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Abstract.  The aim of the present study was to investigate nutritional and metabolic parameters during the dry and early 
postpartum periods of ovulatory and anovulatory cows, as well as their postpartum reproductive performance. Blood samples 
from 20 multiparous Holstein cows were collected once a week from the far-off dry period to 3 weeks postpartum. Early 
postpartum (0–3 weeks) ovulation was confirmed using plasma progesterone concentration profiles, and cows were considered 
ovulatory if they had resumed luteal activity by this point (n = 9), whereas cows that had not were considered anovulatory (n = 
11). Data from the ovulatory and anovulatory cows were analyzed separately for the far-off dry period (7–4 weeks prepartum), 
the close-up dry period (3–1 weeks prepartum), and the early postpartum period (0–3 weeks). Serum gamma-glutamyl 
transpeptidase activity (far-off, P = 0.065; close-up, P = 0.051; and early postpartum, P = 0.030) and aspartate aminotransferase 
(close-up, P = 0.050 and early postpartum, P = 0.087) activities were higher in anovulatory than in ovulatory cows. The days 
open period was longer (P = 0.019) in anovulatory than in ovulatory cows, and the number of artificial inseminations per 
conception (P = 0.025) was greater. In conclusion, we found that continuously high gamma-glutamyl transpeptidase activities 
in serum, which may be induced by liver disorders, prevent subsequent ovulation and affect subsequent fertility, even if cows 
obtain sufficient ovulation-related energy and β-carotene.
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The resumption of ovarian activity plays a crucial role in subsequent 
fertility [1, 2], and in dairy cows, the time until first postpartum 

ovulation is positively correlated to the resumption of normal ovarian 
function, first service, and conception rate [2, 3]. Our previous study 
showed that during the first postpartum follicular wave, ovulatory 
cows resume ovarian function more quickly and, subsequently, 
exhibit reproductive performances that are superior to those of 
anovulatory cows [4].

Dairy cows experience a negative energy balance after parturition, 
which is caused by insufficient feed intake that is required to provide 

the energy necessary for milk production. [5]. In cows falling into 
negative energy balance, a typical metabolic profile includes elevated 
concentrations of growth hormone (GH) and non-esterified fatty acid 
(NEFA), as well as depressed concentrations of glucose, insulin, and 
insulin-like growth factor-I (IGF-1), all of which are associated with 
ovarian activity [6–8]. In addition, previous studies have reported 
that circulating IGF-1 and glucose concentrations are higher, and GH 
concentrations lower, in ovulatory cows than in anovulatory cows 
during the first postpartum follicular wave [9, 10]. Moreover, cows 
that exhibit increased lipolysis are at a higher risk of developing 
fatty liver or hepatic lipidosis [11], and cows with severe fatty liver 
exhibit lower fertility [12].

β-Carotene plays a role in the reproductive performance of dairy 
cows, and a positive relationship between supplemental β-carotene 
and reproductive performance has been demonstrated in many studies 
[13]. In addition, although β-carotene concentrations generally 
decline throughout the dry period, due to colostrum formation and 
decreased feed intake [14–16], lower concentrations are found in 
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anovulatory cows than in ovulatory cows [17]. Our recent study 
showed that β-carotene supplementation during the close-up dry 
period increases the number of ovulatory cows by 3 weeks postpartum 
[18]. Therefore, metabolic status during the early postpartum period 
and β-carotene levels during the close-up dry period are associated 
with reproductive performance in dairy cows.

In addition, de Feu et al. [19] found that eliminating the dry 
period advanced first postpartum ovulation, but a high-energy diet 
after parturition had no effect on the onset of the ovarian cycle. 
Moreover, Cavestany et al. [20, 21] found that a highly supplemented 
prepartum diet also advanced first ovulation, and another one of 
our previous studies [22] showed that postpartum ovarian function 
is crucially influenced by energy status during the dry period. The 
results of these studies suggest that the energy supply during the dry 
period critically affects nutrient partitioning, metabolism, and the 
reproductive axis. However, to our knowledge, no studies exist that 
have conducted long-term monitoring of the effects of prepartum 
nutritional and metabolic status on postpartum fertility.

Therefore, to define how nutrition and metabolism from the 
far-off dry period to the early postpartum period are associated with 
the resumption of ovarian activity in dairy cows, we investigated 
nutritional and metabolic parameters in ovulatory and anovulatory 
cows. In addition, reproductive performance after parturition was 
evaluated for both ovulatory and anovulatory cows.

Materials and Methods

Animals
Our experimental procedures complied with the Guide for the 

Care and Use of Agricultural Animals of Obihiro University. The 
experiment was conducted at the Field Center of Animal Science 
and Agriculture, Obihiro University of Agriculture and Veterinary 
Medicine, Obihiro, Japan. We used 20 multiparous Holstein cows 
that had calved between January and June of 2008 and January and 
June of 2009. The body weight and body condition score (BCS) of 
cows at the beginning of the experiment were 681.2 ± 84.2 kg and 
2.84 ± 0.39, respectively. The BCS was assessed on a scale of 0 to 
5, with 0.25 intervals (0 = thin and 5 = very fat) [23].

The cows were fed a total mixed ration that consisted of grass, 
corn silage, and concentrate during the dry period (far-off dry period, 
dry matter [DM] basis: 109 g crude protein [CP]/kg and 6.2 MJ 
net energy for lactation [NEL]/kg; close-up dry period, DM basis: 
127 g CP/kg and 6.6 MJ NEL/kg). After parturition, the cows were 
housed in a free-stall barn and fed the total mixed ration (DM basis: 
155 g CP/kg and 6.2 MJ NEL/kg). Milking was performed twice 
daily at 0500 and 1700 h, and the average 305-day milk yield of 
the herd was approximately 9,800 kg. We recorded the daily milk 
yield, total milk yield during the previous lactation, length of dry 
period, calving difficulty, and any diagnoses of peripartum disease 
for all experimental cows.

Blood sampling
Blood samples were obtained 2–3 h before feeding by caudal 

venipuncture once a week from the far-off dry period to 3 weeks 
postpartum; the parturient week (week 0) was the period 0 to 6 
days postpartum. For β-carotene and biochemical analyses, we used 

unheparinized, silicone-coated 9-ml tubes (Venoject®, Autosep®, Gel 
+ Clot. Act., VP-AS109K; Terumo, Tokyo, Japan). For progesterone 
(P4), GH, and IGF-1 analyses, we used sterile 10-ml tubes that 
contained 200 µl stabilizer solution (0.3 M EDTA and 1% acetyl 
salicylic acid, pH 7.4). Blood samples collected for serum analyses 
were coagulated for 15 min at 38°C in an incubator. For hematocrit 
(Ht), anticoagulated blood was analyzed shortly after collection 
using an automatic cell counter (MEK-6358; Nihon Kohden, Tokyo, 
Japan). All tubes were centrifuged at 2000 × g for 20 min at 4°C, and 
the serum and plasma samples were kept at –30 °C until analysis. 
In addition, BCS was also assessed whenever blood samples were 
taken. The same experimenter performed both tasks.

Determination of ovulation
A plasma P4 concentration over 1 ng/ml was set as the benchmark 

for luteal activity in the experimental cows [24]. Cows that resumed 
luteal activity by 3 weeks postpartum were considered ovulatory, 
whereas those that had not were considered anovulatory.

Artificial Insemination
Cows were artificially inseminated at observed estrus after 50 

days postpartum. Artificial inseminations (AIs) were carried out 
from spring to autumn in both 2008 and 2009 and were performed 
either once or twice per estrus, using one of 6 frozen bull semen 
samples. For each AI, a 0.5 ml aliquot of frozen-thawed semen was 
used. Cows with clear vaginal mucous discharge and internal signs 
of estrus (detected by rectal palpation) were considered in estrus. 
Cows in estrus were artificially inseminated within 6 hours after estrus 
detection, and ovulation was confirmed next day. If there were apparent 
reproductive disorders (cystic follicles or anovulation), hormonal 
treatment with 25 mg prostaglandin F2α (Dinoprost tromethamine, 
Veterinary Pronalgon F injection; Zoetis Japan, Tokyo, Japan), and 
100 μg gonadotropin-releasing hormone (Fertirelin acetate, Conceral; 
Intervet, Osaka, Japan) was applied after 120 days postpartum. 
Conception was confirmed using ultrasonography (HS-1500V; Honda 
Electronics, Aichi, Japan) at 60 days after each AI.

Measurement of β-carotene, hormones, and metabolites
Serum β-carotene concentrations were measured as described 

previously [25], after one-step denaturation and extraction into 
an organic solvent, using the iEx™ assay system and a carotene 
photometer (iCheck™; BioAnalyt GmbH, Teltow, Germany). The 
extraction efficiency was > 95% and the intra- and inter-assay 
coefficients of variation (CVs) averaged 7.4% and 8.3%, respectively.

Plasma P4 concentrations were determined using enzyme im-
munoassay (EIA) after extraction with diethyl ether, as described 
previously [26]; the extraction efficiency was 90%. The standard 
curve ranged from 0.05 to 50 ng/ml, the mean intra- and inter-assay 
CVs were 6.0% and 9.2%, respectively, and the 50% effective dose 
(ED50) of the assay was 0.78 ng/ml.

Plasma GH concentrations were also determined using EIA and 
biotin-streptavidin amplification [10]. The standard curve ranged 
from 0.78 to 100 ng/ml, the mean intra- and inter-assay CVs were 
8.2% and 8.9%, respectively, and the ED50 was 3.1 ng/ml.

The total plasma IGF-1 concentration was determined using the 
same method as that for plasma GH [10], after protein extraction with 
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an acid-ethanol solution (87.5% ethanol and 12.5% 2N hydrochloric 
acid) to obtain IGF-1 free from binding proteins [27]. The IGF-1 
standard curve ranged from 0.39 to 50 ng/ml, the mean intra- and 
inter-assay CVs were 5.9% and 6.1%, respectively, and the ED50 
was 4.8 ng/ml.

Serum concentrations of glucose, NEFA, b-hydroxybutyric acid 
(BHBA), total protein, albumin, total cholesterol (T-cho), aspartate 
aminotransferase (AST), and gamma-glutamyl transpeptidase (GGT) 
were measured using a clinical chemistry automated analyzer 
(TBA120FR; Toshiba Medical Systems, Tochigi, Japan). In addition, 
for serum samples, other than those taken during the far-off period of 
one cow in each group, low-density lipoprotein cholesterol (LDL-cho), 
high-density lipoprotein cholesterol (HDL-cho) and triglyceride (TG) 
concentrations were measured using a clinical chemistry automated 
analyzer (TBA120FR; Toshiba Medical Systems), in order to evaluate 
lipid metabolism and liver function. Globulin levels were calculated 
as the difference between total protein and albumin, after which the 
albumin/globulin ratio (A/G) was calculated.

Statistical analysis
The actual length of the dry period ranged from 56 to 106 days, 

so we used data from 7 weeks to 1 week prepartum as the dry period 
for analysis, whereas data from 7 to 4 weeks prepartum, 3 weeks to 
1 week prepartum, and 0 to 3 weeks postpartum were used as the 
far-off dry period, the close-up dry period, and the early postpartum 
period, respectively. The data were analyzed separately for the far-off 
dry period, close-up dry period, and early postpartum period, using 
StatView (StatView 5.0 software, Abacus Concepts; Berkeley, CA, 
USA) and the repeated-measures ANOVA procedure, which included 
time (week in each period), group (ovulatory or anovulatory), and 
individual cows as the repeated subjects. Moreover, the significance of 
time (week) within each group was analyzed using the Tukey-Kramer 
test. The Kolmogorov-Smirnov test (SAS Enterprise Guide version 
4.3; SAS Institute, Cary, NC, USA) was used to verify that the data 
had normal distributions.

Differences in the disease diagnosis of ovulatory and anovulatory 
cows during the previous lactation period and 3 weeks postpartum, 
as well as the conception rate of the first AI, were analyzed using 
chi-square tests. Depending on whether the normality assumption 

was met, between-group differences in the means of all other data 
were analyzed using the Student’s t-test, Welch’s t-test, or Wilcoxon’s 
signed rank test (SAS Enterprise Guide version 4.3; SAS Institute). The 
results are expressed as percentages or means ± standard deviations 
(SDs), and probabilities of P < 0.05 were considered significant.

Results

By 3 weeks postpartum, 9 (45.0%) of the cows were ovulatory, 
and 11 (55.0%) were anovulatory. No difference was found between 
the parity, length of dry period, calving difficulty, or daily or total 
milk yield during the previous lactation and 30 days postpartum 
during the present lactation period of ovulatory and anovulatory cows 
(Table 1). One ovulatory and one anovulatory cow easily calved with 
human assistance, whereas all other cows had unassisted calving. 
Five ovulatory cows were diseased during the previous lactation 
(n = 1, mastitis; n = 2, mastitis and lameness; n = 1, lameness; 
n = 1, ketosis) and 3 were diseased 3 weeks postpartum (n = 1, 
hypocalcemia; n = 2, mastitis), whereas in anovulatory cows, 9 
were diseased during the previous lactation (n = 3, mastitis; n = 3, 
mastitis and lameness; n = 2, mastitis and ketosis; n = 1, lameness) 
and 7 were diseased 3 weeks postpartum (n = 1, hypocalcemia; n = 
6, mastitis). No significant differences were observed between the 
two groups (Table 1).

During the far-off dry period, serum GGT activities (P = 0.065) 
and TG concentrations (P = 0.065) tended to be higher and serum 
β-carotene concentrations tended to be lower (P = 0.092) in anovulatory 
cows than in ovulatory cows (Fig. 1). Furthermore, a significant 
treatment and time effect was observed for T-cho concentrations (P = 
0.022) and GGT activities (P = 0.047) during the far-off dry period, 
and the decreases of serum T-cho concentrations and GGT activities 
during the far-off dry period were greater in anovulatory cows than 
in ovulatory cows. During the close-up dry period, the serum AST 
(P = 0.050) and GGT (P = 0.051) activities tended to be higher in 
anovulatory than in ovulatory cows, and a significant treatment and 
time effect was observed for serum TG concentrations (P = 0.033). 
In addition, the serum TG concentrations increased gradually as the 
calving day approached in ovulatory cows, whereas its concentration 
did not change in anovulatory cows. After calving, serum AST (P = 

Table 1. Parity, dry period, calving difficulty, milk yield, and disease diagnosis in ovulatory and anovulatory cows

Ovulatory cows (n = 9) Anovulatory cows (n = 11) P-value
Parity 1.7 ± 0.9 2.0 ± 1.1 0.537
Dry period (days) 76.9 ± 15.8 68.5 ± 11.8 0.189
Calving difficulty * 1.1 ± 0.3 1.1 ± 0.3 0.942
Daily milk yield during previous lactation (kg) 30.3 ± 3.9 32.9 ± 5.5 0.230
Total milk yield during previous lactation (kg) 9,087.0 ± 1,465.9 10,241 ± 2,296.1 0.209
Daily milk yield by 30 days postpartum during present lactation (kg) 42.6 ± 3.6 41.3 ± 6.9 0.632
Total milk yield by 30 days postpartum during present lactation (kg) 1,022.2 ± 86.4 992.4 ± 165.8 0.632
Number of cows with disease during previous lactation 5 (55.6%) 9 (81.8%) 0.336
Number of cows with disease during 3 weeks postpartum 3 (33.3%) 7 (63.6%) 0.370

Values are presented as means ± SDs. Significance was set at P < 0.05. * 1, unassisted birth (natural, without human assistance); 2, easy calving with 
human assistance; 3, difficult calving with a few humans; 4, dystocia (requiring considerably more force than normal); and 5, surgical treatment 
or death of cow.
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0.087) and GGT (P = 0.030) activities were higher in anovulatory 
than in ovulatory cows. However, no significant differences were 
observed between ovulatory and anovulatory cows with regard to 
the other variables.

Two cows did not receive AI because of mastitis (ovulatory 
cows, n = 1; anovulatory cows, n = 1), so the data from these cows 
were excluded from the fertility analysis. In addition, five cows did 
not conceive during the lactation period (ovulatory cows, n = 2; 
anovulatory cows, n = 3), so data from these cows were excluded 
from the analyses of AI number per conception and days open. The 
conception rate after the first AI tended to be higher in ovulatory 
cows than in anovulatory cows (P = 0.054), although the number 
of days to the first AI did not differ between the two groups (Table 
2). Anovulatory cows had a longer days open period than ovulatory 
cows (P = 0.019), and the number of AIs per conception was greater 
in anovulatory cows than in ovulatory cows (P = 0.025; Table 2).

Discussion

Anovulatory cows exhibited higher serum GGT activity than 
ovulatory cows from the far-off dry period to the early postpartum 
period. On the other hand, the energy status (including glucose, 
GH, and IGF-1 levels), which has been associated with the onset 
of ovarian activity after calving, did not differ between two groups. 
The peripartum blood level of IGF-1 is positively and closely related 
with the first postpartum ovulation [9, 10, 22, 28], and the results 
of our previous study [17] showed that ovulatory cows exhibit 
higher plasma β-carotene concentrations than anovulatory cows 
during the close-up dry period. However, in the present study, the 
plasma IGF-1 and serum β-carotene concentrations did not differ 
significantly during the close-up dry period or early postpartum 
period of either ovulatory or anovulatory cows. Generally, plasma 
IGF-1 concentrations are positively correlated with the level of 

feed intake [7], and decreases in plasma β-carotene during the 
dry period [15–17] reflect a decrease in feed intake, since pasture 
and high quality forage are rich in β-carotene [29]. Therefore, our 
results suggest that the energy status of ovulatory and anovulatory 
cows were similar throughout the dry and early postpartum periods.

This outcome implies that both groups obtained sufficient β-carotene 
from their feed, although the serum β-carotene concentration in 
the far-off dry period was slightly higher for ovulatory cows than 
anovulatory cows. Thus, the present study also shows that the energy 
status of ovulatory and anovulatory cows was better than in previous 
studies [14, 16, 17, 30].

Apolipoproteins, which include very low-density lipoprotein 
(VLDL), LDL, and HDL, are mainly synthesized in the liver, whereas 
the major lipids of VLDL are TG [31]. Therefore, T-cho, LDL-cho, 
HDL-cho, and TG concentrations in the serum are reflective of 
liver function. In the present study, we found that liver function 
did not differ between ovulatory and anovulatory cows, since the 
concentrations of the above markers were similar in both groups. 
In addition, we assumed that mobilization from adipose tissue to 
the liver and lipid metabolism in the liver were similar between the 
two groups in serum NEFA and BHBA concentrations.

In addition, milk yield did not differ between ovulatory and 
anovulatory cows, again indicating that ovulatory and anovulatory 
cows shared the same energy status. However, although previous 
studies revealed the relationship between energy status during 
the peripartum period and the onset of the ovarian activity after 
parturition [9, 10, 17, 22, 28], the present study did not reveal the 
same relationship. This could be because previous studies did not 
measure blood GGT activity [10, 19–21] or because the differ-
ences of GGT activity in ovulatory and anovulatory cows were not 
confirmed [22]. Furthermore, cows with hepatic loads, which are 
induced by the mobilization of body fat and the accumulation of 
triglycerides in the liver, have been shown to exhibit delayed first 
ovulation after calving [32], as well as hampered oocyte maturation 
and developmental competence [33]. Therefore, cows without liver 
disorders exhibited high GGT activity, and the energy status could 
be the main factor that induces earlier resumption of ovarian activity 
after calving. On the other hand, cows with long-term elevated GGT 
activity, which can be induced by liver disorders, could delay first 
postpartum ovulation, even if cows are provided with ideal feed.

In the present study, we were not able to determine the cause of 
liver disorders, such as high GGT activities. However, previous studies 
have shown that plasma GGT and AST activities increase in cows with 
severe fatty livers [34], and that cows with fatty livers exhibit high 
blood NEFA and BHBA concentrations [35–37]. In addition, blood 
AST activity is higher in cows with mildly fatty livers than in healthy 
cows, even though their blood NEFA and BHBA concentrations are 
similar [38]. Moreover, serum TG concentrations decrease during 
the peripartum period [39–41], since greater fat mobilization from 

Fig. 1. Comparisons of nutritional and metabolic from the far-off dry period to the early postpartum period in ovulatory and anovulatory cows (open, 
ovulatory cows [n = 9]; solid, anovulatory cows [n = 11]). Values are presented as means ± SDs. Data were analyzed separately for the far-off 
dry period, the close-up dry period, and the early postpartum period, using the repeated-measures ANOVA procedure, which included time (week 
in each period), group (ovulatory and anovulatory cows), and individual cows as the repeated subjects. Moreover, the significant effect of time 
(week) within each group was analyzed using the Tukey-Kramer test. P values indicate differences between ovulatory and anovulatory cows or 
significant time and group effect. The letters a and b indicate differences of P < 0.05 among ovulatory cows in each period, whereas x, y, and z 
indicate differences of P < 0.05 among anovulatory cows in each period.

Table 2. Comparison of variables related to conception from artificial 
insemination (AI) in ovulatory and anovulatory cows

Ovulatory 
cows

Anovulatory 
cows P-value

Number of cows for analysis 8 10
Days to first AI 79.4 ± 20.3 79.0 ± 9.4 0.963
Conception rate of first AI 75% (6/8) 20% (2/10) 0.054
Number of cows for analysis 6 7
Days open 77.0 ± 15.7 145.4 ± 56.9 0.019
Number of AI per conception 1.0 ± 0.0 2.6 ± 1.4 0.025

Values are presented as means ± SDs. Two cows did not receive AI 
because of mastitis (ovulatory cows, n = 1; anovulatory cows, n = 1), 
so the data from these cows were excluded from the fertility analysis. 
Significance was set at P < 0.05.
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adipose tissue to the liver is induced to compensate for negative 
energy balance. This led to the accumulation of TG in the liver and 
the secretion of VLDL, which transports TG from the liver, which 
is low compared with TG synthesis in the liver [31, 42].

In addition, serum NEFA and BHBA concentrations did not differ 
during the dry period for either ovulatory or anovulatory cows, 
and TG concentrations tended to be higher during the far-off dry 
period in anovulatory cows, whereas serum AST activities tended 
to be higher during the close-up dry period and early postpartum 
period. Thus, the present study indicates that the high GGT activity 
observed in anovulatory cows may not have been caused by fatty 
liver. However, liver disorders, including hepatitis, degeneration, 
and telangiectasia, are all more common in cows with fatty livers 
[43]. Therefore, anovulatory cows with higher GGT activity may 
be more likely to acquire such disorders. Further studies are needed 
to investigate the causes of continuous high GGT activity and to 
determine strategies for improving liver function.

Postpartum reproductive performance is greater in ovulatory 
cows than in anovulatory cows, and the ratio of abnormal cycles is 
higher in anovulatory cows than in ovulatory cows [4]. Furthermore, 
abnormal ovarian cycles before service negatively affect reproductive 
performance by increasing the interval until first AI and by lowering 
the pregnancy rate [44]. In addition, early resumption of ovarian 
activity and increased ovarian cycles before AI may be related to 
reproductive performance [45].

In the present study, ovulation by 3 weeks postpartum was as-
sociated with high fertility, supporting the results of previous work 
[2–4]. Moreover, cows with liver disorders exhibited higher GGT 
activity in follicular fluid, as well as a negative correlation between 
the GGT activity of the follicular fluid and the rate of blastocyst 
formation after in vitro fertilization [43]. Sarentonglaga et al. [43] 
concluded that higher GGT activity in follicular fluid causes a reduced 
glutathione concentration in oocytes and embryos, which results in 
a decrease in the anti-oxidative capability of the resultant embryos. 
Thus, oocytes from cows with damaged livers exhibit reduced ability 
to reach the blastocyst stage [46].

Moreover, Tanaka et al. [47] showed that delayed meiotic matura-
tion of oocytes in dairy cows with damaged livers is induced by 
slow gap junctional communication closure between oocytes and 
cumulus cells, which results in lower fertility. Furthermore, cows 
with damaged livers exhibit lower concentrations of growth factors 
in their follicular fluid, compared with those of cows with healthy 
livers [48]. Therefore, in the present study, the higher GGT activity 
during the far-off dry period could have continued until AI, although 
we did not measure the serum GGT activity before AI.

In conclusion, continuously high GGT activities in the serum, 
which may be induced by liver disorders, prevent ovulation in the 
latter time frame and affect subsequent fertility, even if cows obtain 
sufficient ovulation-related energy and β-carotene. It is clear that 
sufficient energy is a major factor necessary for the improvement 
of reproductive function in peripartum dairy cows; however, once 
a cow acquires a liver disorder, reproductive performance might be 
negatively affected, even if the energy status is improved.

Acknowledgments

We thank Dr Kiyoshi Okuda (Okayama University, Japan; cur-
rently of Obihiro University of Agriculture and Veterinary Medi-
cine, Japan) for the P4 antiserum and Dr Parlow (National Institute 
of Diabetes and Digestive Kidney Diseases) for the GH standard 
and the GH and IGF-I antisera. This study was supported by a 
Grant-in-Aid for Scientific Research (C; Grant number: 19580320) 
and the Global COE program from the Japan Society for the Pro-
motion of Science.

References

 1. Lucy MC, Staples CR, Thatcher WW, Erickson PS, Cleale RM, Firkins JL, Clark 
JH, Murphy MR, Brodie BO. Influence of diet composition, dry matter intake, milk 
production and fertility in dairy cows. Anim Prod 1992; 54: 323–331.  [CrossRef]

 2. Darwash AO, Lamming GE, Woolliams JA. The phenotypic association between the 
interval to post-partum ovulation and traditional measures of fertility in dairy cattle. Anim 
Sci 1997; 65: 9–16.  [CrossRef]

 3. Senatore EM, Butler WR, Oltenacu PA. Relationship between energy balance and 
postpartum ovarian activity and fertility in first lactation dairy cows. Anim Sci 1996; 62: 
17–23.  [CrossRef]

 4. Kawashima C, Kaneko E, Amaya Montoya C, Matsui M, Yamagishi N, Matsunaga 
N, Ishii M, Kida K, Miyake Y, Miyamoto A. Relationship between the first ovulation 
within three weeks postpartum and subsequent ovarian cycles and fertility in high produc-
ing dairy cows. J Reprod Dev 2006; 52: 479–486. [Medline]  [CrossRef]

 5. Roche JF, Mackey D, Diskin MD. Reproductive management of postpartum cows. Anim 
Reprod Sci 2000; 60–61: 703–712. [Medline]  [CrossRef]

 6. Butler WR. Nutritional interactions with reproductive performance in dairy cattle. Anim 
Reprod Sci 2000; 60–61: 449–457. [Medline]  [CrossRef]

 7. Armstrong DG, Gong JG, Webb R. Interactions between nutrition and ovarian activ-
ity in cattle: physiological, cellular and molecular mechanisms. Reprod Suppl 2003; 
61(Suppl): 403–414. [Medline]

 8. Lucy MC. Mechanisms linking nutrition and reproduction in postpartum cows. Reprod 
Suppl 2003; 61(Suppl): 415–427. [Medline]

 9. Beam SW, Butler WR. Energy balance, metabolic hormones, and early postpartum 
follicular development in dairy cows fed prilled lipid. J Dairy Sci 1998; 81: 121–131. 
[Medline]  [CrossRef]

 10. Kawashima C, Fukihara S, Maeda M, Kaneko E, Montoya CA, Matsui M, Shimizu 
T, Matsunaga N, Kida K, Miyake Y, Schams D, Miyamoto A. Relationship between 
metabolic hormones and ovulation of dominant follicle during the first follicular wave 
post-partum in high-producing dairy cows. Reproduction 2007; 133: 155–163. [Medline]  
[CrossRef]

 11. van den Top AM, Wensing T, Geelen MJ, Wentink GH, van’t Klooster AT, Beynen 
AC. Time trends of plasma lipids and enzymes synthesizing hepatic triacylglycerol during 
postpartum development of fatty liver in dairy cows. J Dairy Sci 1995; 78: 2208–2220. 
[Medline]  [CrossRef]

 12. Jorritsma R, Jorritsma H, Schukken YH, Wentink GH. Relationships between fatty 
liver and fertility and some periparturient diseases in commercial Dutch dairy herds. The-
riogenology 2000; 54: 1065–1074. [Medline]  [CrossRef]

 13. Hurley WL, Doane RM. Recent developments in the roles of vitamins and minerals in 
reproduction. J Dairy Sci 1989; 72: 784–804. [Medline]  [CrossRef]

 14. Johnston LA, Chew BP. Peripartum changes of plasma and milk vitamin A and beta-
carotene among dairy cows with or without mastitis. J Dairy Sci 1984; 67: 1832–1840. 
[Medline]  [CrossRef]

 15. Michal JJ, Heirman LR, Wong TS, Chew BP, Frigg M, Volker L. Modulatory effects 
of dietary beta-carotene on blood and mammary leukocyte function in periparturient dairy 
cows. J Dairy Sci 1994; 77: 1408–1421. [Medline]  [CrossRef]

 16. Calderón F, Chauveau-Duriot B, Martin B, Graulet B, Doreau M, Nozière P. Varia-
tions in carotenoids, vitamins A and E, and color in cow’s plasma and milk during late 
pregnancy and the first three months of lactation. J Dairy Sci 2007; 90: 2335–2346. 
[Medline]  [CrossRef]

 17. Kawashima C, Kida K, Schweigert FJ, Miyamoto A. Relationship between plasma 
beta-carotene concentrations during the peripartum period and ovulation in the first fol-
licular wave postpartum in dairy cows. Anim Reprod Sci 2009; 111: 105–111. [Medline]  
[CrossRef]

 18. Kawashima C, Nagashima S, Sawada K, Schweigert FJ, Miyamoto A, Kida K. Effect 
of β-carotene supply during close-up dry period on the onset of first postpartum luteal 

http://dx.doi.org/10.1017/S0003356100020778
http://dx.doi.org/10.1017/S1357729800016234
http://dx.doi.org/10.1017/S1357729800014260
http://www.ncbi.nlm.nih.gov/pubmed/16627955?dopt=Abstract
http://dx.doi.org/10.1262/jrd.18003
http://www.ncbi.nlm.nih.gov/pubmed/10844236?dopt=Abstract
http://dx.doi.org/10.1016/S0378-4320(00)00107-X
http://www.ncbi.nlm.nih.gov/pubmed/10844215?dopt=Abstract
http://dx.doi.org/10.1016/S0378-4320(00)00076-2
http://www.ncbi.nlm.nih.gov/pubmed/14635951?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14635952?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9493087?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(98)75559-6
http://www.ncbi.nlm.nih.gov/pubmed/17244742?dopt=Abstract
http://dx.doi.org/10.1530/REP-06-0046
http://www.ncbi.nlm.nih.gov/pubmed/8598405?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(95)76848-5
http://www.ncbi.nlm.nih.gov/pubmed/11131325?dopt=Abstract
http://dx.doi.org/10.1016/S0093-691X(00)00415-5
http://www.ncbi.nlm.nih.gov/pubmed/2654228?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(89)79170-0
http://www.ncbi.nlm.nih.gov/pubmed/6480965?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(84)81511-8
http://www.ncbi.nlm.nih.gov/pubmed/8046080?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(94)77079-X
http://www.ncbi.nlm.nih.gov/pubmed/17430936?dopt=Abstract
http://dx.doi.org/10.3168/jds.2006-630
http://www.ncbi.nlm.nih.gov/pubmed/18359584?dopt=Abstract
http://dx.doi.org/10.1016/j.anireprosci.2008.02.008


PREPARTUM GGT ACTIVITY AND FERTILITY 295

activity in dairy cows. Reprod Domest Anim 2010; 45: e282–e287. [Medline]  [CrossRef]
 19. de Feu MA, Evans AC, Lonergan P, Butler ST. The effect of dry period duration and 

dietary energy density on milk production, bioenergetic status, and postpartum ovarian 
function in Holstein-Friesian dairy cows. J Dairy Sci 2009; 92: 6011–6022. [Medline]  
[CrossRef]

 20. Cavestany D, Kulcsár M, Crespi D, Chilliard Y, La Manna A, Balogh O, Keresztes 
M, Delavaud C, Huszenicza G, Meikle A. Effect of prepartum energetic supplementation 
on productive and reproductive characteristics, and metabolic and hormonal profiles in 
dairy cows under grazing conditions. Reprod Domest Anim 2009; 44: 663–671. [Medline]  
[CrossRef]

 21. Cavestany D, Viñoles C, Crowe MA, La Manna A, Mendoza A. Effect of prepartum 
diet on postpartum ovarian activity in Holstein cows in a pasture-based dairy system. Anim 
Reprod Sci 2009; 114: 1–13. [Medline]  [CrossRef]

 22. Castro N, Kawashima C, van Dorland HA, Morel I, Miyamoto A, Bruckmaier RM. 
Metabolic and energy status during the dry period is crucial for the resumption of ovarian 
activity postpartum in dairy cows. J Dairy Sci 2012; 95: 5804–5812. [Medline] [CrossRef]

 23. Ferguson JD, Galligan DT, Thomsen N. Principal descriptors of body condition score in 
Holstein cows. J Dairy Sci 1994; 77: 2695–2703. [Medline]  [CrossRef]

 24. Stevenson JS, Britt JH. Relationships among luteinizing hormone, estradiol, progester-
one, glucocorticoids, milk yield, body weight and postpartum ovarian activity in Holstein 
cows. J Anim Sci 1979; 48: 570–577. [Medline]

 25. Raila J, Enjalbert F, Mothes R, Hurtienne A, Schweigert FJ. Validation of a new point-
of-care assay for determination of β-carotene concentration in bovine whole blood and 
plasma. Vet Clin Pathol 2012; 41: 119–122. [Medline]

 26. Miyamoto A, Okuda K, Schweigert FJ, Schams D. Effects of basic fibroblast growth 
factor, transforming growth factor-beta and nerve growth factor on the secretory func-
tion of the bovine corpus luteum in vitro. J Endocrinol 1992; 135: 103–114. [Medline]  
[CrossRef]

 27. Daughaday WH, Mariz IK, Blethen SL. Inhibition of access of bound somatomedin to 
membrane receptor and immunobinding sites: a comparison of radioreceptor and radioim-
munoassay of somatomedin in native and acid-ethanol-extracted serum. J Clin Endocrinol 
Metab 1980; 51: 781–788. [Medline]  [CrossRef]

 28. Taylor VJ, Cheng Z, Pushpakumara PG, Beever DE, Wathes DC. Relationships 
between the plasma concentrations of insulin-like growth factor-I in dairy cows and their 
fertility and milk yield. Vet Rec 2004; 155: 583–588. [Medline]  [CrossRef]

 29. Kamimura S, Tsukamoto T, Minezaki Y, Takahashi M. Effect of processing methods 
on beta-carotene contents in forages and supplementation of synthetic beta-carotene on 
cows. Anim Sci Technol 1991; 62: 839–848.

 30. Akordor FY, Stone JB, Walton JS, Leslie KE, Buchanan-Smith JG. Reproductive 
performance of lactating Holstein cows fed supplemental beta-carotene. J Dairy Sci 1986; 
69: 2173–2178. [Medline]  [CrossRef]

 31. Bauchart D. Lipid absorption and transport in ruminants. J Dairy Sci 1993; 76: 3864–
3881. [Medline]  [CrossRef]

 32. Butler WR. Energy balance relationships with follicular development, ovulation and 
fertility in pp dairy cows. Livest Prod Sci 2003; 83: 211–218.  [CrossRef]

 33. Wathes DC, Fenwick M, Cheng Z, Bourne N, Llewellyn S, Morris DG, Kenny D, 
Murphy J, Fitzpatrick R. Influence of negative energy balance on cyclicity and fertility 
in the high producing dairy cow. Theriogenology 2007; 68(Suppl 1): S232–S241. [Med-

line]  [CrossRef]
 34. Ohtsuka H, Koiwa M, Hatsugaya A, Kudo K, Hoshi F, Itoh N, Yokota H, Okada H, 

Kawamura S. Relationship between serum TNF activity and insulin resistance in dairy 
cows affected with naturally occurring fatty liver. J Vet Med Sci 2001; 63: 1021–1025. 
[Medline]  [CrossRef]

 35. Rukkwamsuk T, Wensing T, Geelen MJ. Effect of fatty liver on hepatic gluconeogenesis 
in periparturient dairy cows. J Dairy Sci 1999; 82: 500–505. [Medline]  [CrossRef]

 36. Rukkwamsuk T, Geelen MJ, Kruip TA, Wensing T. Interrelation of fatty acid composi-
tion in adipose tissue, serum, and liver of dairy cows during the development of fatty liver 
postpartum. J Dairy Sci 2000; 83: 52–59. [Medline]  [CrossRef]

 37. Mohamed T, Oikawa S, Iwasaki Y, Mizunuma Y, Takehana K, Endoh D, Kurosawa 
T, Sato H. Metabolic profiles and bile acid extraction rate in the liver of cows with 
fasting-induced hepatic lipidosis. J Vet Med A Physiol Pathol Clin Med 2004; 51: 113–118. 
[Medline]  [CrossRef]

 38. Kalaitzakis E, Panousis N, Roubies N, Giadinis N, Kaldrymidou E, Georgiadis M, 
Karatzias H. Clinicopathological evaluation of downer dairy cows with fatty liver. Can 
Vet J 2010; 51: 615–622. [Medline]

 39. Bobe G, Ametaj BN, Young JW, Beitz DC. Effects of exogenous glucagon on lipids in 
lipoproteins and liver of lactating dairy cows. J Dairy Sci 2003; 86: 2895–2903. [Medline]  
[CrossRef]

 40. Yasuda H, Matsuzaki T, Arai N, Iida R, Koketsu Y. Profiles of lipoprotein cholesterol 
and triglyceride concentrations in periparturient cows. J Vet Epidemiol 2013; 17: 52–56. 
(In Japanese with English summary).  [CrossRef]

 41. Newman A, Mann S, Nydam DV, Overton TR, Behling-Kelly E. Impact of dietary 
plane of energy during the dry period on lipoprotein parameters in the transition period in 
dairy cattle. J Anim Physiol Anim Nutr (Berl) 2016; 100: 118–126. [Medline]

 42. Vazquez-Añon M, Bertics S, Luck M, Grummer RR, Pinheiro J. Peripartum liver 
triglyceride and plasma metabolites in dairy cows. J Dairy Sci 1994; 77: 1521–1528. 
[Medline]  [CrossRef]

 43. Sarentonglaga B, Ogata K, Taguchi Y, Kato Y, Nagao Y. The developmental potential 
of oocytes is impaired in cattle with liver abnormalities. J Reprod Dev 2013; 59: 168–173. 
[Medline]  [CrossRef]

 44. Shrestha HK, Nakao T, Suzuki T, Higaki T, Akita M. Effects of abnormal ovarian cycles 
during pre-service period postpartum on subsequent reproductive performance of high-
producing Holstein cows. Theriogenology 2004; 61: 1559–1571. [Medline] [CrossRef]

 45. Thatcher WW, Wilcox CJ. Postpartum estrus as an indicator of reproductive status in the 
dairy cow. J Dairy Sci 1973; 56: 608–610. [Medline]  [CrossRef]

 46. Iwata H, Tanaka H, Kanke T, Sakaguchi Y, Shibano K, Kuwayama T, Monji Y. Fol-
licle growth and oocyte developmental competence in cows with liver damage. Reprod 
Domest Anim 2010; 45: 888–895. [Medline]

 47. Tanaka H, Takeo S, Monji Y, Kuwayama T, Iwata H. Maternal liver damage delays 
meiotic resumption in bovine oocytes through impairment of signalling cascades 
originated from low p38MAPK activity in cumulus cells. Reprod Domest Anim 2014; 49: 
101–108. [Medline]  [CrossRef]

 48. Tanaka H, Shibano K, Monji Y, Kuwayama T, Iwata H. Liver condition affects bovine 
oocyte qualities by changing the characteristics of follicular fluid and plasma. Reprod 
Domest Anim 2013; 48: 619–626. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/20002607?dopt=Abstract
http://dx.doi.org/10.1111/j.1439-0531.2009.01558.x
http://www.ncbi.nlm.nih.gov/pubmed/19923604?dopt=Abstract
http://dx.doi.org/10.3168/jds.2009-2374
http://www.ncbi.nlm.nih.gov/pubmed/18694427?dopt=Abstract
http://dx.doi.org/10.1111/j.1439-0531.2007.01044.x
http://www.ncbi.nlm.nih.gov/pubmed/18790580?dopt=Abstract
http://dx.doi.org/10.1016/j.anireprosci.2008.08.007
http://www.ncbi.nlm.nih.gov/pubmed/22901473?dopt=Abstract
http://dx.doi.org/10.3168/jds.2012-5666
http://www.ncbi.nlm.nih.gov/pubmed/7814740?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(94)77212-X
http://www.ncbi.nlm.nih.gov/pubmed/528417?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22283596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1431675?dopt=Abstract
http://dx.doi.org/10.1677/joe.0.1350103
http://www.ncbi.nlm.nih.gov/pubmed/6998997?dopt=Abstract
http://dx.doi.org/10.1210/jcem-51-4-781
http://www.ncbi.nlm.nih.gov/pubmed/15573950?dopt=Abstract
http://dx.doi.org/10.1136/vr.155.19.583
http://www.ncbi.nlm.nih.gov/pubmed/3760305?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(86)80650-6
http://www.ncbi.nlm.nih.gov/pubmed/8132892?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(93)77728-0
http://dx.doi.org/10.1016/S0301-6226(03)00112-X
http://www.ncbi.nlm.nih.gov/pubmed/17475319?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17475319?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2007.04.006
http://www.ncbi.nlm.nih.gov/pubmed/11642272?dopt=Abstract
http://dx.doi.org/10.1292/jvms.63.1021
http://www.ncbi.nlm.nih.gov/pubmed/10194667?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(99)75260-4
http://www.ncbi.nlm.nih.gov/pubmed/10659963?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(00)74854-5
http://www.ncbi.nlm.nih.gov/pubmed/15214850?dopt=Abstract
http://dx.doi.org/10.1111/j.1439-0442.2004.00614.x
http://www.ncbi.nlm.nih.gov/pubmed/20808573?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14507025?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(03)73886-7
http://dx.doi.org/10.2743/jve.17.52
http://www.ncbi.nlm.nih.gov/pubmed/25958934?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8083410?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(94)77092-2
http://www.ncbi.nlm.nih.gov/pubmed/23291712?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2012-163
http://www.ncbi.nlm.nih.gov/pubmed/15036985?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2003.09.007
http://www.ncbi.nlm.nih.gov/pubmed/4704191?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(73)85227-0
http://www.ncbi.nlm.nih.gov/pubmed/20345590?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24102925?dopt=Abstract
http://dx.doi.org/10.1111/rda.12235
http://www.ncbi.nlm.nih.gov/pubmed/23281835?dopt=Abstract
http://dx.doi.org/10.1111/rda.12135

