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ABSTRACT 32 

Context: Ethanolamine plasmalogens (EPls) and choline plasmalogens (CPls) are classes 33 

of ethanolamine ether phospholipids (ePE) or choline ether phospholipids (ePC), 34 

respectively. EPls play crucial roles in maternal and breastfed infant bodies and stimulate 35 

gonadotropin secretion by gonadotrophs. 36 

Aims: To estimate changes in and importance of plasma concentrations of EPls and CPls, 37 

utilizing newly developed enzymatic fluorometric assays for ePE and ePC in postpartum 38 

Holstein cows. 39 

Methods: Plasma samples were collected 3 weeks before expected parturition until 40 

approximately 8 weeks after parturition (16 primiparous and 38 multiparous cows) for 41 

analysis. 42 

Key results: Plasma concentrations of ePE and ePC, most of which are plasmalogens, 43 

declined before and increased after parturition and stabilised near the day of the first 44 

postpartum ovulation (1stOV). From weeks 2 to 3 after parturition, third-parity cows 45 

exhibited ePE concentrations that were higher than those of other parity cows. The days 46 

from parturition to 1stOV correlated with days from parturition to conception. On the day 47 

of 1stOV, milk yield correlated with plasma concentration of both ePE and ePC, while 48 

ePC concentration correlated negatively with milk fat percentage. At the early luteal 49 

phase after 1stOV, plasma ePE concentration correlated with plasma anti-Müllerian 50 

hormone concentration (r = 0.39, P < 0.01), and plasma ePC concentration correlated with 51 

plasma follicle-stimulating hormone concentration (r = 0.43, P < 0.01). 52 

Conclusion: The concentrations of ePE and ePC changed dramatically around parturition 53 

and 1stOV, and then the concentrations correlated with the important parameters. 54 

Implications: The blood plasmalogen may play important roles in postpartum dairy cows. 55 

 56 

Keywords: aging, anti-Müllerian hormone, choline plasmalogen, conception, 57 

ethanolamine plasmalogens, first postpartum ovulation, functional lipids, FSH, G protein-58 

coupled receptor 61, GPR61, LH, parity, phospholipase A1, postpartum Holstein dairy 59 

cows, ruminant. 60 
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Introduction 62 

Early re-establishment of postpartum ovarian activity is an important 63 

prerequisite for high fertility in dairy cows (Senatore et al. 1996; Darwash et al. 1997; 64 

Galvão et al. 2010). Especially, cows with postpartum ovulation by three weeks 65 

postpartum have been shown to be more fertile than other cows (Galvão et al. 2010). 66 

The most important factor in delaying the first postpartum ovulation (1stOV) is negative 67 

energy balance, and various metabolic protein hormones may be a molecular link 68 

between active milk production and suppressed reproductive function (Kadokawa et al. 69 

2000, 2006; Rhoads et al. 2008; Subramaniam et al. 2016; Banuelos and Stevenson 70 

2021). However, there could be other important molecular links between active milk 71 

production and suppressed reproductive function, because diet containing rumen-72 

protected fish oil supplement, rich in n-3 polyunsaturated fatty acid, improves fertility 73 

via unknown mechanisms in postpartum dairy cows (Elis et al. 2016). Sufficient data 74 

explaining the whole mechanism is not available because of the lack of information on 75 

functional lipids (Almsherqi 2021). 76 

Ethanolamine plasmalogens (EPls; alkenyl-acyl-phosphatidylethanolamines) are 77 

a class of ethanolamine ether phospholipids (ePE), and choline plasmalogens (CPls; 78 

alkenyl-acyl-phosphatidylcholines) are a class of choline ether phospholipid (ePC). 79 

Recent studies revealed that EPls play various crucial roles, including as endogenous 80 

antioxidants, immune modulators, and neuronal protectors (Almsherqi 2021). The 81 

maternal body supplies EPls to new-born animals through milk (Moukarzel et al. 2016; 82 

Liu et al. 2020). Orally supplied plasmalogens are adsorbed from the intestine via 83 

various mechanisms to rapidly increase plasmalogen in both the blood and brain 84 

(Nishimukai et al. 2003; Takahashi et al. 2020; Smith et al. 2022) for the various crucial 85 

roles, including normal neurodevelopment (Hiratsuka et al. 2013; Li et al. 2022). 86 

However, little is known about the plasmalogens in domestic animals. 87 

Brain EPls have another novel role as ligands of G protein-coupled receptor 61 88 

(GPR61), a recently discovered receptor that stimulates gonadotropin secretion by 89 

bovine gonadotrophs in the anterior pituitary (Pandey et al. 2017; Kereilwe et al. 2018a; 90 

Kadokawa et al. 2022a). The secretion of gonadotropins, luteinizing hormone (LH), and 91 

follicle-stimulating hormone (FSH) from gonadotrophs is the key driver of the 92 

resumption of ovulation during the postpartum period (Beam and Butler 1997; 93 

Kadokawa et al. 2000). Therefore, the blood EPl concentration may be related to the 94 

1stOV in postpartum dairy cows. 95 

We recently reported the age-related quality degradation of bovine brain EPls; 96 

EPls extracted from the brains of aged (approximately 90 months old) cows could not 97 

stimulate gonadotrophs to secrete FSH in the absence of gonadotropin-releasing 98 

hormone (GnRH) unlike EPls extracted from the brains of young (approximately 26 99 

months old), healthy heifers (Kadokawa et al. 2021). However, no data on age-related 100 

differences in blood concentrations in domestic animals are available. 101 

After aging, patients with neuronal diseases (e.g., Alzheimer's and Parkinson's) 102 

have decreased plasma EPl levels (Fujino et al. 2017). Plasma EPl and choline 103 

plasmalogens (CPl) levels were studied using thin-layer or liquid chromatography with 104 
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tandem mass spectrometry (Mawatari et al. 2018; Morita et al. 2020). However, it is 105 

difficult to measure a large number of samples using these methods. Recently, 106 

enzymatic fluorometric assays have been developed to measure the plasma 107 

concentrations of ePEs or ePCs to monitor human blood levels in in vivo and in vitro 108 

studies (Mawatari et al. 2018; Morita et al. 2020). These enzymatic fluorometric assays 109 

are more sensitive than those using thin-layer or liquid chromatography with tandem 110 

mass spectrometry (Morita et al. 2020). 111 

Various organs in prepartum dairy cows begin to prepare for lactation, and the 112 

organs in postpartum cows must produce high amounts of milk for new-born calves. To 113 

the best of our knowledge, blood plasmalogen concentrations have not yet been 114 

measured in domestic animals. Although, there are no previous studies on the direct 115 

effect of CPls on gonadotrophs, it is known that EPls and CPls are remodelled to each 116 

other by enzymatic polar head group remodelling (Dorninger et al. 2022). Therefore, we 117 

estimated changes and importance of plasma concentrations of EPls and CPls, utilizing 118 

newly developed enzymatic fluorometric assays for ePE and ePC in postpartum 119 

Holstein cows. We also evaluated a hypothesis that higher parity cows have lower 120 

plasma concentrations of ePE and ePC. We also evaluated whether milk production or 121 

reproduction parameters correlate with plasma concentrations of ePE and ePC. 122 

 123 

Materials and methods 124 

 125 

Animals and treatments  126 

All experiments were performed according to the Guiding Principles for the Care 127 

and Use of Experimental Animals in the Field of Physiological Sciences (Physiological 128 

Society of Japan) and approved by the Committee on Animal Experiments of Yamaguchi 129 

University and the Hokkaido Research Organization. A total of 54 Holstein dairy cows 130 

(first-parity cows [n = 16], second-parity cows [n = 16], third-parity cows [n = 11], and 131 

fourth- or higher-parity cows [n = 11]) were housed at the Animal Center of the Hokkaido 132 

Research Organization's Dairy Research Center. Care and sampling were carried out 133 

following the Guide for the Care and Use of Agricultural Animals in Agricultural 134 

Research and Teaching (Consortium for Developing a Guide for the Care and Use of 135 

Agricultural Animals in Agricultural Research and Teaching, 1995). 136 

The calves were housed individually in calf stalls and reared using the feeding 137 

regimen to meet the growth requirements per the Japanese Feeding Standard for Dairy 138 

Cattle (Agriculture, Forestry and Fisheries Research Council Secretariat, 2017). After 139 

weaning 42 days after birth, they were moved to free stalls and fed concentrate and grass 140 

silage per the Japanese Feeding Standard for Dairy Cattle. Their body weight and withers 141 

height were measured monthly. Artificial insemination was conducted when the body 142 

weight and withers height of heifers exceeded 350 kg and 125 cm, respectively (the 143 

average age of heifers was 13.4 ± 0.4 months). Heifers were also reared in free stalls after 144 

conception. 145 

Pregnant heifers and cows [gestation period of nine months (Pajohande et al. 146 

2023)] were fed either a prepartum or early lactation period total mixed ration of grass 147 
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silage (mainly timothy), corn silage, flaked corn, soybean meal, precipitated calcium 148 

carbonate, and dicalcium phosphate, based on the Japanese Feeding Standards for Dairy 149 

Cattle (Agriculture, Forestry and Fisheries Research Council Secretariat, 2017). The 150 

formulation and chemical composition of the total mixed ration are listed in Table 1. Feed 151 

intake was measured daily using automated feeders (Roughage Intake Control, Insentec 152 

BV, Marknesse, Netherlands). Water and mineral blocks (Koen-S, Nippon Zenyaku 153 

Kogyo, Co., Ltd., Fukushima, Japan) were freely available. The daily metabolizable 154 

energy (ME) intake was calculated from the dry matter intake and ME of the total mixed 155 

ration. Cows were milked twice daily at 09:00 and 19:00. Milk yield and feed intake were 156 

measured daily, body weight and body condition score on a 5-point scale (Ferguson et al. 157 

1994) were measured weekly, and milk components (fat %, protein %, and lactose %) 158 

were measured weekly using an infrared milk analyser (MilkoScan FT2, Foss Electric, 159 

Hillerød, Denmark). The averages of morning and evening measurements were used as 160 

the daily values. Energy balance was calculated weekly as the difference between the ME 161 

intake and the ME requirement according to the Japanese Feeding Standard. This was the 162 

sum of the ME requirements for maintenance (0.1163 × metabolic body weight) and 163 

lactation, based on the equation: (0.0913 × milk fat content + 0.3678) × milk yield × 1.613. 164 

Jugular blood was sampled into heparinised tubes once per week at 10:00–11:00 165 

from 3 weeks before expected parturition until approximately 8 weeks after parturition. 166 

Samples were centrifuged at 1,000 × g for 30 min at 4 °C and stored at −35 °C until 167 

analysis.  168 

All animals were subjected to a routine health examination, and their 169 

reproductive tracts were palpated at least thrice per week using a real-time linear array 170 

ultrasound scanner (HS-1600V; Honda Electronics, Aichi, Japan) equipped with a 7.5-171 

MHz rectal probe (HLV-875M; Honda Electronics), beginning on days 6–8 postpartum 172 

and continuing until the second postpartum ovulation.  173 

After 50 days of a voluntary waiting period, cows received artificial insemination 174 

only after apparent oestrus. Hormonal treatment was not performed until 70 days after 175 

parturition for cows with an ovarian disease, including follicular cysts, luteal cysts, 176 

ovarian quiescence, and retained corpus luteum. Although dairy farmers want their cows 177 

to give birth once every year, it is difficult because they must get pregnant only 85 days 178 

after parturition, especially for cows with high parity (Terawaki and Ducrocq, 2009). 179 

Hence, a total of 48 Holstein dairy cows [first-parity cows (n = 14), second-parity cows 180 

(n = 14), third-parity cows (n = 10), and fourth- or higher-parity cows (n = 10)] were 181 

pregnant by 200 days after parturition. 182 

 183 

Preparation of ePE standard 184 

All organic solvents were of HPLC grade and purchased from Fujifilm Wako 185 

Pure Chemical Corporation (Osaka, Japan). As reported previously, highly purified 186 

brain lipids were used to prepare ePE assay standards (Kadokawa et al. 2021). The 187 

extracted lipids were treated with phospholipase A1 to remove diacyl 188 

phosphatidylethanolamine and diacyl phosphatidylcholine. Briefly, five whole brains of 189 

fertile young Japanese Black heifers were minced in a food processor (DLC-NXJ2PS, 190 
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Conair Japan G. K., Tokyo, Japan), pooled, frozen at −80 °C, and vacuum-dried 191 

(ADP200, Yamato Scientific Co. Ltd., Tokyo, Japan). Vacuum-dried brain tissue was 192 

extracted by incubation in ethanol (brain tissue/ethanol, 1:10 (v/v)) at 40 °C for 8 h with 193 

shaking. After centrifugation at 10,800 × g for 1 h at 25 °C, the supernatant was 194 

collected and dried using a rotary evaporator (N2110; Tokyo Rikakikai Co. LTD., 195 

Tokyo, Japan). The remaining lipids were collected in several 50 mL glass centrifuge 196 

tubes and dissolved in diluted acetone (acetone/water, 2:1 (v/v); lipids/diluted acetone, 197 

1:10 (v/v)). After incubating at 4 °C for 1 h, the solutions were centrifuged at 1,200 × g 198 

for 20 min at 4 °C, and the supernatant was removed. The remaining precipitates were 199 

dissolved in diluted acetone (acetone/water, 1:1 (v/v); precipitate/diluted acetone, 1:10 200 

(v/v)). The solutions were centrifuged at 1,200 × g for 20 min at 4 °C to collect the 201 

precipitates, which were subsequently mixed with cold acetone (precipitate/acetone, 202 

1:10 (v/v)) and stored at –20 °C overnight. Thereafter, the acetone-treated precipitates 203 

were centrifuged at 1,200 × g for 20 min at 4 °C, and the supernatant was removed. The 204 

remaining precipitates were dissolved in a hexane and acetone mixture (hexane/acetone, 205 

7:3 (v/v); precipitate/mixture, 1:10 (v/v)). This solution was subjected to centrifugation 206 

at 1,200 × g for 30 min at 4 °C, and the supernatant was collected into a flask and dried 207 

using a rotary evaporator. After evaporation, the remaining lipids were treated with 20 208 

mg/mL phospholipase A1 (Enzyme commission number 3.1.1.32; 10,000–13,000 209 

units/g; Mitsubishi Kagaku and Foods Co., Tokyo, Japan) dissolved in 0.1 M citric acid 210 

buffer (pH 4.5) at a volume ratio of 1:10, under a low oxygen atmosphere (air pressure, 211 

50 kPa) and at 50 °C in a rotary evaporator flask for 2 h. Subsequently, the enzyme-212 

treated sample was mixed with a 1:1 (v/v) mixture of hexane and acetone 213 

(sample/mixture, 1:6 (v/v)) and transferred to a separating funnel for collection of the 214 

upper layer. This extraction was repeated two more times. The upper layer was 215 

transferred to a flask for drying using a rotary evaporator. After evaporation, the 216 

residual lipids were dissolved in acetone (lipids/acetone, 1:10 (v/v)) in glass tubes and 217 

stored at –20 °C overnight. Subsequently, the solutions were centrifuged at 1,200 × g 218 

for 20 min at 4 °C to collect the precipitates, which were washed with acetone 219 

(precipitate/acetone, 1:10 (v/v)), and recentrifuged at 1,200 × g for 20 min at 4 °C. The 220 

resulting precipitates were dissolved in a hexane and acetone mixture (hexane/acetone, 221 

7:3 (v/v); precipitate/mixture, 1:10 (v/v)). The solutions were centrifuged at 1,200 × g 222 

for 20 min at 4 °C, and the supernatant was collected for evaporation. After evaporation, 223 

the remaining lipids were dissolved in a mixture of hexane, acetone, and water 224 

[hexane/acetone/water, 3:3:1 (v/v/v); lipids/mixture, 1:10 (v/v)] and transferred to a 225 

separating funnel. After shaking the separating funnel, the upper layer was collected. 226 

This extraction was repeated two more times. The combined upper layer extracts were 227 

evaporated using a rotary evaporator to obtain ePE-rich lipids. Aliquots of these lipids 228 

were vacuum-packed and stored at –35 °C prior to analysis. The lipids were dissolved at 229 

a final concentration of 1.0 mg/mL in dilution buffer (0.75 mM CaCl₂, 0.5% Triton X-230 

100, 50 mM NaCl, and 50 mM Tris-HCl, pH 7.4), then sequentially diluted in assay 231 

buffer (0.75 mM CaCl₂, 0.1% Triton X-100, 50 mM NaCl, and 50 mM Tris-HCl, pH 232 

7.4) to prepare the 0.5–120 μg/mL ePE standards. 233 
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 234 

Preparation of ePC standard 235 

Purified plasma ePC from heifers was used to prepare ePC assay standards, 236 

according to Mawatari et al. (2018). The extracted lipids were treated with 237 

phospholipase A1 to remove diacyl phosphatidylethanolamine and diacyl 238 

phosphatidylcholine. Briefly, 40 mL of plasma (mixture of plasma from 20 heifers) 239 

were diluted in 40 mL of 0.1 M citrate buffer (pH 4.5), mixed with 20 mL of 0.1 M 240 

citric acid buffer (pH 4.5) containing 50 mg/mL of the phospholipase A1, and incubated 241 

at 45 ℃ for 1 h. The phospholipase A1 treated plasma was mixed well with 800 mL of 242 

hexane and isopropanol mixture (hexane/isopropanol, 3:2 (v/v)). After adding 400 mL 243 

of 66.6 mg/mL anhydrous sodium sulfate solution, 400 mL of the upper hexane layer 244 

was harvested. The remaining lower layer was mixed with 400 mL of hexane and 245 

isopropanol mixture (hexane/isopropanol, 7:2 (v/v)) for re-extraction and harvested. The 246 

combined hexane layer was aliquoted, dried under nitrogen gas, and stored at −35 °C 247 

until use. The lipids were dissolved at a final concentration of 1.0 mg/mL in the dilution 248 

buffer, then sequentially diluted in the assay buffer to prepare the 0.5–120 μg/mL ePC 249 

standards. 250 

 251 

HPLC analysis for ePE and ePC standards 252 

The ePE and ePC standards were analysed using a previously reported normal-253 

phase HPLC system with a charged aerosol detector to identify the lipids (Takahashi et 254 

al. 2018). The separation was performed using a YMC-Pack PVA-Sil (250 mm length 255 

(L) × 4.6 mm internal diameter, 5-μm column; YMC Co. Ltd., Kyoto, Japan). The 256 

HPLC separation temperature and flow rate were set to 30 °C and 1.0 mL/min, 257 

respectively. The lipid sample was prepared at a concentration of 5 mg/mL in 258 

chloroform/methanol (2:1 (v/v)), and a 0.02 mL aliquot was injected into the HPLC 259 

system. Mobile phases, A, B, and C were hexane, 2-methoxy-2-methylpropane, and 260 

methanol, respectively. The solvent gradient program was as follows: 0–7 min A/B/C 261 

88%/10%/2%; 7–12 min A/B/C 2%/88%/10%; 12–22 min A/B/C 2%/28%/70%; 22–32 262 

min A/B/C 2%/28%/70%; and 32–35 min A/B/C 88%/10%/2%. The separation profile 263 

was monitored at 210 nm using a variable-wavelength detector. The charged aerosol 264 

detector's acquisition range and nitrogen gas pressure were 500 pA and 241.3 kPa, 265 

respectively. Each sample was analysed in triplicate, and each relative standard 266 

deviation of the retention time and peak area was less than 0.05% and 0.93%, 267 

respectively. 268 

 269 

Extraction of lipids from plasma samples 270 

Lipid samples were extracted from the plasma samples according to Mawatari 271 

et al. (2018) and treated with phospholipase A1. Briefly, 80 µL of plasma was diluted in 272 

80 µL of 0.1 M citrate buffer (pH 4.5) and mixed with 40 µL of 0.1 M citric acid buffer 273 

(pH 4.5) containing 50 mg/mL of the phospholipase A1 and incubated at 45 ℃ for 1 h. 274 

The phospholipase A1 treated plasma was mixed well with 1.6 mL of 275 

hexane/isopropanol (3:2 [v/v]). Then 0.8 mL of 66.6 mg/mL anhydrous sodium sulfate 276 
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solution was added. The upper hexane layer was then harvested. The remaining lower 277 

layer was mixed with 0.8 mL of hexane and isopropanol (hexane/isopropanol, 7:2 [v/v]) 278 

for re-extraction and harvesting. The combined hexane layer was dried under nitrogen 279 

gas and stored at −35 °C until analysis. 280 

 281 

Estimation of the EPl:ePE or CPl:ePC ratios in plasma lipids 282 

To estimate the EPl:ePE or CPl:ePC ratios, the ePE or ePC concentrations 283 

between lipid samples that underwent only phospholipase A1 hydrolysis and those that 284 

underwent both phospholipase A1 and HCl hydrolysis were compared (Mawatari et al. 285 

2007; Kadokawa et al. 2022b). Briefly, dried lipid samples extracted from either a 286 

mixture of six randomly selected plasma samples collected on the day of 1stOV or a 287 

mixture of six randomly selected plasma samples collected 7 weeks after parturition 288 

were treated with the phospholipase A1 treatment and dissolved in 4 mL of 289 

methanol/chloroform/water (2:1:1 [v/v/v]). Half of the dissolved lipids were mixed with 290 

4 mL of methanol/water (1:1 [v/v]) in a glass tube, while the remaining half of 291 

dissolved lipids were mixed with 4 mL of methanol/1 N HCl (1:1 [v/v]) in another glass 292 

tube. After vigorous mixing, the mixture was incubated at room temperature for 1 h. 293 

After 2 mL of chloroform and 2 mL of water were added, the tubes were centrifuged at 294 

1,200 × g for 10 min. The chloroform layer was harvested for drying under nitrogen 295 

gas. 296 

Before injection into the HPLC system, the plasma lipid samples were 297 

reconstituted with chloroform/methanol (2:1 [v/v]). The separation was performed using 298 

a LiChrospher 100Diol (250 mm length (L) × 4 mm internal diameter, 5-μm column) 299 

(No. 937855, Merck Millipore Co. Ltd., Tokyo, Japan). The HPLC separation 300 

temperature and flow rate were set to 50 °C and 1.0 mL/min, respectively. Mobile phase 301 

A was hexane/isopropanol/acetic acid (82:17:1 [v/v/v]), and mobile phase B was 302 

isopropanol/water/acetic acid (85:14:1 [v/v/v]) with 0.2% TEA. Mobile phase A was 303 

95% at 0 min and decreased linearly to 60% at 23 min. The solvent gradient program 304 

was as follows: 0–1 min A/B 95%/5%; 1–24 min A/B 60%/40%; 24–25.5 min A/B 305 

60%/40%; and 25.5–28 min A/B 100%/0%. The charged aerosol detector's acquisition 306 

range and nitrogen gas pressure were 500 pA and 241.3 kPa, respectively. Each sample 307 

was analysed in triplicate, and each relative standard deviation of the retention time and 308 

peak area was less than 0.05% and 0.93%, respectively.  309 

The HPLC method can differentiate ether-phosphatidylethanolamines from 310 

diacyl-phosphatidylethanolamines and ether-phosphatidylcholine from diacyl 311 

phosphatidylcholine in a single chromatography run. However, the HPLC method 312 

cannot distinguish alkenyl-acyl-phosphatidylethanolamines (EPls) from alkyl-acyl-313 

phosphatidylethanolamines, or alkenyl-acyl-phosphatidylcholines (CPls) from alkyl-314 

acyl-phosphatidylcholines. The peak remaining after the HCl hydrolysis are alkenyl-315 

acyl-phospholipids (Mawatari et al. 2007). Sphingolipids are not hydrolysed by either 316 

phospholipase A1 or HCl (Murphy et al. 1993). Therefore, we calculated the ratios as 317 

follows: 318 

EP:S ratio after phospholipase A1 hydrolysis: ratio of peak area of total ePE after 319 
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phospholipase A1 hydrolysis to the peak area of sphingomyelin after 320 

phospholipase A1 hydrolysis 321 

EP:S ratio after phospholipase A1 and HCl hydrolysis: ratio of peak area of total 322 

ePE after phospholipase A1 and HCl hydrolysis to the peak area of 323 

sphingomyelin after phospholipase A1 and HCl hydrolysis 324 

CP:S ratio after phospholipase A1 hydrolysis: ratio of peak area of total ePC after 325 

phospholipase A1 hydrolysis to the peak area of sphingomyelin after 326 

phospholipase A1 hydrolysis 327 

CP:S ratio after phospholipase A1 and HCl hydrolysis: ratio of peak area of total 328 

ePC after phospholipase A1 and HCl hydrolysis to the peak area of 329 

sphingomyelin after phospholipase A1 and HCl hydrolysis  330 

Therefore, EPl and CPl purities were calculated as follows: 331 

EPl purity = 100 − (100 × “EP to S ratio after phospholipase A1 and HCl 332 

hydrolysis” / “EP to S ratio after phospholipase A1 hydrolysis)” 333 

CPl purity = 100 − (100 × “CP to S ratio after phospholipase A1 and HCl 334 

hydrolysis” / “CP to S ratio after phospholipase A1 hydrolysis)”. 335 

 336 

Enzymatic fluorometric assays for ePE and ePC 337 

Recently developed enzymatic assays for ePE and ePC (Mawatari et al. 2018; 338 

Morita et al. 2020) was used with minor modifications. The principle of the assay is as 339 

follows: (1) glycerophospholipid-specific phospholipase D is used to hydrolyse ePE or 340 

ePC to produce ethanolamine or choline; (2) amine oxidase or choline oxidase is used to 341 

oxidise ethanolamine or choline to produce hydrogen peroxide; (3) the amount of 342 

hydrogen peroxide produced was measured by a fluorescence microplate reader after 343 

reaction with peroxidase and 10-acetyl-3,7-dihydroxyphenoxazine (Amplex Red; 344 

A12222, Thermo Fisher Scientific, Waltham, MA, USA) to produce fluorescent resorufin. 345 

The dried lipid extract sample was dissolved in 500 μL of 0.5% Triton X-100 346 

dissolved in assay buffer immediately before use. 347 

To evaluate parallelism and sample volume for the ePE assay, triplicate 50 µL 348 

volumes of 10 ePE standards (0 μg/mL and 0.5–120 μg/mL) and various volumes of 349 

plasma lipid samples diluted with assay buffer (6.25–100 µL of lipid samples extracted 350 

from a mixture of 20 randomly selected plasma samples; brought to a final volume of 50 351 

µL, except for the case of 100 µL sample) were added into the wells of a fluorescence 352 

grade black microplate (MS-8596K, Sumitomo Bakelite Co. Ltd., Tokyo, Japan). Each 353 

well received 50 μL of assay buffer containing 15.2 U of phospholipase D (from 354 

Streptomyces chromofuscus; Enzyme commission number 3.1.4.4; T-222, Asahi Kasei 355 

Pharma, Tokyo, Japan). The microplate was sealed, shaken briefly, spun down, and 356 

incubated at 37 °C for 30 min. Thereafter, 100 μL of assay buffer containing 8 U/mL of 357 

tyramine oxidase (from Arthrobacter sp.; Enzyme commission number 1.4.3.4; T-25, 358 

Asahi Kasei Pharma), 5 U/mL horseradish peroxidase (Enzyme commission number 359 

1.11.1.7; 303-50991, Oriental Yeast Co. Ltd., Tokyo, Japan), and 50 μL Amplex Red 360 

(A12222, Thermo Fisher Scientific) were added to each well. The microplate was sealed, 361 

shaken briefly, spun down, and incubated at 37 °C for 30 min. Lastly, 20 μL Amplex 362 
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Red/UltraRed Stop Reagent (A33855, Thermo Fisher Scientific) was added to each well. 363 

Fluorescence intensity was measured using a fluorescence microplate reader (Arvo X4; 364 

Perkin Elmer Japan, Tokyo, Japan). The excitation and emission wavelengths were set to 365 

540 and 615 nm, respectively. In this assay, other amine-containing phospholipids, 366 

phosphatidylcholine, and phosphatidylserine did not increase fluorescence (Morita et al. 367 

2020). After developing the ePE assay, duplicate 50 µL volumes of eight standards (0 368 

ng/mL and 1.9–120 μg/mL) or plasma lipid samples were measured in routine assays. 369 

To evaluate parallelism and determine the sample volume for the ePC assay, 370 

triplicate 50 µL volumes of 10 ePC standards (0 ng/mL and 0.5–120 μg/mL) and various 371 

volumes of plasma lipid samples diluted with assay buffer (3.1–50 µL of lipid samples 372 

extracted from a mixture of 20 randomly selected plasma samples; brought to a final 373 

volume of 50 µL) were added to wells of the 96-well microplates. Then, each well 374 

received 87.5 μL assay buffer containing 1.0 U of phospholipase D (from Streptomyces 375 

sp.; Enzyme commission number 3.1.4.4; T-138, Asahi Kasei Pharma). The microplate 376 

was sealed, shaken briefly, spun down, and incubated at 37 °C for 30 min. Then, 100 μL 377 

of assay buffer containing 1 U/mL of choline oxidase (from Arthrobacter globiformis; 378 

Enzyme Commission Number 1.1.3.17; T-05, Asahi Kasei Pharma), 5 U/mL horseradish 379 

peroxidase, and 50 μM Amplex Red were added to each well. The microplate was sealed, 380 

shaken briefly, spun down, and incubated at 37 °C for 30 min. Lastly, 20 μL of Amplex 381 

Red/Ultrared stop reagent was added to each well. The fluorescence intensity was 382 

measured using a fluorescence microplate reader at the same excitation and emission 383 

wavelengths mentioned above. In this assay, other choline-containing phospholipids, 384 

sphingomyelin, and lysophosphatidylcholine did not increase the fluorescence (Morita et 385 

al. 2020). After developing the ePC assay, duplicate 50 µL volumes of 8 standards (0 386 

ng/mL and 1.9–120 μg/ mL) or 12.5 µL of plasma lipid samples plus 37.5 µL assay buffer 387 

were measured in routine assays. 388 

For the ePE and ePC assays, sample concentrations were determined by 389 

analysing the fluorescence intensity data with appropriate software (Microplate Manager 390 

Software Version 6.3, Bio-rad, Hercules, CA, USA). Lipid samples were extracted from 391 

80 µL of plasma and dissolved in 500 μL of assay buffer. Thus, the ePE concentration 392 

was shown to increase by 6.25 times from the calculated concentration. In the ePC assay, 393 

the volume of the standards was 50 µL, whereas the volume of the samples was 12.5 µL. 394 

Thus, the ePC concentration needed to be increased four times; then, the ePC 395 

concentration was shown to increase by 25 times from the calculated concentration. 396 

 397 

Assays for hormones and metabolites 398 

We also measured plasma concentrations of LH, FSH, anti-Müllerian hormone 399 

(AMH), and metabolites at the early luteal phase (a few days after ovulation). This phase 400 

was selected for the following reasons: (1) both LH and FSH secretion are active (Walters 401 

et al. 1984), and (2) blood AMH concentration is not changed during oestrus cycles (Rico 402 

et al. 2011; Koizumi and Kadokawa 2017). 403 

Plasma LH concentrations were assayed in duplicate using a double antibody 404 

radioimmunoassay (RIA) with 125I-labelled bLH and anti-oLH-antiserum (AFP11743B 405 
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and AFP192279, National Hormone and Pituitary Program of the National Institute of 406 

Diabetes and Digestive and Kidney Diseases [NIDDK], Bethesda, CA, USA). The limit 407 

of detection was 0.40 ng/mL. At 2.04 ng/mL, the intra- and inter-assay coefficient of 408 

variation (CV) were 3.6% and 6.2%, respectively. 409 

Plasma FSH concentrations were assayed in duplicate using a double antibody RIA 410 

with 125I-labelled bFSH, reference grade bFSH, and anti-oFSH antiserum (AFP5318C, 411 

AFP5346D, and AFPC5288113, NIDDK). The limit of detection was 0.20 ng/mL. At 412 

4.00 ng/mL, the intra- and inter-assay CVs were 4.3% and 7.1%, respectively. 413 

Plasma AMH concentrations were assessed using a bovine AMH ELISA kit (Ansh 414 

Labs, TX, USA). The detection limit was 11 pg/mL, and the intra- and inter-assay CVs 415 

were 4.3% and 8.6%, respectively. 416 

An autoanalyzer (Model 3100, Hitachi High-Tech Corporation, Tokyo, Japan) was 417 

used to measure total protein, aspartate transaminase (AST), total cholesterol, blood urea 418 

nitrogen (BUN), and glucose plasma concentrations using commercial kits (LSIMedience 419 

Corporation, Tokyo, Japan). The autoanalyzer was also used to measure plasma 420 

concentrations of non-esterified fatty acids and beta-hydroxybutyric acid using 421 

commercial kits (Fujifilm Wako Pure Chemical Corporation). 422 

 423 

Statistical analyses 424 

Data were analysed using StatView version 5.0 for Windows (SAS Institute, Inc., 425 

Cary, NC, USA). Analysis of variance (ANOVA) followed by the Tukey–Kramer test was 426 

performed to evaluate the effect of parity (first-, second-, third-, or higher-parity) on the 427 

number of days from parturition to 1stOV and 305-day milk yield. This analysis used a 428 

total of 54 cows [first-parity cows (n = 16), second-parity cows (n = 16), third-parity cows 429 

(n = 11), and fourth- or higher-parity cows (n = 11)]. 430 

The Shapiro–Wilk's W test or Kolmogrov–Smirnov Lilliefors test were used to 431 

evaluate the normality or log-normality of the distribution of each variable. All variables 432 

were normally distributed, and there were no outliers in any variables (Grubb's test). 433 

Repeated-measure ANOVA was performed to evaluate the effect of time, parity, and 434 

the interaction between time and parity on body weight, daily milk yield, milk fat 435 

percentage, dry matter intake, energy balance, and body condition scores from parturition 436 

to 8 weeks after parturition in the 54 cows. 437 

Repeated-measures ANOVA was also performed to evaluate the effect of time, parity, 438 

and the interaction between time and parity on plasma ePE or ePC concentrations from 2 439 

weeks before to 8 weeks after parturition in the 54 cows. Additionally, ANOVA followed 440 

by the Tukey–Kramer test was performed to evaluate the effect of parity (first-, second-, 441 

third-, or higher-parity) on ePE or ePC at each time point. 442 

Repeated-measures ANOVA was performed to evaluate the effect of time, parity 443 

(first-, second-, third-, or higher-parity), and the interaction between time and parity on 444 

plasma EPl or CPl concentrations from 2 weeks before to 2 weeks after the 1stOV (period 445 

around 1stOV). This analysis excluded cows not showing the 1stOV by the 5th 446 

postpartum week. Thus, this analysis used a total of 42 cows [first-parity cows (n = 12), 447 

second-parity cows (n = 10), third-parity cows (n = 10), and fourth- or higher-parity cows 448 
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(n = 10)]. ANOVA followed by the Tukey–Kramer test was also performed to evaluate 449 

the effect of parity (first, second, third, or higher-parity) on ePE or ePC at each time point. 450 

Pearson’s correlation analysis was used to evaluate the relationship between the 451 

plasma ePE or ePC concentration on the day of the 1stOV and the age in months on the 452 

day of the 1stOV. This analysis excluded cows that did not show the 1stOV by the 8th 453 

postpartum week, because pre-ovulation values are not consider as representative of each 454 

individual owing to the unstable metabolic condition in the pre-ovulation period 455 

(Kadokawa et al. 2000, 2006; Rhoads et al. 2008; Subramaniam et al. 2016; Banuelos 456 

and Stevenson 2021). Thus, this analysis used a total of 51 cows [first-parity cows (n = 457 

16), second-parity cows (n = 15), third-parity cows (n = 10), and fourth- or higher-parity 458 

cows (n = 10)]. Additionally, analysis of covariance (ANCOVA) was performed to 459 

evaluate the effect of parity; the effect of either body weight, daily milk yield, milk fat 460 

percentage, dry matter intake, energy balance, or plasma concentration of metabolites; 461 

and the interaction in the 51 cows. 462 

ANCOVA was performed to evaluate the effect of parity, the effect of plasma ePC 463 

concentration, and the interaction on plasma ePE concentration at the early luteal phase 464 

after the 1stOV. Pearson’s correlation analysis was used to evaluate the relationship 465 

between the both concentrations at the early luteal phase in the 51 cows. 466 

ANCOVA was performed to evaluate the effect of parity, the effect of plasma ePE 467 

or ePC concentration, and the interaction on plasma LH, FSH, or AMH concentration at 468 

the early luteal phase in the 51 cows. Pearson’s correlation analysis was used to evaluate 469 

the relationship between the plasma ePE or ePC concentration and plasma LH, FSH, or 470 

AMH concentration at the early luteal phase in the 51 cows. 471 

ANCOVA was performed to evaluate the effect of parity, the effect of days from 472 

parturition to 1stOV, and the interaction on days from parturition to conception in the 48 473 

Holstein dairy cows that became pregnant by 200 days after parturition [first-parity cows 474 

(n = 14), second-parity cows (n = 14), third-parity cows (n = 10), and fourth- or higher-475 

parity cows (n = 10)]. Pearson’s correlation analysis was used to evaluate the relationship 476 

between both days in the 48 cows. 477 

The level of significance was set at P < 0.05. Data are expressed as mean ± standard 478 

error of the mean. 479 

 480 

Results 481 

HPLC analyses for the lipids extracted from bovine brain and plasma 482 

 Figure 1 presents examples of the HPLC profile of (1) extracted bovine brain 483 

lipids, which were diluted for use as ePE standards, (2) the extracted plasma lipids, 484 

which were diluted for use as ePC standards, and (3) 12 lipid standards. 485 

 As shown in Table 1, the most prevalent major lipid in the brain was 486 

cholesterol; the ratio of the peak area to the total peak area was 27.9%. The ePEs were 487 

the second most detected major lipids; the ratio of the peak area to total peak area was 488 

17.6%. The ratio of ePC peak area to total peak area was 2.2%. 489 

 The most prevalent major lipid in the plasma was triacylglyceride (TAG); the 490 

ratio of the peak area to the total peak area was 36.7%. The ePC was the fourth most 491 
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detected major lipid; the ratio of its peak area to total peak area was 6.5%. The ratio of 492 

ePE peak area to total peak area was 2.4%. 493 

 In the mixture of randomly selected plasma samples collected on the day of 494 

1stOV, 100.0 ± 0.0 % of ePE were EPls, and 57.4 ± 0.5 % of ePC were CPls; the 495 

remaining 42.6 ± 0.5 % were alkyl-acyl-cholineglycerophospholipids. In the mixture of 496 

randomly selected plasma samples collected at 7 weeks after parturition, 100.0 ± 0.0 % 497 

of ePE were EPls, and 60.3 ± 0.4 % of ePC were CPls; the remaining 39.7 ± 0.4 % were 498 

alkyl-acyl-cholineglycerophospholipids. 499 

 500 

Enzymatic fluorometric assays developed to measure plasma ePE or ePC 501 

concentrations 502 

Figure 2 depicts the good parallelism between the ePE or ePC standard curve and 503 

serially diluted plasma lipids. The detection limit of the ePE assay was 2.49 μg/mL. The 504 

intra- and inter-assay CVs at 30 μg/mL were.3% and 0.7%, respectively. The detection 505 

limit of the ePC assay was 2.18 μg/mL. The intra- and inter-assay CVs at 30 μg/mL were 506 

0.2% and 0.3%, respectively. 507 

 508 

Conditions of cows and the days from parturition to 1stOV 509 

Figure 3 shows the effect of time and parity on other parameters. The effect of 510 

time was significant on body weight (Figure 3A), daily milk yield (Figure 3B), milk fat 511 

percentage (Figure 3C), dry matter intake (Figure 3D), energy balance (Figure 3E), and 512 

body condition score (Figure 3F). The effect of parity was significant on body weight 513 

(Figure 3A), daily milk yield (Figure 3B), dry matter intake (Figure 3D), and body 514 

condition score (Figure 3F), but not milk fat percentage (Figure 3C) or energy balance 515 

(Figure 3E). There were no differences among parities in the days from parturition to the 516 

1stOV (Figure 3G). The first- and second-parity cows had a lower 305-day milk yield 517 

than the higher-parity cows (Figure 3H). 518 

 519 

Changes in plasma concentrations of ePE and ePC in cows 520 

Figure 4 shows the changes in the plasma concentrations of ePE and ePC in two 521 

representative cows that had their 1stOV on either day 16 or 58. The cow that ovulated 522 

on day 58 developed follicular cysts after parturition, recovered spontaneously, and then 523 

ovulated. The plasma concentrations of ePE were lower around the day of parturition 524 

than day of 1stOV in the normal cows (Figure 4A, 4C). They remained low for a variable 525 

length of time and then increased in all normal cows. However, both ePE and ePC 526 

concentrations remained low in the cows which developed postpartum follicular cysts 527 

(Figure 4B, 4D). 528 

Figure 5 shows changes in mean ePE and ePC levels across all cows, with timing 529 

synchronised around parturition. Both levels were low around parturition, then increased. 530 

The effect of parity on ePE and ePC was significant. The third-parity cows had higher 531 

ePE concentrations 2 to 6 weeks after parturition than other parity cows. Although the 532 
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effect of parity on plasma ePC concentrations was not significant based on repeated-533 

measures ANOVA, the ANOVA followed by the Tukey–Kramer test for each time point 534 

revealed that the second-parity cows had higher ePC concentrations than the first-parity 535 

cows in the 1 week before to 5 weeks after parturition, except for the 4th week. 536 

Figure 6 shows changes in mean ePE and ePC levels across all cows, with timing 537 

synchronised around the 1stOV. The effects of time and parity on ePE and the effect of 538 

time on ePC were significant. 539 

 540 

Relationships between plasma ePE or ePC concentrations and age, body weight, milk 541 

production, and nutritional condition 542 

As shown in Figures 7A and 8A, there was no significant relationship between 543 

age in months and plasma concentrations of ePE or ePC on the day of 1stOV.  544 

On the day of 1stOV, the effect of daily milk yield on the plasma ePE 545 

concentrations was significant (Figure 7C). The plasma ePE concentration was correlated 546 

positively with daily milk yield (Figure 7C) and dry matter intake (Figure 7E). The effect 547 

of plasma concentrations of total cholesterol (Figure 7G) and BUN (Figure 7H) were 548 

significant. The concentrations of total cholesterol and BUN were positively correlated 549 

with the plasma ePE concentration. Other metabolites had no significant effects on the 550 

plasma ePE concentrations and did not correlate with the plasma ePE concentrations (data 551 

not shown). 552 

On the day of 1stOV, the effect of milk fat percentage on the plasma ePC 553 

concentration was significant (Figure 8D). The milk fat percentage was negatively 554 

correlated with the plasma ePC concentration (Figure 8D). The total cholesterol 555 

concentrations were positively correlated with the ePC concentration (Figure 8G). The 556 

effect of AST concentrations on the ePC concentrations was significant (Figure 8H). The 557 

AST concentrations were negatively correlated with the ePC concentrations. Other 558 

metabolites had no significant effects on the plasma ePC concentrations and did not 559 

correlate with the plasma ePC concentrations (data not shown). 560 

 561 

Relationships between plasma ePE or ePC concentrations and plasma concentrations 562 

of LH, FSH, and AMH 563 

 564 

At the early luteal phase after 1stOV, plasma ePE concentration was correlated 565 

positively with plasma ePC concentrations (Figure 9A). 566 

The days from parturition to 1stOV were positively correlated with the days from 567 

parturition to conception (Figure 9B). 568 

The plasma ePE concentration was correlated positively with plasma AMH 569 

concentrations (Figure 9E) but not with LH and FSH. The effect of plasma ePE 570 

concentration on plasma AMH concentration was significant (Figure 9E). 571 

The plasma ePC concentration was correlated positively with blood FSH 572 

concentration (Figure 9F) but not with LH and AMH. The effect of plasma ePC 573 

concentration on plasma FSH concentration was significant (Figure 9F). 574 

The effect of parity on the plasma concentrations of LH, FSH, and AMH was not 575 
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significant. 576 

 577 

Discussion 578 

  In the present study, we developed enzymatic fluorometric assays with sufficient 579 

sensitivity and reliable performance to measure ePE and ePC concentrations in bovine 580 

plasma samples. The shape and dynamic range of the standard curves were similar to 581 

those reported in previous studies (Mawatari et al. 2018; Morita et al. 2020). We presume 582 

that the observed changes in plasma concentrations of ePE and ePC indicate changes in 583 

plasma concentrations of EPls and CPls for the following two reasons. Firstly, the plasma 584 

samples were treated with phospholipase A1 to remove diacyl phosphatidylethanolamine 585 

and diacyl phosphatidylcholine. Secondly, 100 % of ePE were EPls, and about 60 % of 586 

ePC were CPls. The concentrations of ePE and ePC in bovine plasma are shown as weight 587 

per volume of brain or plasma lipid standards. However, if the ratio of EPls or CPls to the 588 

total peak area is considered, the estimated EPl and CPl concentrations were similar to 589 

the values reported in humans measured using traditional methods (Fujino et al. 2020; 590 

Mawatari et al. 2020a; Fujino et al. 2022). This study revealed the significant differences 591 

in plasma concentrations of ePE and ePC, of which the majority were EPl or CPl, before 592 

and after parturition, up to the 1stOV. While no previous studies for any species, including 593 

humans, are available for comparison, we discuss the possible mechanisms that reduce 594 

plasma ePE and ePC levels after parturition, affect 1stOV, and reduce plasma ePE and 595 

ePC levels in cows with higher parity. We also discuss the significant relationship with 596 

the important parameters of production and reproduction. Finally, we discuss ways to 597 

manage the plasma concentration of ePE or ePC based on recent studies in human 598 

medicine. 599 

  In this study, we found that plasma concentrations of ePE and ePC were reduced 600 

during the peripartum period. There are three possible reasons for this: (1) increased 601 

consumption of EPls in dairy cows’ bodies, (2) decreased synthesis of EPls and CPls in 602 

dairy cows’ bodies, and (3) increased usage of EPls and CPls in milk production. 603 

  Regarding the first possible explanation, it must be noted that EPls play various 604 

crucial roles, including as endogenous antioxidants and immune modulators (Almsherqi 605 

2021). Oxidation stress increases during late gestation to early lactation due to increased 606 

metabolic activity (Gong and Xiao 2018; Urh et al. 2019). In this period, the local and 607 

systemic immune systems also changed drastically, as reviewed by Velázquez et al. 608 

(2019). Therefore, consumption of EPls may increase in postpartum dairy cows. 609 

  Regarding the second possible explanation, both EPls and CPls are synthesised 610 

in various organs, including the brain, heart, kidneys, and liver (Arthur and Page 1991). 611 

A previous study showed that patients with non-alcoholic steatohepatitis have decreased 612 

blood concentrations of EPls and CPls, probably because of suppressed plasmalogen 613 

biosynthesis in the liver (Ikuta et al. 2019). More than 50% of postpartum dairy cows 614 

have fatty liver disease (McFadden 2020), indicating a probable suppression of 615 

plasmalogen biosynthesis in the liver of cows. The negative correlation between ePC and 616 

AST supported this hypothesis. 617 

  Regarding the third possible explanation, the maternal body supplies EPls via 618 
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milk to new-born animals to facilitate their normal neurodevelopment and other crucial 619 

functions (Hiratsuka et al. 2013; Moukarzel et al. 2016; Liu et al. 2020; Li et al. 2022). 620 

Full cream commercial milk obtained from the supermarket contains EPls and CPls (Liu 621 

et al. 2020). Thus, another potential reason is the increased amount of EPls and CPls 622 

supplied to the milk from the blood. Further studies are needed to elucidate how the 623 

concentrations of EPls and CPls change in fresh milk at various stages, including in 624 

colostrum. 625 

Darwash et al. (1997) analysed approximately 1700 dairy cows and reported that 626 

the interval between parturition and 1stOV correlated with measures of fertility, and every 627 

day delay in the interval to 1stOV causes an average delay of 0.24 days in the interval to 628 

first service (P < 0·001) and 0.41 days in the interval to conception (P < 0·001). This 629 

study showed a positive correlation between the days from parturition to 1stOV and the 630 

days from parturition to conception in the cows, as shown in Figure 9B. Therefore, this 631 

study supported the previous studies reporting the importance of early re-establishment 632 

of postpartum ovarian activity for high fertility in dairy cows (Senatore et al. 1996; 633 

Darwash et al. 1997; Galvão et al. 2010). At the early luteal phase after 1stOV, plasma 634 

ePE concentration correlated with plasma AMH concentration, and plasma ePC 635 

concentration correlated with plasma FSH concentration. Both AMH and FSH are 636 

important hormones to control folliculogenesis (Visser and Themmen 2014). Insulin and 637 

IGF-1 are important hormones reported to affect reproductive functions (Rhoads et al. 638 

2008; Subramaniam et al. 2016; Banuelos and Stevenson 2021). However, both insulin 639 

and IGF-1 plasma concentrations did not corelate with the ePE and ePC plasma 640 

concentrations (data not shown). Therefore, any direct effect of ePE and ePC on the 641 

hypothalamus-pituitary-gonadal axis are discussed. 642 

GnRH controls gonadotrophs via the GnRH receptor on the gonadotroph surface. 643 

However, even in the absence of GnRH, EPls extracted from the brains of young 644 

(approximately 26 months old), healthy bovines, but not from aged (approximately 90 645 

months old) bovines, strongly stimulate gonadotropins to secrete FSH via GPR61 646 

(Kereilwe et al. 2018a; Kadokawa et al. 2021). Moreover, a chemosynthetic EPl activates 647 

the cytoplasmic Smad and ERK pathways and stimulates FSH and LH secretion from 648 

cultured bovine anterior pituitary cells (Kadokawa et al. 2022a). Therefore, EPls may be 649 

involved in the mechanisms of the 1stOV in gonadotrophs via GPR61. There are no 650 

previous studies on the direct effect of CPls on gonadotrophs. Therefore, further studies 651 

are required to clarify whether CPl also stimulates FSH and LH secretion from anterior 652 

pituitary cells. 653 

The plasma AMH concentration is a good biomarker for ovarian reserve, ovarian 654 

function, and fertility in dairy cows (Mossa and Ireland 2019). Ribeiro et al. (2014) found 655 

a positive correlation between pregnancy rates and plasma AMH concentrations in dairy 656 

cows. Therefore, the observed positive correlation between ePE and AMH suggested the 657 

importance of ePE. Although AMH is primarily produced by the preantral and small 658 

antral follicles in humans and animals (Monniaux et al. 2012), bovine gonadotroph and 659 

GnRH neurons express both AMH and AMH receptors (Kereilwe et al. 2018b, 2019; 660 

Kereilwe and Kadokawa 2020). AMH stimulates FSH synthesis in LβT2 cells 661 



 

17 

 

(Tumurbaatar et al. 2021), and AMH stimulates FSH and LH secretion from 662 

gonadotrophs (Kereilwe et al. 2019; Tumurbaatar et al. 2021). Thus, small follicles, the 663 

hypothalamus, and gonadotrophs secrete AMH to regulate reproductive functions in 664 

endocrine, autocrine and paracrine manners. Because GnRH receptor colocalises with 665 

both GPR61 and AMH receptor type 2 on lipid-raft in the surface of bovine gonadotrophs 666 

(Kereilwe et al. 2018b; Pandey et al. 2017; Kadokawa 2020; Kadokawa et al. 2022a), 667 

plasma EPls may stimulate AMH secretion from gonadotrophs. 668 

Plasma EPl and CPl concentrations in elderly humans (approximately 66 years of 669 

age) are lower than those in younger humans (approximately 24 years of age) (Maeba et 670 

al. 2007). Low levels of plasmalogen is associated with various diseases in aged humans, 671 

as reviewed by Dorninger et al. (2022). In this study, we observed decreased plasma ePE 672 

and ePC levels in higher-parity cows. Possible reasons are the balance between 673 

production and consumption for oxidation stress and a changed immune system (Gong 674 

and Xiao 2018; Velázquez et al. 2019). The key enzymes for plasmalogen synthesis are 675 

glyceronephosphate O-acyltransferase, alkylglycerone phosphate synthase, and fatty 676 

acyl-CoA reductase 1, expressed in various organs including the liver and brain (Honsho 677 

and Fujiki, 2017; Dorninger et al. 2022). Therefore, further studies are required to clarify 678 

whether hepatic plasmalogen biosynthesis decreases in higher-parity cows. We recently 679 

reported age-related differences in the quality of bovine brain EPl based on different EPl 680 

molecular species (Kadokawa et al. 2021). Weisser and Spiteller (1996) reported that 681 

plasmalogens in the brains of older bovines undergo much easier hydrolysis to 682 

corresponding aldehydes than in the brains of young bovines, and the brains of the older 683 

animals contain higher amounts of free aldehydes and plasmalogen epoxides than young 684 

animals. Therefore, the molecular structure of plasmalogens in the plasma of cows with 685 

higher parity may undergo easier hydrolysis. 686 

In a recent study on dairy cows in New Zealand, third-parity cows showed better 687 

reproductive performance than lower- and higher-parity cows (Jayawardana et al. 2022). 688 

The number of primordial follicles in cows remains relatively constant until they reach 689 

the age of approximately four years and declines thereafter (Erickson 1966). In addition, 690 

antral follicle counts in beef ovaries increase until 5 years of age and decrease thereafter 691 

(Cushman et al. 2009). However, the mechanisms underlying these differences among 692 

parities have yet to be fully clarified. The third-parity cows in this study showed plasma 693 

ePE concentrations higher than those of other parity cows. Therefore, further studies are 694 

necessary to determine the relationship between the plasma concentrations of ePE and 695 

ePC within the context of age-related infertility. 696 

This study also showed a positive correlation between daily milk yield and plasma 697 

concentrations of both ePE and ePC on the day of 1stOV. We could not find any previous 698 

studies related to these discoveries. However, this data suggests that there is no negative 699 

impact of milk yield on both ePE and ePC concentration from 1stOV. Therefore, further 700 

studies are required to develop strategies for the early resumption of plasma ePE and ePC 701 

concentration after parturition. 702 

Orally supplied EPls and CPls are adsorbed from the intestine via various 703 

mechanisms to rapidly increase both blood and brain levels (Nishimukai et al. 2003; 704 
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Takahashi et al. 2020; Smith et al. 2022). Therefore, oral administration of plasmalogens 705 

(Fujino et al. 2020; Mawatari et al. 2020a; Fujino et al. 2022) or their precursors 706 

(Sibomana et al. 2019; Sultanov et al. 2021) has been studied in aged humans to improve 707 

or prevent brain diseases. These continuous oral administration strategies seem unlikely 708 

to be successful in domestic ruminants. However, intestinal microbes, such as 709 

Bifidobacterium longum (Mawatari et al. 2020b), produce EPls and CPls to supply to the 710 

host as postbiotics (Hernández-Granados and Franco-Robles 2020). Thus, a new concept 711 

is to manage the intestinal microbiota to increase postbiotics in human medicine 712 

(Hernández-Granados and Franco-Robles 2020). Therefore, further studies are required 713 

to determine the microbiota-host body axis in domestic animals. 714 

The plasma ePE concentration of third-parity cows was higher than that of others 715 

in early postpartum but later became equal to that of others. These plasma concentration 716 

results may be attributed to the balance between biosynthesis and consumption, but the 717 

specific reasons for the differences and changes in the plasma concentration could not be 718 

explained at the present time. The abundance of some groups of intestinal microbes such 719 

as Bifidobacteria decreases with age in humans (Hopkins et al. 2002; Odamaki et al. 720 

2016). Therefore, further studies are required to clarify the differences in the intestinal 721 

microbiota in relation to plasmalogen biosynthesis during lactation and aging in cows. 722 

Notably, as shown in Figures 7A and 8A, the variables of age at either calving or 723 

1stOV are not continuous, because Japanese dairy farmers want their heifers to be 724 

pregnant at approximately 13.5 months of age and also want their cows to give birth once 725 

every year. Pearson’s correlation coefficient was not significant between age and EPl or 726 

CPl concentration among the 51 cows. Even when our calculations considered all the 54 727 

cows, the correlation between age and EPl or CPl level was not significant (EPl vs. age 728 

is r= 0.167, P=0.243, and CPl vs. age is r= 0.267, P=0.061), indicating that age may not 729 

have an effect on EPl and CPl. However, we could not conclude that parity has a stronger 730 

effect than age on postpartum lactating dairy cows because of the special relationship 731 

between age and parity in dairy cows. Therefore, caution needs to be exercised in using 732 

the present data to fully infer the relationship between age and EPl or CPl concentration 733 

in other species. 734 

In conclusion, the concentrations of ePE and ePC, most of which are EPls or CPls, 735 

changed dramatically around parturition and 1stOV, and then the concentrations 736 

correlated with the important parameters of milk production and reproduction. Therefore, 737 

blood plasmalogen may play important roles in postpartum dairy cows. 738 
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Table 1. Formulation and chemical composition of the total mixed ration 993 

 
Late dry period 

(%) 

Early lactation period 

(%) 

Ingredients (% dry matter)   

Grass silage 70.6 ± 0.3 34.1 ± 0.2 

Corn silage  0.0 22.0 ± 0.1 

Rolled corn 19.4 ± 0.2 25.0 ± 0.1 

Soybean meal 10.0 ± 0.1 17.3 ± 0.1 

Calcium carbonate 0.0 1.6 ± 0.01 

Chemical composition   

Dry matter (%) 27.0 ± 0.3 34.4 ± 0.2 

Metabolizable energy (Mcal/kg) 2.62 ± 0.01 2.77 ± 0.003 

Crude protein (% dry matter) 14.7 ± 0.04 16.6 ± 0.02 

Neutral detergent fibre 

(% dry matter) 
51.0 ± 0.1 37.8 ± 0.1 

Non-fibre carbohydrate  

(% dry matter) 
23.8 ± 0.1 35.0 ± 0.1 

Organic matter (% dry matter) 93.6 ± 0.02 93.2 ± 0.01 

Ether extract (% dry matter) 4.5 ± 0.03 4.2 ± 0.02 

 994 

  995 
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Table 2. Ratio of the peak area of each lipid class to the total peak area of all lipids in 996 

the brain and plasma 997 

Lipid class 

Full name (abbreviation) 

Brain 

area (%)a 

Plasma 

area (%)a 

 Mean SEM Mean SEM 

Triacylglycerol (TAG) 0.1 0.0 34.2 0.1 

Free fatty acid (FFA) 4.9 0.0 20.5 0.1 

Cholesterol (Chol) 18.9 0.1 15.9 0.1 

Glucosylceramide (GlcCer) 10.3 0.0 0.1 0.0 

Ethanolamine ether phospholipids (ePE) 16.5 0.0 0.6 0.0 

Lysophosphatidylethanolamine (LPE) 1.7 0.0 0.1 0.0 

Choline ether phospholipids (ePC) 2.9 0.1 13.4 0.1 

Sphingomyelin (SPM) 8.5 0.1 9.4 0.1 

Lysophosphatidylcholine (LPC) 1.2 0.1 2.1 0.0 

Others 35.0 0.1 3.7 0.0 

Total 100.0 - 100.0 - 
a Ratio of the peak area of each lipid class to the total peak area. 998 

Analyses were performed in triplicate for each lipid. 999 

SEM, standard error of the mean 1000 

 1001 

 1002 

 1003 

 1004 

 1005 

 1006 

  1007 
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 1008 

 1009 

 1010 

 1011 

Fig. 1. Chromatograms depicting an example of an HPLC (normal-phase HPLC and a 1012 

charged aerosol detector) profile of the lipids extracted from bovine brains, plasma, and 1013 

12 lipid standards. The brain lipids were diluted as the standard for ethanolamine ether 1014 

phospholipids (ePE) assay, and plasma lipids were diluted as the standard for choline 1015 

ether phospholipid (ePC) assay. The primary Y-axis indicates the voltage values of the 1016 

samples from the brain, and the secondary Y-axis indicates the plasma samples' voltage 1017 

values. The chromatogram of the plasma was shifted down for clarity, and there was no 1018 

difference in the baseline values between the brain and plasma samples. 1019 

HPLC, high-performance liquid chromatography; mV, milli-voltage; TAG, 1020 

Triacylglycerol; TOH, D-α-tocopherol; FFA, Free fatty acids; Chol, Cholesterol; Cer, 1021 

Ceramide; GlcCer, Glucosylceramide; PI, Phosphatidylinositol; ePE, Ethanolamine ether 1022 

phospholipids; LPE, Lysophosphatidylethanolamine; ePC, Choline ether phospholipids; 1023 

SPM, Sphingomyelin; LPC, Lysophosphatidylcholines. 1024 
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Fig. 2. The solid lines indicate the standard curve of ethanolamine ether phospholipid 1028 

(ePE) assay (A) or choline ether phospholipid (ePC) assay (B). Both standards were 1029 

prepared by diluting either the brain or plasma lipids; thus, the X-axis values are the 1030 

concentrations (in g/mL) of lipids (the details are shown in Figure 1), not as 100% 1031 

purified ePE or ePC. The dashed lines indicate the serially diluted plasma lipid samples 1032 

(in L) used to evaluate parallelism with the standard curve. 1033 
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Fig. 3. Postpartum Changes 1068 in body 

weight (A), daily milk yield (B), milk fat percentage (C), dry matter intake (D), energy 1069 

balance as metabolizable energy (E), and body condition scores on a five-point scale (F), 1070 

the days from parturition to first postpartum ovulation (G), and 305-day milk yield in the 1071 

used cows (H). The header of graphs A to F represents the results of the repeated-measure 1072 

ANOVA model, including the effects of time, parity [first- (light blue), second- (grey), 1073 

third- (black), or fourth- and higher-parity (red)], and interaction between time and parity 1074 

on measurements as shown as the label of each Y-axis. Different letters (a or b) in graphs 1075 

G and H indicate significant differences among the different parity cows (one-way 1076 

ANOVA followed by Tukey–Kramer test). 1077 
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Fig. 4. Changes in the plasma concentrations of ethanolamine ether phospholipids (ePE) 1081 

(A, B) and choline ether phospholipid (ePC) (C, D) around parturition in representative 1082 

second-parity dairy cows. One cow free of ovarian diseases had the first postpartum 1083 

ovulation (1stOV) on day 16 (A, C). Another cow developed a follicular cyst, healed 1084 

naturally, and then had the 1stOV on day 58 (B, D). Black arrows indicate the 1stOV. 1085 
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Fig. 5. Changes in plasma concentrations of ethanolamine ether phospholipids (ePE) (A) 1089 

and choline ether phospholipid (ePC) (B) before and after parturition in first-parity cows 1090 

(n = 16; light blue line); second-parity cows (n = 16; dotted black line); third-parity cows 1091 

(n = 11; black line); and fourth- or higher-parity cows (n = 11; red line). The footer in the 1092 

lower right corner of each graph represents the results of the repeated-measure ANOVA 1093 

model, including the effects of time, parity (first-, second-, third-, or fourth- and higher-1094 

parity), and interaction between time and parity on plasma ePE or ePC concentrations 1095 

from 2 weeks before to 7 weeks after parturition. The letters above each time point 1096 

represent the results of the Tukey–Kramer test to evaluate the effect of parity; for example, 1097 

“3 vs. 124” indicates a difference (P < 0.05) between third-parity cows and first, second, 1098 

and fourth or more parity cows, whereas “ND” indicates no difference among the different 1099 

parities. 1100 
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Fig. 6. Changes in plasma concentrations of ethanolamine ether phospholipids (ePE) (A) 1104 

and choline ether phospholipid (ePC) (B) before and after first postpartum ovulation in 1105 

first-parity cows (n = 12; light blue line); second-parity cows (n = 10; dotted black line); 1106 

third-parity cows (n = 10; black line); and fourth- or higher-parity cows (n = 10; red line). 1107 

The footer in the lower right corner of each graph represents the results of the repeated-1108 

measure ANOVA model, including the effects of time, parity (first-, second-, third-, or 1109 

fourth- and higher-parity), and interaction between time and parity on plasma ePE or ePC 1110 

concentrations from 2 weeks before to 2 weeks after ovulation. The letters above each 1111 

time point represent the results of the Tukey–Kramer test to evaluate the effect of parity 1112 

in each time; for example, “3 vs 124” indicates a difference (P < 0.05) between third-1113 

parity cows and first-, second-, and fourth- or higher-parity cows, whereas “ND” indicates 1114 

no difference among the different parities. 1115 
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Fig. 7. Relationships of the plasma ethanolamine ether phospholipid (ePE) concentration 1150 

on the day of first postpartum ovulation with either the age in months (A), body weight 1151 

(B), daily milk yield (C), milk fat percentage (D), dry matter intake (E), energy balance 1152 

(F), blood cholesterol concentration (G), and blood urea nitrogen concentration (H). The 1153 

header of each graph represents the results of the Pearson correlation coefficient (A) or 1154 

ANCOVA model, including the effects of parity, measurements as shown as the label of 1155 

each X-axis, and the interaction on plasma ePE concentrations. The light blue, grey, black, 1156 

and red dots indicate first-, second-, third-, fourth,- or higher-parity cows. Regression 1157 

lines shown for the pair indicates significant correlation. 1158 
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Fig. 8. Relationships of the plasma choline ether phospholipid (ePC) concentration on the 1195 

day of first postpartum ovulation with either the age in months (A), body weight (B), 1196 

daily milk yield (C), milk fat percentage (D), dry matter intake (E), and energy balance 1197 

(F). The header of each graph represents the results of the Pearson correlation coefficient 1198 

(A) or ANCOVA model, including the effects of parity, measurements as shown as the 1199 

label of each X-axis, and the interaction on plasma ePC concentrations. The light blue, 1200 

grey, black, and red dots indicate first-, second-, third-, fourth-, or higher-parity cows. 1201 

Regression lines shown for the pair indicate significant correlation. 1202 
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Fig. 9. Relationships of the plasma concentration of ethanolamine ether phospholipid 1205 

(ePE) with the plasma concentration of choline ether phospholipid (ePC) at the early 1206 

luteal phase after first postpartum ovulation (A). Relationships of the days from 1207 

parturition to postpartum first ovulation and the days from parturition to conception (B). 1208 

Relationships of the plasma concentration of ePE or ePC with either plasma concentration 1209 

of FSH (C and F), LH (D and G), or AMH (E and H) at the early luteal phase after the 1210 

first postpartum ovulation. The header of each graph represents the results of the Pearson 1211 

correlation coefficient or ANCOVA model, including the effects of parity, measurements 1212 

as shown as the label of each X-axis, and the interaction on plasma LH, FSH, or AMH 1213 

concentrations. The light blue, grey, black, and red dots indicate first-, second-, third-, 1214 

fourth-, or higher-parity cows. Regression lines shown for the pair indicate significant 1215 

correlation. 1216 


