repeat breeder Holstein cows with an 

altered EGF profile, respectively. Endometrial EGF concentrations were measured on day 3. Some cows 

(n = 58, 20, and 83, respectively) were inseminated immediately before the infusion and then diagnosed 

for pregnancy between days 30 and 35. The restoration rate of the normal endometrial EGF profile and 

conception rate in rOPN group (58.1% and 47.0%, respectively) were not significantly different from 

those in SP group (62.2% and 45.0%, respectively) but higher than those in PBS group (29.7% and 

28.1%, respectively) (P < 0.05). In study 1-2, repeat breeder cows with an altered EGF profile were 

infused with PBS (n = 18) and rOPN (n = 17), while fertile controls with a normal EGF profile (n = 18) 

were infused with PBS on day 0. Then, endometrial EGF concentrations were measured on day 3. Two 

or three embryos were transferred into cows on day 7 and then recovered on day 14. Embryo recovery 

rates of the rOPN and fertile groups were comparable (58.7% vs. 58.3%) but higher than that of the PBS 

group (32.0%) (P < 0.05). The embryo recovery rate of cows with normalized EGF profile was higher 

than that of cows with unnormalized EGF profile (64.4% vs. 16.7%) (P < 0.05). The embryo sizes of 

cows in the rOPN and fertile groups were comparable but larger than those in the PBS group (P < 0.05). 

However, the embryo size was not correlated to the corresponding endometrial EGF concentrations. In 

conclusion, rOPN without posttranslational modifications restored the normal endometrial EGF profile 

and fertility in repeat breeder cows. Improved fertility by normalization of the EGF profile could be 

attributed partly to the increased embryo viability up to day 14.  
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Chapter 2: The element of primary structure of osteopontin for the restoration of the normal 

endometrial epidermal growth factor profile and fertility in repeat breeder dairy cows 

 

Introduction 

An infusion of OPN into the vagina normalized the endometrial EGF profile and restored 

fertility in repeat breeder dairy cows (Badrakh et al., 2020b; Kyaw et al., 2022). Posttranslational 

modifications such as phosphorylation and glycosylation have been shown to be crucial for the 

expression of some biological activities of OPN (Ashkar et al., 2000; Weber et al., 2002; Lund et al., 

2009; Minai-Tehrani et al., 2013). However, the results of chapter 1 showed that the intravaginal 

infusion of rOPN, which has no posttranslational modifications (Sahdev et al., 2008), restored the 

normal endometrial EGF profile and fertility in repeat breeder dairy cows. These results indicates that 

posttranslational modifications were not essential, and the primary structure of OPN may play an 

important role in this action of OPN in the uterus. 

Thrombin cleavage has also been demonstrated to be crucial for the regulation of OPN 

bioactivity (Senger et al., 1996; Weber et al., 2002; Yamamoto et al., 2003; Lund et al., 2009). 

Thrombin-cleaved OPN stimulates the migration of endothelial cells more than native OPN in humans 

(Senger et al., 1996). Thrombin-cleaved OPN, but not full-length OPN, induces the cell migration of 

splenic monocytes obtained from arthritic mice (Yamamoto et al., 2003). The N-terminal fragment of 

thrombin-cleaved OPN induces haptotaxis and cell spreading of macrophages, whereas the C-terminal 

fragment induces the chemotaxis of these cells in mice (Weber et al., 2002).  

Bovine OPN possesses one conserved thrombin-cleavage site (between Arg163 and Ser164), 

and OPN fragments produced by thrombin treatment bind to different receptor types, such as CD44 and 

integrins (Sørensen et al., 1995; Lund et al., 2009). The C-terminal fragment of thrombin-cleaved 

murine OPN binds to CD44, although its binding site is unknown (Weber et al., 2002; Lund et al., 2009). 

The Thr121−Val140 motif of murine OPN, which corresponds to Val127−Ala148 of bovine OPN, also 

binds to CD44 (Lin and Yang-Yen, 2001). However, in bovine OPN, there are two integrin binding 

motifs, including the RGD (Arg152−Asp154) and SVAYGLK (Ser155−Lys161) motifs, in the N-

terminal fragment of thrombin-cleaved OPN (Sørensen et al., 1995; Lund et al., 2009; Christensen and 

Sørensen, 2016). RGD motifs are often identified as cell attachment sites for various adhesive proteins, 

such as fibronectin, fibrinogen, and OPN (Mezu-Ndubuisi and Maheshwari, 2021). The SVAYGLK 

motif next to the RGD motif in bovine OPN corresponds to the SVVYGLR and SLAYGLR motifs in 

human and rodent OPNs, respectively (Christensen and Sørensen, 2016; Sørensen and Christensen, 

2023). The SVVYGLR motif in human OPN mediates interactions with integrins after thrombin 
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cleavage (Yokosaki et al., 1999; Barry et al., 2000). The target receptors of the OPN RGD motif are the 

αvβ1, αvβ3, αvβ5, αvβ6, α5β1, and α8β1 integrins, whereas the target receptors of the SVAYGLK motif 

are the α4β1, α4β7, and α9β1 integrins (Lund et al., 2009; Sørensen and Christensen, 2023). In the case 

of human OPN, the ELVTDFPTDLPAT (Glu131−Thr143) motif, which corresponds to the bovine OPN 

EVDFPTDIPTI (Glu126−Ile136) motif, is also involved in α4β1 integrin binding (Bayless and Davis, 

2001).  

In chapter 2, I aimed to determine the element of primary structure of OPN to restore the 

normal endometrial EGF profile and fertility in repeat breeder dairy cows. I examined the effect of OPN 

fragments generated by thrombin treatment and chemically synthesized peptides possessing integrin 

binding OPN motifs (RGD and SVAYGLK motifs) on the restoration of the normal endometrial EGF 

profile and fertility in repeat breeder dairy cows.  

 

Materials and methods 

Preparation of rOPN  

 rOPN was expressed in E. coli as an N-terminally His6-tagged recombinant protein of 

predicted mature OPN (Leu17–Asn278), purified by Ni2+ affinity column chromatography, dissolved in 

PBS with 1% (w/v) trehalose as a cryoprotectant and filtered, according to a method described in chapter 

1. In the seven batches of rOPN preparations, the purity of the rOPN was estimated to be 46.3 ± 6.0% 

(range: 35.9–55.5%) in the final preparation. The solutions containing 16 nmol rOPN, calculated based 

on the amino-acid analysis (study 2-1) (Luo et al., 2011), or 9.5 nmol rOPN, calculated based on the 

total protein concentration, purity and the rOPN molecular weight as described in chapter 1 (study 2-2), 

were aliquoted into 10 mL glass vials and lyophilized. The lyophilized rOPN was stored at 4℃ until 

infusion into repeat breeder cows.  

 The results of chapter 1 found that 0.3 mg rOPN, calculated based on the total protein 

concentration and purity, was effective dose for the treatment for restoration of the normal endometrial 

EGF profile. The dose of the same amount of rOPN was calculated in different methods. In study 2-1, 

this dose was equivalent to 16 nmol calculated based on the amino-acid analysis while, in study2-2, this 

dose was equivalent to 9.5 nmol rOPN, calculated based on the total protein concentration, purity and 

the rOPN molecular weight. 

 

Preparation of thrombin-cleaved rOPN 

 The purified rOPN (11−18 nmol/mL, calculated based on the amino-acid analysis) in PBS 

was treated with thrombin (2.5 IU/mL; #27084601, Cytiva, Marlborough, MA, USA) at room 
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temperature (20–25℃) for 16 h. After adding trehalose to the reaction mixture containing the thrombin-

cleaved fragments (Th-rOPN) to achieve a final concentration of 1%, the solution was filtered (pore 

size: 0.22 µm). The solution containing the Th-rOPN that was produced by 16 nmol of rOPN was 

aliquoted into 10 mL glass vials, lyophilized, and stored at 4℃ until infusion into repeat breeder cows.  

 

Separation, verification, and preparation of the N- and C-terminal fragments of Th-rOPN 

The Th-rOPN fragments were separated using benzamidine column chromatography, which is 

usually used to remove serine proteases, including thrombin. The Th-rOPN solution containing thrombin 

dissolved in PBS with 0.3 M NaCl was added to a Benzamidine Sepharose 4 Fast Flow column (Cytiva), 

and the unbound fraction was collected. The bound fraction was eluted with 20 mM p-

aminobenzamidine (#01937-91, Nacalai Tesque, Kyoto, Japan). 

 N-terminal (N-rOPN) and C-terminal (C-rOPN) Th-rOPN fragments in either the bound or 

unbound fraction separated by benzamidine column chromatography were verified by peptide-mass 

fingerprinting (PMF) analysis (Perkins et al., 1999). Each protein band that was cut from the SDS-PAGE 

gel was washed four times with 50% methanol and sonication on ice, gradually dehydrated with 50 and 

100% acetonitrile, and swollen with 50 mM ammonium bicarbonate. Dehydration with 100% 

acetonitrile and swelling with 50 mM ammonium bicarbonate were repeated. The gel pieces were then 

dehydrated with 50% acetonitrile containing 50 mM ammonium bicarbonate and 100% acetonitrile. The 

dehydrated gels were dried in a vacuum. The dried gels were swollen in a trypsin solution (25 mg/mL 

dissolved in 50 mM ammonium bicarbonate) and incubated at 37°C for 19 h. Tryptic peptides were 

extracted three times with 45% acetonitrile containing 0.1% trifluoroacetic acid and sonication on ice. 

The extracts were dried in a vacuum and dissolved in 0.1% formic acid containing 5% acetonitrile. The 

resultant peptides were analyzed on the nanoflow liquid chromatography with tandem mass 

spectrometry (LC-MS/MS) system (LTQ-OrbitrapXL, ThermoFisher Scientific, Waltham, MA, USA). 

The tandem mass spectrometry (MS/MS) values detected were evaluated using a Mascot MS/MS ion 

search (https://www.matrixscience.com/). 

 N-terminal amino-acid sequence analysis of C-rOPN was determined by Edman degradation 

(Ikeuchi et al., 1989; Mizuno et al., 1999). The C-rOPN was separated by SDS-PAGE and transferred 

to a PVDF membrane (Immun-Blot PVDF Membrane, Bio-Rad Laboratories., Berkeley, CA, USA) 

using a semi-dry transfer system. The composition of the transfer buffer was 30 mM Tris, 17 mM boric 

acid, 0.055% SDS, and 20% methanol. The transferred proteins were stained with 0.1% Coomassie 

Brilliant Blue R-250 and destained with 50% methanol. A piece of the membrane was cut out and 

subjected to a protein sequencer (PPSQ-53A, Shimadzu, Kyoto, Japan).  
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The N-rOPN and C-rOPN that were purified by the Benzamidine Sepharose 4 Fast Flow 

column were dissolved in PBS with 1% trehalose, filtered (pore size: 0.22 µm), and the solution 

containing 16 nmol N-rOPN or C-rOPN was aliquoted into 10 ml glass vials and lyophilized. 

Concentrations of N-rOPN and C-rOPN in the final preparations were calculated based on the amino-

acid analysis. The lyophilized N-rOPN and C-rOPN were stored at 4℃ until infusion into repeat breeder 

cows. 

 

Preparation of peptides 

 Four peptides, GRGDSVAYGLK (peptide 1), GRGDS (peptide 2), SVAYGLK (peptide 

3), and GRGESVAYGLK (peptide 4), were synthesized by Peptide Institute (Osaka, Japan). The amino-

acid sequences of peptide 1, peptide 2, and peptide 3 corresponded to Gly151−Lys161, Gly151−Ser155, 

and Ser155−Lys161 of bovine OPN, respectively (Fig. 2-1). Peptide 4 shared the same sequence as 

peptide 1; however, aspartic acid (D) was replaced with glutamic acid (E). Peptides 1, 3, and 4 were 

synthesized in the form of a trifluoroacetate salt with >99.0% purity, and peptide 2 was prepared in the 

form of an acetate salt with >99.0% purity. The lyophilized peptides were dissolved in sterilized 

ultrapure water and filtered (pore size: 0.22 µm). The concentration of each peptide was determined via 

amino-acid analysis. Peptide samples containing 32, 320, or 1,600 nmol were aliquoted into 10 mL glass 

vials and lyophilized. The lyophilized peptides were stored at 4°C until infusion into repeat breeder 

cows. 

 

Determination of the concentrations of proteins and peptides 

 The concentrations of rOPN in the final preparation were calculated based on the amino-

acid analysis (Luo et al., 2011) in study 2-1 and the total protein concentration and the purity and 

molecular weight of rOPN as described in chapter 1 in study 2-2. The concentrations of the other 

recombinant proteins or synthesized peptides in the final preparations were calculated based on the 

amino-acid analysis. For amino-acid analysis, the samples were hydrolyzed in 6 N HCl for 24 h at 110°C, 

and the amounts of resultant amino acids were measured using an L-8900 Amino-Acid Analyzer 

(Hitachi High-Tech, Tokyo, Japan). The concentrations of the proteins and peptides were calculated by 

dividing the amount of each amino acid by the number of amino acids that the protein or peptide was 

composed of and averaging the values. 

 The total protein concentration and the purity of rOPN were calculated according to the 

method described in chapter 1. The molarity of rOPN in the final preparation was calculated by 

multiplying the total protein concentration and purity and dividing by the theoretical molecular weight 
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of rOPN (31535.40).  

 

Animals 

 All animal experiments were performed in accordance with the Japanese Act on Welfare 

and Management of Animals. The animal use protocol was reviewed and approved by the Institutional 

Animal Care and Use Committee of Hokkaido University (Approval No. 19-0030). The present study 

was conducted from October 2021 to May 2023. Holstein lactating Repeat breeder cows were housed 

in nine commercial farms, each of which keeps 400−1500 Holstein lactating multiparous cows, in 

Hokkaido, Japan. The repeat breeder cows were multiparous lactating cows (> 9,500 kg of 305-day fat-

corrected milk) and between two and six in parity. Cows with problems at calving and during the 

postpartum period requiring three or more veterinary visits were excluded from this study. 

 Repeat breeder cows were recruited by local veterinarians according to the criteria for 

failure to conceive after three or more AI without detectable abnormalities in their estrus cycle and 

genital organs by rectum palpation, vaginal examination, and ultrasonography or clinical signs (Badrakh 

et al., 2020a; Kyaw et al., 2022). The prevalence of repeat breeder cows in four farms which provided 

more than 90% of repeat breeder cows used in this study were between 13.0 and 18.2%. The absence of 

any abnormality in the uterine morphology by transrectal ultrasonography (Mee et al., 2009) and uterine 

cytology by cytobrush (Dubuc et al., 2010) were also confirmed before enrollment of study. Repeat 

breeder cows without abnormalities in the uterine morphology and cytology was subjected to the single 

examination of the endometrial EGF concentration on day 3 of the estrous cycle. Those showing an 

altered EGF profile (between 8.6 and 12.0% in cows kept in farms) were used in the present study. 

 

Synchronization of ovulation 

 Ovulation was synchronized using an Ovsynch protocol, Ovsynch protocol with E2 

treatment, or Ovsynch protocol with P4 supplementation (Wiltbank and Pursley, 2014). In the Ovsynch 

protocol, cows were first treated with GnRH (100 µg of fertirelin acetate im; Conceral, MSD Animal 

Health, Tokyo, Japan), followed by PGF2α (25 mg of dinoprost tromethamine im; Pronalgon F, Zoetis 

Japan, Tokyo, Japan) 7 days later, and a second treatment of GnRH (100 µg of fertirelin acetate im) 

approximately 55 ± 2 h after the PGF2α treatment. In the Ovsynch protocol with E2 treatment, EB (1 mg 

im; Estradiol injection, Kyoritsu seiyaku, Tokyo, Japan) was administered one day after the PGF2α 

treatment in addition to the Ovsynch protocol. In the Ovsynch protocol with P4 supplementation, 

controlled internal drug release devices (CIDR) containing 1.9 g of progesterone (CIDR 1900; Zoetis 

Japan) were inserted on the day of the first GnRH treatment in addition to the Ovsynch protocol, and 
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the CIDR was removed on the day of the PGF2α treatment. The Ovsynch protocol and the Ovsynch 

protocol with E2 treatment were performed on days 5−10 or 18−20 of the estrous cycle. The Ovsynch 

protocol with P4 supplementation was performed on days 13−17 of the estrous cycle. The day following 

the second GnRH treatment was considered day 0. 

  

Endometrial tissue collection, EGF assay, and analysis of the endometrial EGF profile 

 Endometrial tissues were collected and processed, and EGF was extracted from the tissue 

homogenate as described in chapter 1. The EGF concentrations in the tissue extracts were also 

determined according to the method in chapter 1.  

 In the present study, the endometrial EGF profile was considered to be normal when the 

endometrial EGF concentration was within the normal range for day 3 (4.70−13.50 ng/g tissue weight), 

while the EGF profile was judged as altered when the EGF concentration was lower than 4.70 ng/g 

tissue weight (Katagiri and Takahashi, 2006; Katagiri et al., 2016). 

 

AI and infusion of samples into the vagina 

AI was performed using commercial frozen-thawed Holstein semen by professional AI 

technicians within 16–20 h after the second GnRH treatment of the Ovsynch protocols for ovulation 

synchronization. All OPN treatment samples were dissolved in 10 mL of PBS, loaded into a 10 mL 

syringe, and infused into the vagina immediately after AI, as described in chapter 1.  

 

Study design 

Study 2-1 

The effect of Th-rOPN, N-rOPN, and C-rOPN treatment on the restoration of the normal 

endometrial EGF profile was evaluated. Repeat breeder cows with an altered endometrial EGF profile 

(n = 65) were used for this study (Fig. 2-2). Repeat breeder cows were synchronized for ovulation with 

either the Ovsynch protocol, Ovsynch protocol with E2 treatment, or Ovsynch protocol with P4 

supplementation and underwent AI. Cows were randomly assigned to four groups with 16 nmol of rOPN 

(n = 18), N-rOPN (n = 20), and C-rOPN (n = 13), as well as Th-rOPN produced by 16 nmol of rOPN (n 

= 14) that was infused into the vagina immediately after AI. The endometrial EGF concentration was 

determined on day 3 for the second time. Pregnancy was diagnosed by transrectal ultrasonography on 

days 30−35 after AI. 
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Study 2-2 

The effects of OPN peptides on the restoration of the normal endometrial EGF profile and 

fertility were examined using 431 repeat breeder cows. The timeline of the study was the same as that 

of study 2-1. Repeat breeder cows with an altered endometrial EGF profile were synchronized for 

ovulation. The cows were then infused with treatment samples into the vagina immediately after AI. 

study 2-2 was conducted in two trials. In trial 1, one of the following samples was randomly infused 

into the vagina in repeat breeder cows to examine the effects of those samples on the normalization of 

the endometrial EGF profile: PBS (negative control; n = 45), rOPN (positive control, 9.5 nmol; n = 83), 

peptide 1 (32, 320, and 1,600 nmol; n = 25 each), peptide 2 (320 and 1,600 nmol; n = 20 each), or 

peptide 3 (320 and 1,600 nmol; n = 25 and 23, respectively). In trial 2, additional repeat breeder cows 

were infused into the vagina with PBS (n = 30), rOPN (n = 28), peptide 1 (320 and 1,600 nmol; n = 25 

each), or peptide 3 (1,600 nmol; n = 32) to investigate the effect on fertility with an increased number 

of animals.  

 

Study 2-3 

The effect of peptide 4 on the restoration of the normal endometrial EGF profile was examined 

to clarify the role of the RGD motif. The timeline of the study was the same as that of study 2-1. Repeat 

breeder cows with an altered endometrial EGF profile were synchronized for ovulation by using the 

Ovsynch protocol and infused with PBS (negative control; n = 24), 320 nmol peptide 1 (positive control; 

n = 78), or peptide 4 (320 and 1,600 nmol; n = 50 and 26, respectively) into the vagina immediately 

after AI.  

 

Data analyses 

Endometrial EGF concentrations before and after treatment were compared using Wilcoxon 

signed-rank test. Endometrial EGF concentrations of the peptide 1, peptide 2, and peptide 3 groups in 

trials 1 and 2 of study 2-2 were compared to those of the negative (PBS) and positive (rOPN) control 

groups using Steel test. Endometrial EGF concentrations between the negative and positive control 

groups in trials 1 and 2 of study 2-2 were compared using Wilcoxon rank sum test. Endometrial EGF 

concentrations between groups in study 2-1, the total of trials 1 and 2 of study 2-2, and study 2-3 were 

compared using Steel–Dwass test.  

The proportion of cows with a normal endometrial EGF profile after treatment (restoration 

rates) and the conception rates of each of the peptide 1, peptide 2, and peptide 3 groups in trials 1 and 2 

of study 2-2 were compared to those of the negative and positive control groups using Fisher’s exact 
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test with the Benjamini–Hochberg method. Restoration and conception rates between the negative and 

positive control groups in trials 1 and 2 of study 2-2 were compared using Fisher’s exact test. The 

restoration and conception rates between the groups in study 2-1, a total of trials 1 and 2 of study 2-2, 

and study 2-3 were compared using Fisher’s exact test with the Benjamini–Hochberg method.  

Wilcoxon signed-rank test, Steel test, Wilcoxon rank sum test, Steel–Dwass test, and Fisher’s 

exact test were performed using the computer software JMP Pro 16 (SAS Institute, Tokyo, Japan). The 

P-values in Fisher’s exact test were adjusted for multiple comparisons using the Benjamini–Hochberg 

method (Benjamini and Hochberg, 1995).  

Two cows infused with rOPN, two cows infused with Th-rOPN, and one cow infused with C-

rOPN were culled before the pregnancy diagnosis in study 2-1. One cow infused with PBS, two cows 

infused with rOPN, and one cow infused with 320 nmol peptide 2 were culled before the pregnancy 

diagnosis in trial 1 of study 2-2. Thus, conception rates were analyzed after excluding their data. A P 

value < 0.05 was considered statistically significant.  

 

Results 

Verification and preparation of Th-rOPN, N-rOPN, and C-rOPN 

rOPN was observed as a band via SDS-PAGE with an apparent molecular mass of 47.7 × 103 

(Fig. 2-3A and 3B, lane 2). The band corresponding to rOPN disappeared, and two bands with apparent 

molecular masses of approximately 33.7 × 103 and 20.2 × 103 appeared as major bands via SDS-PAGE 

analysis in Th-rOPN (Fig. 2-3A, lane 3). The two fragments in the Th-OPN were separated by 

benzamidine column chromatography (Fig. 2-3B, lane 3 and 4), and their tryptic peptide masses matched 

with the theoretical masses calculated from the amino-acid sequences of the N- or C-terminal ends of 

the putative thrombin-cleavage site (Arg163−Ser164 (Sørensen et al., 1995)) of rOPN (Fig. 2-3C). 

Furthermore, the N-terminal amino-acid sequence of the 20.2 × 103 fragment (Fig. 2-3B, lane 4) was 

SKKFRRS, which corresponds to the bovine OPN region of Ser164−Ser170 (Fig. 2-3C). Based on these 

results, we concluded that the two fragments generated by the thrombin treatment of rOPN were N-

rOPN and C-rOPN, even though the C-terminal amino-acid sequence of the N-rOPN could not be 

determined by PMF analysis. In two batches of N-rOPN (Fig. 2-3B, lane 3) and C-rOPN preparations 

(Fig. 2-3B, lane 4), the bands of N-rOPN accounted for 85.6 and 93.3% in the first and second batches, 

respectively, while those of C-rOPN accounted for 73.3 and 79.4%, respectively, of the total protein 

content in the final preparation in the gel image of SDS-PAGE.  
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Study 2-1: Effect of Th-rOPN, N-rOPN, and C-rOPN on the restoration of the normal endometrial 

EGF profile 

Endometrial EGF concentrations before treatment were comparable between all of the groups 

(Fig. 2-4). The endometrial EGF concentrations after treatment became higher than those before 

treatment in the rOPN, Th-rOPN, and N-rOPN groups, whereas the endometrial EGF concentrations 

before and after treatment were comparable in the C-rOPN group. Endometrial EGF concentrations after 

treatment in both Th-rOPN and N-rOPN groups were comparable, and they were at an intermediate level 

between the rOPN and C-rOPN groups (P < 0.05). Endometrial EGF concentrations after treatment in 

the C-rOPN group were lower than those in the rOPN group. 

Restoration rates of the normal endometrial EGF profiles of the rOPN and Th-rOPN groups 

were comparable and higher than that of the C-rOPN group (P < 0.05) (Table 2-1). The restoration rate 

of the N-rOPN group was in a level between the rOPN and C-rOPN groups (P < 0.05). 

 

Study 2-2: Effects of OPN peptides on the restoration of the normal endometrial EGF profile and 

fertility 

In trial 1, the endometrial EGF concentrations before treatment were comparable in all of the 

groups (Fig. 2-5A). The endometrial EGF concentrations after treatment (Fig. 2-5A) and the restoration 

rates of the normal endometrial EGF profile (Table 2-2) of the 320 nmol and 1,600 nmol peptide 1 and 

the 1,600 nmol peptide 3 groups were higher than those of the PBS group (P < 0.05), and they were 

comparable to those of the rOPN group. The endometrial EGF concentrations after treatment and the 

restoration rates of the normal endometrial EGF profile of the 320 nmol and 1,600 nmol peptide 2 and 

the 320 nmol peptide 3 groups were lower than those of the rOPN group (P < 0.05), and they were 

similar to those of the PBS group. Endometrial EGF concentrations after treatment with 32 nmol peptide 

1 were higher than those of the PBS group (P < 0.05), and they were comparable to those of the rOPN 

group. However, the restoration rate of the normal endometrial EGF profile of the 32 nmol peptide 1 

group remained comparable to that of the PBS group and lower than that of the rOPN group (P < 0.05).  

 In trial 2, the endometrial EGF concentrations before treatment were comparable in all of the 

groups (Fig. 2-5B). The endometrial EGF concentrations after treatment in the 320 nmol and 1,600 nmol 

peptide 1 group were comparable to those of the rOPN group and higher than those of the PBS group (P 

< 0.05). Endometrial EGF concentrations after treatment in the 1,600 nmol peptide 3 group were similar 

to those of the rOPN and PBS groups. The restoration rates of the normal endometrial EGF profile and 

conception rates of each group in trial 2 are shown in Tables 2-2 and 2-3, respectively. 

In the total of the two trials, the endometrial EGF concentrations before treatment were 
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comparable in all of the groups (Fig. 2-5C). The endometrial EGF concentrations after treatment (Fig. 

2-5C) and the restoration rates of the normal endometrial EGF profile (Table 2-2) of the 320 nmol and 

1,600 nmol peptide 1 and 1,600 nmol peptide 3 groups were comparable to the rOPN groups and higher 

than those of the PBS group (P < 0.05). In cows with a normalized endometrial EGF profile after 

treatment, the endometrial EGF concentrations after treatment in the 320 nmol and 1,600 nmol peptide 

1 groups were comparable to those of the rOPN group and higher than those of the PBS group (P < 0.05). 

While those after treatment in the 1,600 nmol peptide 3 groups reached an intermediate level between 

the PBS and rOPN groups and were comparable to all other groups (Fig. 2-5C). The conception rates in 

cows with a normalized endometrial EGF profile were higher than those in cows whose endometrial 

EGF profile had not achieved normalization in each group (P < 0.05) (Table 2-3). Furthermore, the 

conception rates of the 320 nmol and 1,600 nmol peptide 1 and 1,600 nmol peptide 3 groups were 

comparable to that of the rOPN group and higher than that of the PBS group (P < 0.05). 

 

Study 2-3: Effect of peptide 4 on the restoration of the normal endometrial EGF profile 

Before treatment, the endometrial EGF concentrations of the 1,600 nmol peptide 4 group were 

higher than those of the PBS group (P < 0.05), while those of the 320 nmol peptide 1 and 320 nmol 

peptide 4 groups were comparable to the PBS group (Fig. 2-6). After treatment, the endometrial EGF 

concentrations of the 1,600 nmol peptide 4 group were comparable to those of the 320 nmol peptide 1 

group and higher than those of the PBS group (P < 0.05). The endometrial EGF concentrations of the 

320 nmol peptide 4 group were at an intermediate level between the 320 nmol peptide 1 and PBS groups. 

The restoration rates of the normal endometrial EGF profiles of the 320 nmol and 1,600 nmol peptide 4 

groups were comparable to those of the PBS group and lower than that of the 320 nmol peptide 1 group 

(P < 0.05) (Table 2-4).  

 

Discussion 

The results of the present study demonstrated that the SVAYGLK peptide (peptide 3) is a 

minimal element of OPN that is required to restore the normal endometrial EGF profile in repeat breeder 

cows. Although the RGD is not essential for the activity of OPN to normalize the endometrial EGF 

profile, the addition of the RGD motif to the N-terminal end of peptide 3 (GRGDSVAYGLK, peptide 1) 

enhances the effect of peptide 3. In addition, the results showed that normalization of the endometrial 

EGF profile by peptides 1 and 3 led to improved fertility.  

Interestingly, the replacement of aspartic acid (D) in RGD motif to glutamic acid (E) 

diminished the effect of peptide 1 to the control (PBS) levels. Similarly, it has been reported that the 
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replacement of the RGD motif of OPN with RGE resulted in a decrease in the effect of OPN on cell 

adhesion that is mediated by α9β1 integrin, which is a target receptor of the SVVYGLR motif homologs 

to bovine SVAYGLK, in human melanoma cells (Smith and Giachelli, 1998).  

In cattle, OPN binds to integrins via the RGD (Arg152−Asp154) and SVAYGLK 

(Ser155−Lys161) motifs of the N-terminal fragment that is generated by thrombin cleavage (Sørensen 

et al., 1995; Christensen and Sørensen, 2016; Sørensen and Christensen, 2023), although the 

ELVTDFPTDLPAT (Glu131−Thr143) motif of human OPN, which corresponds to the EVDFPTDIPTI 

(Glu126−Ile136) motif of bovine OPN, has also been described as an integrin binding site (Bayless and 

Davis, 2001). In addition, OPN binds to CD44 via an unknown binding site on the C-terminal fragment 

that is generated by the thrombin cleavage (Ashkar et al., 2000; Weber et al., 2002) and via the 

Thr121−Val140 of murine OPN, which corresponds to the Val127−Ala148 of bovine OPN (Lin and 

Yang-Yen, 2001). The target receptors of the SVAYGLK motif are the α4β1, α4β7, and α9β1 integrins 

(Lund et al., 2009; Sørensen and Christensen, 2023) and, thus, the interaction between this motif and 

these integrins may be responsible for the OPN activity to normalize the endometrial EGF profile in 

repeat breeder cows. Therefore, information on the expression of these integrins in the vagina during 

the estrous cycle, especially at estrus, may provide further understanding of the receptive mechanism of 

OPN and the potential application of treatment using OPN or its partial peptides.  

 Some functions of OPN need posttranslational modifications such as glycosylation and 

phosphorylation for its expression (Ashkar et al., 2000; Weber et al., 2002; Minai-Tehrani et al., 2013), 

whereas other functions do not require (Erikson et al., 2009; Kim et al., 2010; Wu et al., 2022). In sheep 

and pigs, recombinant rat OPN without posttranslational modifications promote trophectoderm cell 

adhesion and migration (Erikson et al., 2009; Kim et al., 2010) and ion transport across the placenta 

(Wu et al., 2022). The results of the chapter 1 and present results also suggested that OPN does not 

require the posttranslational modifications to exert the restoration of the normal endometrial EGF profile. 

Indeed, α4 integrin, which is a target receptor of the SVYAGLK motif, binds to OPN independently of 

the posttranslational modifications (Hui et al., 2015). However, it is unknown whether these 

posttranslational modifications enhance and stabilize the function of OPN to restore the normal EGF 

profile in repeat breeder cows. 

Although the mechanisms by which OPN normalized the endometrial EGF profile are 

unknown, the site of action of OPN for the restoration of the normal endometrial EGF profile in repeat 

breeder cows has been thought to be the vagina (Badrakh et al., 2020a; Kyaw et al., 2022), as discussed 

in chapter 1. OPN activates immune cells, including macrophages, dendritic cells, and lymphocytes, and 

induces a pro-inflammatory response (Lund et al., 2009). Endometrial functions are regulated by pro-
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inflammatory cytokines, such as IL-6 (Campanile et al., 2021) and TNFα (Gori et al., 2011). Therefore, 

it can be hypothesized that OPN activates immune cells in the vagina, and these cells enter the adjacent 

lymph node via lymph, thus causing further immune cell activation in the lymph nodes (Kyaw et al., 

2022). The activated immune cells in the vagina and lymph nodes then infiltrate into the uterus via 

lymph and blood circulation. This may, in turn, normalize the endometrial EGF profile in repeat breeder 

cows. In support of this hypothesis, the SLAYGLR motif, the mouse homolog of the SVAYGLK motif, 

mediates pro-inflammatory responses by OPN in mice (Yamamoto et al., 2003; Kourepini et al., 2014). 

OPN induces a pro-inflammatory response via the SLAYGLR motif in rheumatoid arthritis (Yamamoto 

et al., 2003) and inflammatory bowel disease (Kourepini et al., 2014) murine models. The receptive 

mechanism of the SVAYGLK motif in the vagina and immune cells needs to be investigated in cows to 

confirm the hypothesis.  

The interaction between OPN and integrin expressed in the conceptus and endometrium have 

known to have important roles in mammalian pregnancy (Johnson et al., 2023). At the phase of the 

conceptus attachment, OPN directly promote adhesion and migration of trophectoderm cells to uterine 

luminal epithelial cells via integrins expressed in these cells (Johnson et al., 2023). In addition, it has 

been assumed that integrins may utilize other signaling cascades within the integrin adhesome to 

influence the uterine-placental environment (Wing et al., 2020; Wu et al., 2022; Johnson et al., 2023). 

OPN affect angiogenesis (Wing et al., 2020) and ion transport (Wu et al., 2022) in porcine uterine and 

placental tissue via integrins. However, it seems unlikely that OPN infused into the vagina directly affect 

the uterus in cows, as discussed in chapter 1, and we hypothesized that OPN may act as cytokine which 

utilizes integrin signal cascade as discussed above. 

 The present study demonstrated that the infusion of N-rOPN alone had a lower effect on the 

normalization of the endometrial EGF profile than that of rOPN and Th-rOPN, which contain both the 

N-rOPN and C-rOPN fragments, in repeat breeder cows. In addition, peptide 1 required larger doses 

than rOPN to induce a similar effect. The following hypotheses may explain these results: (1) The 

amino-acid sequences other than the RGD and SVAYGLK motifs might have a supportive role in the 

normalization of the endometrial EGF profile. (2) The number of amino acids of peptide 1 

(Gly151−Lys161, eleven animo-acid residues) is far less than that of rOPN (Leu17−Asn278, 262 animo-

acid residues) and, thus, the peptide may be susceptible to denaturation or loss of activity by peptidases 

present in the vagina (Hussain and Ahsan, 2005). Therefore, we chose higher dose of peptides than that 

of rOPN. (3) The reason N-rOPN was less effective than rOPN and Th-rOPN may be because the C-

terminal end corresponding to peptide 1 of a part of N-rOPN was excessively cleaved by thrombin 

treatment. In fact, LC-MS/MS analysis indicated that the Th-rOPN solution contained N-rOPN, which 
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lacked a part of the C-terminal amino acids (data not shown).  

In conclusion, the present study demonstrated that the SVAYGLK motif is the structural 

element of OPN required to restore the normal endometrial EGF profile and fertility in repeat breeder 

cows. The present results also suggest that the RGD motif may play a role in enhancing the effect of the 

SVAYGLK motif. This knowledge provides a foundation for the elucidation of the mechanism by which 

OPN regulates endometrial function and for the development of a treatment for improved fertility in 

repeat breeder cows.  
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Tables and figures 

 

Table 2-1. Effect of Th-rOPN, N-rOPN, and C-rOPN on the restoration of the normal endometrial 

epidermal growth factor (EGF) profile in repeat breeder cows. 

 

Samples (n) 

No. (%) of cows with the 

normal endometrial EGF 

profile after treatment 

No. of cows 

subjected to 

pregnancy 

diagnosis on days 

30-35 

No. (%) of 

cows 

conceived 

rOPN (18)     10 (55.6) A 16 8 (50.0) 

Th-rOPN (14)      9 (64.3) A 12 5 (41.7)  

N-rOPN (20)      5 (25.0) AB 20  6 (30.0) 

C-rOPN (13)      1 (7.7) B 12  4 (33.3) 

 

rOPN: Recombinant osteopontin, Th-rOPN: the mixture of fragments generated by thrombin cleavage 

of rOPN, N-rOPN: N-terminal fragment generated by thrombin cleavage of rOPN, C-rOPN: C-terminal 

fragment generated by thrombin cleavage of rOPN. Doses of rOPN, N-rOPN and C-rOPN were 16 nmol. 

The dose of Th-rOPN was fragments generated by 16 nmol of rOPN. A, B Proportions in a same column 

differ significantly (P < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

Table 2-2. Effect of osteopontin (OPN) peptides on the restoration of the normal endometrial epidermal growth factor (EGF) profile in repeat breeder cows. 

 

 

 

 

 

 

 

 

 

 

 

 

rOPN: Recombinant OPN, Peptide 1: the GRGDSVAYGLK peptide, Peptide 2: the GRGDS peptide, Peptide 3: the SVAYGLK peptide. *, † Proportions of cows 

with the normal endometrial EGF profile after treatment of peptide 1, peptide 2, and peptide 3 groups were compared to those of PBS (negative control) and 

rOPN (positive control) groups in trial 1 and 2. Asterisks (*) and daggers (†) indicate the values differ from the PBS and rOPN groups, respectively (P < 0.05). 

a, b Proportions differ between PBS and rOPN groups in a same column (P < 0.05). A,B Proportion of cows with the normal endometrial EGF profile after treatment 

of PBS, rOPN, peptide 1 (320 and 1,600 nmol) and peptide 3 (1,600 nmol) groups were calculated and compared between groups in total of trials. The proportions 

with different uppercase letters differ significantly in a same column (P < 0.05).  

Samples Dose 

Trail 1   Trial 2   Total  

No. of cows 

treated 

No. (%) of cows 

with the normal 

endometrial EGF 

profile after 

treatment 

 

No. of cows 

treated 

No. (%) of cows 

with the normal 

endometrial EGF 

profile after 

treatment 

 

No. of cows 

treated 

No. (%) of cows 

with the normal 

endometrial EGF 

profile after 

treatment 

PBS − 45  7 (15.6) a  30  9 (30.0)  75 16 (21.3) A 

rOPN 9.5 nmol 83 53 (63.9) b  28 15 (53.6)  111 68 (61.3) B 

Peptide 1   32 nmol 25  8 (32.0) †  − −  − − 

   320 nmol 25 13 (52.0) *  25 15 (60.0)  50 28 (56.0) B 

 1600 nmol 25 11 (44.0) *  25 15 (60.0)  50 26 (52.0) B 

Peptide 2   320 nmol 20  4 (20.0) †  − −  − − 

 1600 nmol 20  5 (25.0) †  − −  − − 

Peptide 3   320 nmol 25  9 (36.0) †  − −  − − 

 1600 nmol 23 13 (56.3) *  32 15 (46.9)  55 28 (50.9) B 

4
0

 



 

 

 

Table 2-3. Effect of osteopontin (OPN) peptides on the restoration of fertility in repeat breeder cows. 

Samples Dose 

Endometrial 

EGF profile 

after treatment 

Trial 1   Trial 2   Total of trials  

No. of cows 

subjected to 

pregnancy diagnosis 

on days 30-35 

No. (%) of 

cows 

conceived 

 No. of cows 

subjected to 

pregnancy diagnosis 

on days 30-35 

No. (%) of 

cows 

conceived 

 No. of cows 

subjected to 

pregnancy diagnosis 

on days 30-35 

No. (%) of 

cows 

conceived 

PBS − Normalized 7 4 (57.1) C  9 5 (55.6)   16  9 (56.3) C 

  Unnormalized 37 3 (8.1) D  21 4 (19.0)   58  7 (12.1) D 

  Total 44 7 (15.9) a  30 9 (30.0)   74 16 (21.6) A 

rOPN 9.5 nmol Normalized 52 33 (63.5) C  15 10 (66.7) C   67 43 (64.2) C 

  Unnormalized 29  6 (20.7) D  13 3 (23.1) D   42  9 (21.4) D 

  Total 81 39 (48.1) b  28 13 (46.4)  109 52 (47.7) B 

Peptide 1   32 nmol Normalized  8  3 (37.5)  − −  − − 

  Unnormalized 17 2 (11.8)  − −  − − 

  Total 25  5 (20.0)  − −  − − 

  320 nmol Normalized 13  9 (69.2) C  15 9 (60.0)   28 18 (64.3) C 

  Unnormalized 12  2 (16.7) D  10 2 (20.0)   22  4 (18.2) D 

  Total 25 11 (44.0) *  25 11 (44.0)   50 22 (44.0) B 

 1600 nmol Normalized 11 6 (54.5)  15 11 (73.3) C   26 17 (65.4) C 

  Unnormalized 14 6 (42.9)  10 2 (20.0) D   24  8 (33.3) D 

  Total 25 12 (48.0) *  25 13 (52.0)   50 25 (50.0) B 

Peptide 2  320 nmol Normalized 4 3 (75.0) C  − −  − − 

  Unnormalized 15 1 (6.7) D  − −  − − 

  Total 19 4 (21.1)  − −  − − 

 1600 nmol Normalized  5 3 (60.0)  − −  − − 

  Unnormalized 15 3 (20.0)  − −  − − 

   Total 20  6 (30.0)  − −  − − 

Peptide 3  320 nmol Normalized  9  7 (77.8) C  − −  − − 

  Unnormalized 16  3 (18.8) D  − −  − − 

  Total 25 10 (40.0)  − −  − − 

 1600 nmol Normalized 13 8 (61.5)  15 10 (66.7) C   28 18 (64.3) C 

  Unnormalized 10 2 (20.0)  17 3 (17.6) D   27  5 (18.5) D 

  Total 23 10 (43.5) *  32 13 (40.6)   55 23 (41.8) B 

4
1

 



 

 

 

rOPN: Recombinant OPN, Peptide 1: the GRGDSVAYGLK peptide, Peptide 2: the GRGDS peptide, Peptide 3: the SVAYGLK peptide. EGF: epidermal 

growth factor. * Conception rates of peptide 1, peptide 2, and peptide 3 groups were compared to those of PBS (negative control) and rOPN (positive control) 

groups in trial 1 and 2. Asterisks (*) indicate the values differ from the PBS group, respectively (P < 0.05). a, b Conception rates differ significantly between 

PBS and rOPN groups in a same column (P < 0.05). A, B Overall conception rates of cows of PBS, rOPN, peptide 1 (320 and 1,600 nmol), and peptide 3 (1,600 

nmol) groups were calculated and compared between groups in total of trials. The conception rates with different uppercase letters differ significantly in a 

same column (P < 0.05). C, D Proportions differ significantly between the different endometrial EGF profile within a same group (P < 0.05).

4
2
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Table 2-4. Effect of the peptide 4 on the restoration of the normal endometrial epidermal growth factor 

(EGF) profile in repeat breeder cows. 

 

Samples Dose (n) 

No. (%) of cows with the 

normal endometrial EGF 

profile after treatment 

No. of cows 

subjected to 

pregnancy 

diagnosis on days 

30-35 

No. (%) of 

cows 

conceived 

PBS − (24)      4 (16.7) A 24  5 (20.8) 

Peptide 1  320 nmol (78)     35 (44.9) B 78 31 (39.7) 

Peptide 4  320 nmol (50)      8 (16.0) A 50 10 (20.0)  

 1600 nmol (26)      5 (19.2) A 26  8 (30.8) 

 

Peptide 1: the GRGDSVAYGLK peptide. Peptide 4: the GRGESVAYGLK peptide. A, B Proportions 

differ significantly in a same column (P < 0.05). 
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Fig. 2-1. A schematic structure of the recombinant osteopontin (OPN) and OPN peptides.  

Recombinant OPN (rOPN) was expressed in Escherichia. coli as an N-terminally His6-tagged 

recombinant protein. The amino-acid sequences of peptide 1, peptide 2, and peptide 3 were designed to 

correspond to Gly151−Lys161, Gly151−Ser155, and Ser155−Lys161 of bovine OPN, respectively. 

Dashed and solid underlined sections indicate the RGD (Arg152−Asp154) and SVAYGLK 

(Ser155−Lys161) motifs, respectively. Peptide 4 was a peptide 1 with the aspartic acid (D) replaced 

with glutamic acid (E). 
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Fig. 2-2. The outline of activities. 

Before enrollment in the study, repeat breeder cows were recruited by the criteria described in the figure. 

They were examined for the epidermal growth factor (EGF) profile by a single examination of the 

endometrial EGF concentration on day 3 of the estrous cycle. Those showing an altered endometrial 

EGF profile were used for further study. They were synchronized for ovulation and subjected to AI 

16−20 h after the second gonadotropin-releasing hormone (GnRH) treatment of the ovulatory 

synchronization protocol (day 0). Immediately after AI, the cows were infused with treatment samples 

into the vagina. The endometrial EGF concentration was determined for a second time on day 3, and 

pregnancy was diagnosed 30–35 days after AI. P
4
: progesterone; PGF

2α
: prostaglandin F

2α
; EB: estradiol 

benzoate. 
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Fig. 2-3. Recombinant proteins for the infusion study.  

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed to the 

recombinant protein preparations. White arrowhead: the recombinant osteopontin (rOPN) identified by 

western blotting in chapter 1. Black and gray arrowheads: N-terminal (N-rOPN) and C-terminal (C-

rOPN) fragments of rOPN cleaved by thrombin determined by peptide-mass fingerprinting (PMF). (A) 

Lane 1, molecular mass marker. Lane 2, rOPN preparation. Lane 3, thrombin-cleaved rOPN (Th-rOPN) 

preparation. (B) Lane 1, molecular mass marker. Lane 2, rOPN preparation. Lane 3 and 4, Th-rOPN 

fragments separated on a benzamidine column: the bound and unbound fraction, respectively. (C) 

Protein sequence coverage of N-rOPN and C-rOPN determined by PMF. The amino acids covered by 

the analysis are indicated with bold characters and a solid underline. Seven amino-acid residues in C-

rOPN fragment shown in light shading were determined by N-terminal amino-acid sequence analysis of 

the fragment indicated with a gray arrowhead. 
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Fig. 2-4. The effect of Th-rOPN, N-rOPN, and C-rOPN on the endometrial epidermal growth factor 

(EGF) concentrations in repeat breeder cows. 

rOPN: Recombinant osteopontin, Th-rOPN: the mixture of fragments generated by thrombin cleavage 

of rOPN, N-rOPN: N-terminal fragment generated by thrombin cleavage of rOPN, C-rOPN: C-terminal 

fragment generated by thrombin cleavage of rOPN. Doses of rOPN, N-rOPN and C-rOPN were 16 nmol. 

The dose of Th-rOPN was fragments generated by 16 nmol of rOPN. The gray dot line indicates the 

threshold concentration of the normal endometrial EGF profile (4.7 ng/g tissue weight). Numbers in 

parenthesis below each samples indicate the number of cows for each group. a, b Values differ before 

and after treatment within the same group (P < 0.05). A, B Values between groups differ after treatment 

(P < 0.05).  
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Fig. 2-5. The effect of osteopontin (OPN) peptides on the endometrial epidermal growth factor (EGF) 

concentrations in repeat breeder cows in trial 1 (A), trial 2 (B), and combined data from the two trials 

(C) for study 2-2.  

rOPN: recombinant OPN. Peptide 1: the GRGDSVAYGLK peptide. Peptide 2: the GRGDS peptide. 

Peptide 3: the SVAYGLK peptide. The gray dot line indicates the threshold concentration of the normal 

endometrial EGF profile (4.7 ng/g tissue weight). Numbers in parenthesis below each samples indicate 

the number of cows for each group. (A) Asterisks (*) and daggers (†) indicate the values differ from the 

PBS and rOPN groups, respectively (P < 0.05). a, b Values differ before and after treatment within the 

same group (P < 0.05). A, B Values in the PBS and rOPN groups differ after treatment (P < 0.05). (B) 

Asterisks (*) indicate the values differ from the PBS group (P < 0.05). a, b Values differ before and after 

treatment within the same group (P < 0.05). (C) a, b Values differ before and after treatment within all 

cows of the same group (P < 0.05). A, B Values between groups differ within all cows or cows with a 

normalized EGF profile (normalized cows) after treatment (P < 0.05). 
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Fig. 2-6. The effect of peptide 4 on the endometrial epidermal growth factor (EGF) concentrations in 

repeat breeder cows. 

Peptide 1: the GRGDSVAYGLK peptide. Peptide 4: the GRGESVAYGLK peptide. The gray dot line 

indicates the threshold concentration of the normal endometrial EGF profile (4.7 ng/g tissue weight). 

Numbers in parenthesis below each samples indicate the number of cows for each group. a, b Values 

differ between before and after treatment within the same group (P < 0.05). A, B Values differ between 

groups before and after treatment (P < 0.05).  
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Summary  

The loss of a cyclic change with two peaks of increased endometrial EGF concentration on 

days 2−4 and 13−14 during the estrous cycle has been linked to low fertility in repeat breeder cows. An 

intravaginal infusion of osteopontin (OPN) restored the normal endometrial EGF profile in repeat 

breeder cows. The present study aimed to determine a structural element of OPN to restore the normal 

EGF profile and fertility. Holstein repeat breeder cows were diagnosed the EGF profile by a single 

examination of the endometrial EGF concentration on day 3 of the estrous cycle. Those with an altered 

EGF profile were intravaginally infused with OPN and its fragments on the day of insemination (day 

0); the concentration of endometrial EGF was measured on day 3, and pregnancy was diagnosed on days 

30−35. In study 2-1, recombinant OPN (rOPN) (16 nmol), thrombin-cleaved N- and C-terminal 

fragments of rOPN (N-rOPN and C-rOPN, respectively), and a combination of these fragments (Th-

rOPN) were infused (n = 13−20). The restoration rate of the normal EGF profile of the N-rOPN group 

(25.0%) was a level in between the C-rOPN group (7.7%) and both the rOPN (55.6%) and Th-rOPN 

(64.3%) groups. In study 2-2, PBS (n = 47), rOPN (9.5 nmol, n = 83), and peptides of integrin binding 

motifs, GRGDSVAYGLK (peptide 1; 32, 320, and 1,600 nmol), GRGDS (peptide 2; 320 and 1,600 

nmol), and SVAYGLK (peptide 3; 320 and 1,600 nmol), were infused (n = 20−25). Restoration rates of 

the normal EGF profile of peptide 1 (320 and 1,600 nmol) and peptide 3 (1,600 nmol) groups 

(44.0−56.3%) were comparable with those of the rOPN group (63.9%) and higher than those of the PBS 

group (15.6%). Restoration rates of the other groups were similar to those of the PBS group. Additional 

cows received infusions to determine the effect on fertility. Conception rates of the peptide 1 (320 and 

1,600 nmol; n = 50 each), peptide 3 (1,600 nmol; n = 55), and rOPN (n = 111) groups (41.8−50.0%) 

were comparable and higher than that of the PBS group (21.6%, n = 75). In study 2-3, PBS (n = 24), 

peptide 1 (320 nmol; n = 78), and GRGESVAYGLK peptide (peptide 4; 320 and 1,600 nmol; n = 50 and 

26, respectively) were infused. Restoration rates of the normal EGF profile of peptide 4 and PBS groups 

(16.0−19.2%) were comparable and lower than that of the peptide 1 group (44.9%). Thus, the 

SVAYGLK motif may be an OPN structural element to restore the normal EGF profile and fertility in 

repeat breeder cows, and the RGD motif may enhance its effect.  
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Summary and conclusions 

The presence of repeat breeder cows is a hurdle to achieve the sustainable dairy industry. The 

loss of the peaks of endometrial EGF concentrations on days 2-4 and days 13-14 during the estrous cycle 

has been linked to low fertility in repeat breeder cows. Infusion of OPN in SP and milk into the vagina 

restores the normal endometrial EGF profile and fertility in repeat breeder cows. However, SP and milk 

may not be suitable as raw materials to prepare OPN at production sites from the perspective of the 

availability in quantity and the transmission of the infectious diseases. Thus, alternative sources of this 

protein without these disadvantages are needed. Furthermore, the mechanism by which OPN restores 

the normal EGF profile and fertility remains unknown. Understanding this mechanism is important for 

the improvement of treatment to repeat breeder cows. 

OPN is a protein having multiple functions in the body, and this protein switches its function 

by the presence of posttranslational modifications and the binding to various receptors via multiple 

binding sites on this protein. However, the significance of these modifications for the expression of the 

OPN function to restore the normal endometrial EGF profile and the primary structure which is 

responsible for its action are unknown. The clarifying these points would contribute to understand the 

mechanism of OPN action in normalizing the EGF profile and improving the treatment with OPN. Thus, 

in the present study, I aimed to identify the structural element of OPN to restore the normal endometrial 

EGF profile and fertility in repeat breeder dairy cows. For this purpose, I investigated the significance 

of post-translational modifications of OPN (chapter 1) and determined the element of the primary 

structure of this protein (chapter 2) for these actions. 

In chapter 1, the effects of the recombinant OPN expressed in E. coli (rOPN) that had no 

posttranslational modifications on the restoration of the normal endometrial EGF profile and fertility 

was investigated in repeat breeder dairy cows. In study 1-1, PBS, SP (0.5 ml), and rOPN (0.3 mg) were 

infused into the vagina at estrus (day 0) in 74, 37, and 105 repeat breeder Holstein cows with an altered 

EGF profile, respectively. The endometrial EGF concentrations were measured on day 3. Some cows (n 

= 58, 20, and 83, respectively) were inseminated immediately before the infusion and then diagnosed 

for pregnancy on days 30–35. The restoration rate of the normal endometrial EGF profile and conception 

rate in the rOPN group (58.1% and 47.0%, respectively) were not significantly different from those in 

the SP group (62.2% and 45.0%, respectively) but higher than those in PBS group (29.7% and 28.1%, 

respectively) (P < 0.05). In study 1-2, repeat breeder cows with an altered EGF profile were infused with 

PBS (n = 18) and rOPN (n = 17), while fertile controls with a normal EGF profile (n = 18) were infused 

with PBS on day 0. Then, the endometrial EGF concentrations were measured on day 3. Two or three 

embryos were transferred into cows on day 7 and then recovered on day 14. Embryo recovery rates of 
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the rOPN and fertile groups were comparable (58.7% vs. 58.3%) but higher than that of the PBS group 

(32.0%) (P < 0.05). The embryo recovery rate of cows with a normal EGF profile after treatment was 

higher than that of cows with an altered EGF profile after treatment (64.4% vs. 16.7%) (P < 0.05). The 

embryo sizes of cows in the rOPN and fertile groups were comparable but larger than those in the PBS 

group (P < 0.05). However, the embryo size was not correlated to the corresponding endometrial EGF 

concentrations. These results indicate that posttranslational modifications of OPN were not essential for 

the restoration of the normal endometrial EGF profile and fertility in repeat breeder cows and the 

primary structure of OPN may play an important role in the expression of these OPN actions. Improved 

fertility by restoration of the normal EGF profile could be attributed partly to the increased embryo 

survival to day 14. Meanwhile, the present results also indicated that there may be an unknown 

mechanism by which OPN infused into the vagina enhances the embryo elongation in the uterus, 

independent of the restoration of the normal EGF profile. 

In chapter 2, the element of primary structure which is responsible for OPN action to restore 

the normal endometrial EGF profile and fertility was identified. Firstly, the effects of the fragments of 

rOPN cleaved by thrombin on the restoration of the normal endometrial EGF profile were examined in 

repeat breeder dairy cows (study 2-1). Holstein repeat breeder cows with an altered EGF profile were 

intravaginally infused with rOPN (16 nmol), thrombin-cleaved N- and C-terminal fragments of rOPN 

(N-rOPN and C-rOPN, respectively), and a combination of these fragments (Th-rOPN) (n = 13−20) on 

the day of insemination (day 0); the concentration of endometrial EGF was measured on day 3, and 

pregnancy was diagnosed on days 30−35. The restoration rate of the normal endometrial EGF profile of 

the N-rOPN group (25.0%) was in a level between the C-rOPN group (7.7%) and both the rOPN (55.6%) 

and Th-rOPN (64.3%) groups. Then, the effects of the chemically synthesized peptides of integrin 

binding motifs of OPN on the restoration of the normal endometrial EGF profile and fertility were 

examined. Holstein repeat breeder cows with an altered EGF profile were intravaginally infused with 

the peptides. The concentration of endometrial EGF and pregnancy was measured and diagnosed, 

respectively, same as schedule of study 2-1. In study 2-2, PBS (n = 47), rOPN (9.5 nmol, n = 83), and 

peptides of integrin binding motifs, GRGDSVAYGLK (peptide 1; 32, 320, and 1,600 nmol), GRGDS 

(peptide 2; 320 and 1,600 nmol), and SVAYGLK (peptide 3; 320 and 1,600 nmol), were infused (n = 20

−25). Restoration rates of the normal EGF profile of peptide 1 (320 and 1,600 nmol) and peptide 3 (1,600 

nmol) groups (44.0−56.3%) were comparable with that of the rOPN group (63.9%) and higher than that 

of the PBS group (15.6%). Restoration rates of the other groups were similar to that of the PBS group. 

Additional cows received infusions to determine the effect on fertility. Conception rates of the peptide 

1 (320 and 1,600 nmol; n = 50 each), peptide 3 (1,600 nmol; n = 55), and rOPN (n = 111) groups (41.8
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−50.0%) were comparable and higher than that of the PBS group (21.6%, n = 75). In study 2-3, PBS (n 

= 24), peptide 1 (320 nmol; n = 78), and GRGESVAYGLK peptide (peptide 4; 320 and 1,600 nmol; n = 

50 and 26, respectively) were infused. Restoration rates of the normal EGF profile of peptide 4 and PBS 

groups (16.0−19.2%) were comparable and lower than that of the peptide 1 group (44.9%). These results 

suggest that the SVAYGLK motif may be an OPN structural element to restore the normal EGF profile 

and fertility in repeat breeder cows, and the RGD motif may enhance its effect. 

In conclusion, the present study revealed that the post-translational modifications were not 

essential in the OPN action to restore the normal endometrial EGF profile and fertility in repeat breeder 

cows and an integrin binding motif is the structural element for the OPN action. These results suggest 

that infusion of the peptide or protein moiety containing the integrin binding motifs of OPN could 

become a treatment option to improve fertility in repeat breeder dairy cows. Further, the mechanism by 

which intravaginal infusion of OPN normalizes the EGF profile in the uterus via the interaction with 

integrins remains to be elucidated for the improvement of treatment to repeat breeder cows.  
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Summary in Japanese 

臨床的な異常が認められないにもかかわらず、授精を繰り返しても受胎しないリピートブリー

ダー牛の存在は持続的な酪農経営を達成するにあたって障壁となる。正常な受胎性を示す牛で

は、発情後 2～4 日目および 13～14 日目にそれぞれ子宮内膜上皮成長因子（EGF）濃度の上昇が

みられるが、多くの乳用リピートブリーダー経産牛ではこれらの濃度上昇は消失もしくは低下し

ており、この異常と低受胎との関連が示されている。精漿および生乳中に含まれるオステオポン

チン（OPN）を腟内に投与すると、リピートブリーダー牛における子宮内膜 EGF 発現が正常化

し、受胎性も回復することから、OPN の作用を活用した本処置の実用化が望まれている。しか

し、供給量および感染症伝播リスクの観点から、精漿と生乳は治療用製剤開発における OPN の

供給源としてふさわしくなく、他の供給源が望まれる。また、OPN が子宮内膜における EGF 発

現異常を正常化する機序は明らかになっておらず、リピートブリーダー牛に対する治療法を改良

していくためにも本機序の解明が求められている。 

OPN は多様な機能を有するタンパク質であり、翻訳後修飾の有無や、一次構造に含まれる複

数の結合部位を介して多様な受容体（インテグリンおよび CD44）に結合することでその機能を

変化させる。しかし、子宮内膜 EGF 発現を正常化させる機能においては、翻訳後修飾の必要性

や本機能の発現に関与する一次構造の部位（最小単位）は明らかになっていない。これらの不明

点を解明することで、OPN が子宮内膜の EGF 発現を正常化させる機序の解明や、本タンパク質

を用いた治療法の改良につながる可能性がある。そこで本研究では、乳用リピートブリーダー牛

の子宮内膜 EGF 発現と受胎性を回復させる OPN の構造的最小単位を同定することを目的とし

た。本目的を達成するため、第 1 章では、本機能における翻訳後修飾の必要性を調べ、第 2 章で

は一次構造の最小単位を決定した。 

第 1 章では、翻訳後修飾をもたない大腸菌由来組換えオステオポンチン（rOPN）が、リピー

トブリーダー牛の子宮内膜 EGF 発現と受胎性の回復に及ぼす効果を調べることにより、本機能

の発現において OPN が翻訳後修飾を必要とするかを調べた。まず、子宮内膜 EGF 発現異常を示

すホルスタイン種リピートブリーダー牛の腟内に、PBS（n = 74）、SP（0.5 ml、n = 37）または

rOPN（0.3 mg、n = 105）を発情時に投与した（実験 1-1）。そして、発情後 3 日目に子宮内膜

EGF 濃度を測定した。また、PBS 群の 58 頭、SP 群の 20 頭および rOPN 群の 83 頭については、

試料投与直前に人工授精を行い、授精後 30～35 日目に妊娠鑑定を行った。その結果、rOPN 群の

EGF 発現正常化率および受胎率（58.1%および 47.0%）は、SP 群（62.2%および 45.0%）と同程

度であり、PBS 群と比べて高かった（29.7%および 28.1%）（P < 0.05）。次いで、子宮内膜 EGF 発

現異常を示すホルスタイン種リピートブリーダー牛に対し、PBS（PBS 群、n = 18）または rOPN

（rOPN 群、n = 17）を発情時の腟内に投与した（実験 1-2）。また、正常な子宮内膜 EGF 発現お

よび受胎性を示す牛（正常群、n = 18）に対し、PBS を同様に投与した。子宮内膜 EGF 濃度を発
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情後 3 日目に測定後、1 頭あたり 2 個または 3 個の胚を発情後 7 日目に移植し、発情後 14 日目

に回収した。その結果、rOPN 群の胚回収率（58.7%）は、正常群と同程度（58.3%）であった

が、PBS 群（32.0%）と比べて高値を示した（P < 0.05）。また、試料投与後に正常な子宮内膜

EGF 発現を示した牛の胚回収率（64.4%）は、異常な EGF 発現を示した牛（16.7%）と比べて高

値を示した（P < 0.05）。一方、rOPN 群と正常群から回収された胚の大きさは同程度であった

が、PBS 群と比べて大きかった（P < 0.05）。しかし、胚の大きさと子宮内膜 EGF 濃度との間に

相関は認められなかった。以上の結果から、子宮内膜 EGF 発現と受胎性を回復させる機能にお

いて、OPN は翻訳後修飾を必要とせず、一次構造がその機能の発現に重要な役割を果たすこと

が示唆された。また、子宮内膜 EGF 発現の回復が受胎性の向上につながる理由として、妊娠 14

日目における胚の生存性が向上することが考えられた。一方、腟内に投与された OPN は、子宮

内膜 EGF 発現の正常化とは関係しない未知の機序を介して子宮内における胚の伸長を促進する

ことが示唆された。 

第２章では、子宮内膜 EGF 発現正常化および受胎性回復機能の発現における、OPN の一

次構造の最小単位を決定することを目的とした。まず、トロンビンで切断された rOPN の断

片が、リピートブリーダー牛の子宮内膜 EGF 発現の正常化に及ぼす効果を調べた（実験 2-

1）。子宮内膜 EGF 発現異常を示すホルスタイン種リピートブリーダー牛に対し、16 nmol の

rOPN、トロンビンで切断された rOPN の N 末端および C 末端断片（それぞれ N-rOPN およ

び C-rOPN）、またはこれら切断断片の混合物（Th-rOPN）を、授精時の腟内に投与した（n = 

13～20）。そして、授精後 3 日目に子宮内膜 EGF 濃度を測定し、授精後 30～35 日目に妊娠

鑑定を実施した。その結果、N-rOPN 群の EGF 発現正常化率（25.0%）は、C-rOPN 群

（7.7%）と rOPN 群（55.6%）または Th-rOPN 群（64.3%）の中間の値を示した。次いで、

OPN のインテグリン結合モチーフを含む化学合成部分ペプチドが、子宮内膜 EGF 発現と受

胎性の回復に及ぼす効果を調べた。子宮内膜 EGF 発現異常を示すホルスタイン種リピート

ブリーダー牛に対し、OPN 部分ペプチドを授精時の腟内に投与し、実験 2-1 と同様、子宮内

膜 EGF 濃度測定および妊娠鑑定を実施した。実験 2-2 では、PBS（n = 47）、rOPN（9.5 

nmol、n = 83）またはインテグリン結合モチーフを含むペプチド［GRGDSVAYGLK（ペプチ

ド 1；32、320 および 1600 nmol）、GRGDS（ペプチド 2；320 および 1600 nmol）および

SVAYGLK （ペプチド 3；320 および 1600 nmol）］を投与した（n = 20～25）。その結果、ペ

プチド 1 群（320 および 1600 nmol）およびペプチド 3 群（1600 nmol）の EGF 発現正常化

率（44.0～56.3%）は rOPN 群（63.9%）と同程度であり、PBS 群（15.6%）と比べて高かっ

た。その他の群の EGF 発現正常化率は PBS 群と同程度であった。受胎性への影響を調べる

ため、EGF 発現正常化効果が認められたペプチドについて、投与試験を追加実施したとこ

ろ、ペプチド 1 群 （320 および 1600 nmol、それぞれ n = 50）、ペプチド 3 群（1600 nmol、n 
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= 55）および rOPN 群（n = 111）の受胎率（41.8～50.0%）は同程度であり、PBS 群

（21.6%、n = 75）と比べて高かった。実験 2-3 では、PBS（n = 24）、ペプチド 1（320 

nmol、n = 78）または GRGESVAYGLK ペプチド（ペプチド 4；320 および 1600 nmol、それ

ぞれ n = 50 および n = 26）を投与した。その結果、ペプチド 4 群および PBS 群の EGF 発現

正常化率（16.0～19.2%）は同程度であり、ペプチド 1 群（44.9%）と比べて低かった。これ

らの結果から、SVAYGLK モチーフが乳用リピートブリーダー牛の子宮内膜 EGF 発現と受胎

性を回復させる OPN の構造的最小単位であり、RGD モチーフが本効果の活性増強に関与す

る可能性が示唆された。 

以上より、乳用リピートブリーダー牛の子宮内膜 EGF 発現と受胎性を回復させる機能にお

いて、OPN はその機能の発現に翻訳後修飾を必要としないことが明らかとなった。また、イ

ンテグリン結合モチーフが本機能における OPN の構造的最小単位であることが示された。こ

れらの結果から、OPN のインテグリン結合モチーフを含む部分タンパク質やペプチドを投与

することが、リピートブリーダー牛の受胎性を向上させる治療法になりうることが示唆され

た。今後の方向性として、リピートブリーダー牛に対する治療法を改良していくために、OPN

がインテグリンとの相互作用を介して子宮内膜EGF発現を正常化させる機序を引き続き解明

していくことが求められる。  

 


