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Differences in daily milk production during early pregnancy alter
placental characteristics and neonatal metabolic amino acid levels
in dairy cows

Riku MASHIMO?, Sayaka ITO" and Chiho KAWASHIMA"

UField Centre of Animal Science and Agriculture, Obihiro University of Agriculture and Veterinary Medicine,
Hokkaido 080-8555, Japan

Abstract. We investigated the effects of differences in milk production during early pregnancy on placental
characteristics at full term, calf birth weights, and their metabolic status. Thirty-four Holstein cows were categorized
into three groups (Low, n = 9; Middle, n = 16; High, n = 9) based on the quartile of average daily 4% fat-corrected
milk production during early pregnancy. The High group showed higher milk component production than the other
groups (P < 0.05) during early and mid-pregnancy. Although most placental characteristics did not differ significantly
among the groups, cows in the High group had larger individual cotyledons and fewer medium-sized cotyledons
than those in the Low group (P < 0.05). Plasma amino acid concentrations of calves in the Low and High groups
were significantly higher than those of calves in the Middle group, although calf birth weights were similar among
the groups. Furthermore, cows in the Low group had longer dry periods than those in the High (P = 0.004) and
Middle (P = 0.058) groups. This suggests that cows in the Low group may have provided more amino acids to the
fetus because of low lactation and long dry periods. Conversely, cows in the High group required more energy for
lactation during early pregnancy, which can reduce nutrient availability to the placenta and fetus; however, increasing
individual cotyledonary sizes during late pregnancy may ensure that the same amounts of amino acids as those in

n mammals, the placenta is the first organ to form during embryonic

development; it exchanges respiratory gases, nutrients, and waste
between the maternal and fetal systems throughout pregnancy [1, 2].
Therefore, proper placentation is critical for successful pregnancy [1].
In cattle, different growth patterns have been reported between the
placenta and fetus. Although the bovine placenta grows throughout
pregnancy [3], most growth occurs during early to mid-pregnancy
[4—6]. In contrast, fetal exponential growth is limited to late pregnancy
[4-6]; approximately 90% of the birth weight is obtained during
this period [5]. However, as placental and fetal weights at full term
are positively correlated in numerous species [5], placental growth
during the first two-thirds of pregnancy plays a significant role in the
subsequent trajectory of fetal growth [5, 7], thus directly influencing
birth weight [5].

Studies in beef cattle have indicated that maternal nutritional status
affects placental and fetal growth. Maternal undernutrition during
early to middle pregnancy reduces the placental and fetal weights
[8-10]. However, re-alimentation to an adequate nutritional plane
in subsequent terms results in improved placental size [8], placental
vascularity [9], uterine arterial blood flow [11, 12], and recovery of
fetal weight to the same level as cows fed a sufficiently nutritious
diet [8—11]. Furthermore, maternal protein restriction during early
pregnancy increases the cotyledonary weight and trophectoderm
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volume observed at full term [13, 14]. These reports indicate that nutri-
ent restriction during early to middle pregnancy and re-alimentation in
the subsequent period may enhance transplacental nutrient exchange
through dramatic placental growth, thus increasing fetal body weight.

In the dairy industry, feed composition is tightly controlled by
optimizing production systems, and the diets provided have met or
exceeded nutrient requirements [ 15, 16]. However, current production
systems are not conducive for fetal development [15] because the
nutritional requirements for placental and fetal growth must compete
with those for milk production [16, 17]. During pregnancy, the mam-
mary glands require more nutrients than the uterus [18]. Therefore,
lactating cows experience a greater loss of nutrients to the uterus
owing to the metabolic priority of lactation [15], which leads to a
lighter placenta and fetus compared to non-lactating cows during
early pregnancy [19]. Furthermore, high-lactating cows may have
reduced nutrient availability for placental and fetal growth compared
to low-lactating cows because of significant tissue mobilization and
nutrient availability for milk production [20]. However, few studies
have investigated the effects of differences in milk production on
placental characteristics, fetal growth, and metabolic parameters
at full term.

We hypothesized that high-lactating cows would improve fetal
nutrient availability through compensatory placental growth (increased
weight and surface area) during late pregnancy, producing calves
with heavy birth weight. This study aimed to determine whether
differences in maternal average daily milk production during early
pregnancy affect placental characteristics at full term, the birth weight
of calves, and their metabolic status.
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Materials and Methods

Experimental animals, feeding, and management

We investigated 34 Holstein-Friesian cows (parity: 14 at the
onset of the experiment) that spontaneously expelled their complete
placenta within 12 h of parturition and calved between April 2021 and
October 2022 at the Field Center of Animal Science and Agriculture,
Obihiro University of Agriculture and Veterinary Medicine, Japan.

During lactation, all cows were housed in a free-stall barn with
a paddock and milked twice daily at 0500 and 1700 h. The animals
were fed a mixed diet comprising grass silage, corn silage, and
concentrate for dairy cows at 1500 h. Approximately 2 months before
the expected calving date, cows were moved to the close-up dry
period house with a paddock after the dry-off treatment and were fed
a mixed ration comprising grass silage, corn silage, and concentrate
for dry cows at 1500 h until calving. They also had free access to
hay, minerals, and water. One week before the expected calving
date, the rectal temperature of the cows was recorded every day at
1500-1600 h. When the rectal temperature of the cows decreased
by 0.5°C compared to the previous day, the cows were moved to
individual rooms and housed until calving. The calves were separated
from their respective dams immediately after calving. The calves
were cleaned and dried using a towel, and their umbilical cords
were disinfected. The body weights of the calves were measured
and they were subsequently housed in individual pens until the
first colostrum feeding. The maternal body condition score (BCS)
at pre-calving was measured by the same operator using a scale (1
to 5) at 0.25 intervals [21]. Furthermore, the lactation period, days
open, gestation length, dry period, and level of calving difficulty
were recorded for all cows.

All experimental procedures complied with the Guide for the Care
and Use of Agricultural Animals of Obihiro University (approval
numbers: #20-224, 20-226).

Sampling and measurement of milk production and milk
components

We recorded the daily milk production of each cow from early
pregnancy (days 1-90) to mid-pregnancy (days 91-180). Milk samples
were collected monthly during the same period either in the morning
or evening. Milk samples were stored at 4°C until further analysis
and analyzed within 24 h of collection. Components such as lactose,
milk fat, and milk protein were quantified at the Tokachi Federation of
Agriculture Cooperatives (Hokkaido, Japan) using an infrared analyzer
(MikoScanTMFT+, FOSS Analytical A/S, Hillered, Denmark).

Placental collection and measurement

The total placenta was weighed immediately after expulsion. The
cotyledons were then separated from the inter-cotyledonary mem-
branes by pinching each cotyledon away from the inter-cotyledonary
membranes and cutting them with scissors. Cotyledons weighing
< 2.0 g were excluded. Individual cotyledons were then counted,
weighed, flattened on a grid sheet, and photographed for surface area
analysis using an image analysis software (ImagelJ; https://imagej.net/
software/fiji/). The weight of the inter-cotyledonary membrane was
measured after the umbilical cords were cut. The total cotyledonary
weight and surface area were calculated as the sum of all cotyledonary
weights and surface areas, respectively. Additionally, we recorded
the time interval between calving and placental expulsion.

Sampling and measurement of blood parameters
Blood samples from cows (dams) were collected by caudal

venipuncture pre-calving (2—3 weeks before the expected calving
date) and immediately after calving (within 1 h). Blood samples were
collected from the jugular veins of the calves immediately after birth
(within 1 h), before the first colostrum feeding. Non-heparinized,
silicone-coated 9 ml tubes (Venoject, Autosep, Gel + Clot. Act.,
VP-AS109K; Terumo Corporation, Tokyo, Japan) were used for
non-esterified fatty acid (NEFA), B-hydroxybutyrate (BHB), total
protein, albumin, and glucose measurements; 5 ml tubes containing
ethylenediaminetetraacetic acid (Venoject II, VP-NAO0S50K; Terumo
Corporation, Tokyo, Japan) were used for amino acid measurements.
Furthermore, sterile 9 ml tubes containing a 200 pl stabilizer solution
(0.3 mol/l EDTA-2 Na and 1% acetylsalicylic acid, pH 7.4) were used
for insulin analysis. Blood samples were collected and coagulated for
10 min at 38°C in an incubator to obtain the serum. All tubes were then
centrifuged at 2,328 x g for 15 min at 4°C, and the separated serum
and plasma samples were stored at —30°C and —80°C, respectively,
until they were subjected to NEFA, BHB, total protein, albumin,
glucose, amino acid, and insulin analyses. Serum NEFA, BHB, total
protein, albumin, and glucose concentrations were analyzed using an
automated clinical chemistry analyzer (TBA120FR; Toshiba Medical
Systems Co., Ltd., Tochigi, Japan). Plasma amino acid concentrations
were analyzed at the NTDS Cooperation (Hokkaido, Japan) using
ultra-performance liquid chromatography-mass spectrometry. Plasma
insulin concentrations in pre-calving cows were analyzed using
commercial enzyme-linked immunosorbent assay (ELISA) kits
(Bovine Insulin ELISA 10-1201-01; Mercodia, Uppsala, Sweden).
The mean intra- and inter-assay coefficients of variation were 6.27%
and 3.32%, respectively.

Insulin resistance evaluation

The insulin resistance of pre-calving cows was assessed using the
revised quantitative insulin sensitivity check index (RQUICKI), the
revised quantitative insulin sensitivity check index -hydroxybutyrate
(RQUICKIgyp), and the homeostasis model of insulin resistance
(HOMA-IR) as insulin sensitivity indices [22].

RQUICKI was calculated from serum glucose, NEFA, and plasma
insulin concentrations using the following equation [23]: RQUICK
= 1/[log (glucose; mg/dl) + log (insulin; uIU/ml)] + log (NEFA;
mmol/L)].

RQUICKIgyg was calculated from serum glucose, NEFA, BHB,
and plasma insulin concentrations using the following equation [24]:
RQUICKgyp = 1/[log (glucose; mg/dl) + log (insulin; pIU/ml) +
log (NEFA; mmol/L) + log (BHB; mmol/L)].

HOMA-IR was calculated from serum glucose and plasma insulin
concentrations using the following equation [25]: HOMA-IR =
insulin (uIU/ml) x glucose (mmol/L)/22.

Statical analysis

Based on milk production and milk fat percentage, 4% fat-corrected
milk (FCM, kg/day) production was calculated as [0.15 % milk fat
(%) + 0.4] x milk production (kg) [26]. The cows were divided into
three groups (Low group, 1-25%, n = 9; Middle group, 26—75%, n
= 16; High group, 76-100%, n = 9) based on the quartile of average
daily FCM production during early pregnancy (Fig. 1). Differences
in average daily FCM production and milk components in early and
middle pregnancy, placental measurements, maternal status (parity,
maternal BCS, lactation period, days open, gestation length, and dry
period), calving difficulty, birth weight of calves, blood parameters,
and insulin resistance among the three groups were analyzed using
Kruskal-Wallis analysis of variance on ranks (ANOVA on Ranks;
SigmaPlot® 13; Systat Software, Inc., San Jose, CA, USA), and
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Fig. 1. A diagram showing groupingsbased on the quartile of average

daily milk production during early pregnancy (conception to 90
days after conception) in the Low-, Middle-, and High-group cows.
The average daily FCM in the Low, Middle, and High groups was
25.56-30.93, 32.13-38.70, and 39.11-48.43 kg, respectively.

multiple comparisons were performed using Holm-Sidak or Dunn’s
post-hoc test (SigmaPlot® 13). The calf sex ratio in each group was
analyzed using Fisher’s exact test (SigmaPlot® 13). To investigate
the distribution of individual cotyledonary weights and surface areas
among the three groups, all data were categorized into four stages
by 25% in the order of heaviest or largest (first stage: 76—-100%;
second stage: 51-75%; third stage: 26-50%; fourth stage: 1-25%)
based on the quartile. The chi-square test was used to compare the
distribution of cotyledonary weight and surface area among groups
(SigmaPlot® 13). Differences in the percentage of each stage among
the groups were analyzed using ANOVA on Ranks (SigmaPlot®
13), and multiple comparisons were performed using Holm-Sidak
or Dunn’s post-hoc test (SigmaPlot® 13). All data were indicated
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as the mean + standard error of the mean (SEM), and statistically
significant differences were presented as P < 0.05.

Results

Milk production and milk components during early to middle
pregnancy

The average daily FCM production in early and middle pregnancy
differed significantly among the groups (P < 0.001), with the High
group producing more FCM than the Low and Middle groups (Table
1). The percentage of milk components was not significantly different
among the groups. However, the daily production of lactose, milk fat,
and milk protein in early and middle pregnancy differed significantly
among the groups (P <0.05), except for lactose production between
the Low and Middle groups in middle pregnancy (P = 0.128), with
the High group producing more than the Low and Middle groups.

Maternal status, calving difficulty, calf birth weight, and calf
sex

The parity, maternal BCS, lactation period, days open, gestation
length, dry period, calving difficulty, birth weight, and sex of the calves
in the Low, Middle, and High groups were recorded (Table 2). Cows
in the High group had a higher parity at the onset of the experiment
than those in the Low group (P = 0.002), and the Middle group had
intermediate parity (P = 0.066). Maternal BCS at pre-calving was
significantly higher in the Low group than in the Middle group (P =
0.019). Furthermore, the dry period was significantly longer in the
Low group than in the High group (P = 0.004), and longer than that
in the Middle group (P = 0.058). The dry period was also longer in
the Middle group than in the High group (P = 0.098). The lactation
period, gestation length, levels of calving difficulty, birth weight of
calves, and calf sex ratio did not differ significantly among the groups.

Table 1. 4% FCM production and milk components in early and middle pregnancy in the Low-,

Middle-, and High-group cows

Low group Middle group High group
n=9) (n=16) n=9)
Early pregnancy !
FCM production (kg/day) 30.0+0.6°¢ 36.0+05P 453+£1.0°
Lactose (%) 4.57+0.03 4.60 +0.03 4.52+£0.05
Lactose (kg/day) 136.7+5.6°¢ 166.4+£3.9° 203.8+8.62
Milk fat (%) 3.80+£0.17 3.84+0.10 3.71+0.11
Milk fat (kg/day) 1122+1.2°¢ 138.9+3.0° 1659+4.22
Milk protein (%) 3.59+0.08 3.49+0.07 3.34+0.08
Milk protein (kg/day) 1064 +2.5¢ 1263+2.9P 149.2+3.12
Milk fat to protein ratio 1.06 £ 0.03 1.10 £ 0.02 1.12+0.02
Middle pregnancy 2

FCM production (kg/day) 26.8+0.7¢ 30.9+05°b 382+1.0%
Lactose (%) 4.57+0.03 4.56 +0.03 4.51+0.04
Lactose (kg/day) 121.0+4.6" 138.1+3.3° 172.3+8.12
Milk fat (%) 3.93+£0.17 4.08+0.11 4.16+0.15
Milk fat (kg/day) 103.0£3.2¢ 1242+38P 158.0+£6.32
Milk protein (%) 3.68 £0.10 3.61+0.08 3.59+0.07
Milk protein (kg/day) 96.8£2.4° 109.4+£23"P 136.7+4.92
Milk fat-to-protein ratio 1.10+0.03 1.10 £ 0.02 1.16 £0.03

Values are presented as the means = SEM. ! Terms between conception (day 1) and day 90 after
conception. 2 Terms between day 91 and day 180 after conception. 2*¢ Different letters indicate
statistical differences among the groups (P < 0.05). FCM, milk fat-corrected milk.
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Placental characteristics

The duration of placental expulsion, total placental weight, inter-
cotyledonary membrane weight, total cotyledonary weight, total
cotyledonary surface area, and the number of cotyledons were not
significantly different among the groups (Table 3). The percentages
of the four stages (first to fourth) of cotyledonary weight (A) and
cotyledonary surface area (B) were observed in the Low, Middle, and
High groups (Fig. 2). The cotyledonary weight ranges from the first
to the fourth stage were 35.86-136.54, 22.76-35.85, 11.54-22.75,
and 2.00-11.53 g, respectively. The cotyledonary surface area ranges
from the first to the fourth stage were 87.55-282.20, 58.06-87.54,
32.40-58.05, and 5.16-32.39 cm?, respectively. The distributions of
cotyledonary weight and surface area differed significantly among
the groups (P < 0.001). When comparing each stage among the
groups, the first stage of cotyledonary weight and surface area in
the High group were significantly higher than those in the Low
group (P=0.016 and P=0.015, respectively), and were higher than
those in the Middle group (P = 0.076 and P = 0.085, respectively).
Furthermore, the third stage of cotyledonary weight in the Low group
was significantly higher than that in the High group (P=0.031) and
higher than in the Middle group (P = 0.096).

Blood parameters of the dams and their calves
The RQUICKI (Low, 0.58 + 0.04; Middle, 0.59 + 0.03; High, 0.53
+0.03, respectively), RQUICKIzyg (Low, 0.72 + 0.08; Middle, 0.74

+0.05; High, 0.67 = 0.05, respectively), and HOMA-IR (Low, 1.98 +
0.34; Middle, 1.91 £ 0.39; High, 2.29 £ 0.39, respectively) indices of
the dams at pre-calving were similar among the groups. Serum total
protein, albumin, glucose, and plasma amino acid concentrations of
the dams before calving, dams immediately after calving, and calves
immediately after birth in the Low, Middle, and High groups were
recorded (Fig. 3), and no differences were observed in the pre-calving
blood parameters of the dams among the groups. However, serum
total protein concentrations in dams immediately after calving in
the Low group were lower than those in the High group (P =0.065).
Serum concentrations of total protein, albumin, and glucose in calves
immediately after birth were similar among the groups. However,
the plasma amino acid concentrations in the calves differed among
the three groups. The concentrations of plasma total amino acids
(P < 0.05), total essential amino acids (P < 0.05), branched-chain
amino acids (P < 0.05), isoleucine (P < 0.05), and leucine (P <
0.01) were significantly higher in the Low and High groups than in
the Middle group. Furthermore, plasma non-essential amino acid
concentrations in Low-group calves were significantly higher than
those in Middle-group calves (P = 0.003), and valine concentrations
in Low-group calves were higher than in the Middle-group calves (P
=0.088). Similarly, plasma valine concentrations were significantly
higher (P = 0.019), and non-essential amino acid concentrations
were higher (P = 0.064) in the High group than in the Middle group.

Table 2. Parity, maternal BCS, lactation period, days open, gestation length, dry period, calving
difficulty, body weight of the calves at birth, and sex of the calves in the Low-, Middle-, and

High-group cows

Low group Middle group High group
n=9) (n=16) (n=9)

Parity at the onset of experiment 1.00 +0.00 ® 1.56 +0.18 2 2.56+029¢*
Maternal BCS at pre-calving ! 3.39+£0.042 3.17£0.05° 3.25+£0.06 2
Lactation period (day) 367.0+£19.2 3358+12.8 341.0£19.2
Days open (day) 147.8 £ 19.1 I1.1+£11.3 107.4 £ 19.1
Gestation length (day) 279.7+1.2 278.0+0.9 2789+13
Dry period (day) 60.6 1.4 52.7+2.8%® 44.6+3.5°
Calving difficulty 2 1.56 +0.20 1.44+0.20 1.22+0.15
Birth weight of the calves (kg) 46.6 £ 1.2 45.8+0.7 46.6 £2.1
Sex of the calves (male/female) 3/6 97 4/5

Values are presented as means + SEM. ! 2-3 weeks before the expected calving date. 2 score 1,
unassisted birth (natural, without human assistance); score 2, easy calving with human assistance;
score 3, difficult calving with few humans; score 4, dystocia (requiring much more force than normal);
and score 5, surgical treatment or death of cow. b Different letters indicate statistical differences

among the groups (P < 0.05). BCS, body condition score.

Table 3. Placental characteristics in the Low-, Middle-, and High-group cows

Low group Middle group High group
(n=9) (n=16) n=9)
Placental characteristics

Duration of placenta expulsion after calving (min) ! 406.4 £ 50.7 346.3 +39.8 330.4+14.9
Total placental weight (kg) 2 5.87+0.53 6.08 £0.32 6.30 £ 0.65
Inter-cotyledonary membrane weight (kg) 2.93+0.39 323+0.23 3.15+0.51
Total cotyledonary weight (g) 3 2389+ 139.6 2205+ 115.9 2442 + 69.7
Total cotyledonary surface area (cm?) 3 6109 + 305.0 5528 +£190.7 5862 +218.6
Number of cotyledons (n) 3 101.6 +7.7 88.9£5.5 80.0+7.7

Values are presented as the means + SEM. ! Intervals from calving to placental expulsion. ? Indicates placental weight that was

spontaneously expelled within 12 h of parturition. > Excluded less than 2.0 g of cotyledons from the experiment.
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Discussion

In high-lactating cows, more energy is preferentially directed to
the mammary glands, which can reduce the nutrient supply to the
placenta and fetus. Therefore, we hypothesized that dairy cows with
high lactation during early pregnancy have a larger placental size
at full term and enhanced fetal nutritional availability than cows
with low lactation, leading to the production of calves with heavier
birth weights.

Milk components are indicators of dietary energy intake and
nutritional status [27]. The ratio of milk fat to protein (F/P) ranges
from 1.35 to 1.5, indicating a higher probability of negative energy
balance, metabolic disease, and other conditions [27]. In our study,
the percentage of milk components was similar among the groups,
and the F/P ratio in each group was less than 1.35-1.5. However,
cows in the High group produced more milk components than those
in the Low group during early to middle pregnancy, with the Middle
group being intermediate. These findings suggest that the nutritional
requirements of the mammary gland increase as milk production
increases; thus, nutrient delivery to the placenta and fetus could be
reduced from early to middle pregnancy.

Contrary to our hypothesis, no differences in total placental weight,
inter-cotyledonary membrane weight, total cotyledonary weight,
total cotyledonary surface area, or the number of cotyledons due to
differences in milk production were observed during early pregnancy.
However, a difference in cotyledonary size was observed, and the
High group had larger cotyledons than the Low group. Rapid fetal
growth occurs during late pregnancy, with a 60% increase in birth
weight, especially during the last 2 months of pregnancy [28-30].
Morphologically, the bovine placenta is fully developed during middle
to late pregnancy [31]; however, the microvilli of the cotyledon
continue to grow by branching and rearranging until full term, increas-
ing the cotyledonary surface area, which responds to fetal nutritional
demands [31-33]. Studies on beef cattle have shown that maternal
undernutrition during early to middle pregnancy decreases placental
and fetal weight [8—10]. However, re-alimentation to an adequate
nutritional requirement during subsequent pregnancy recovered fetal
weight to the same levels as the cows fed a sufficiently nutritious diet
[8—11]. This has been attributed to an increase in placentome vascular
density [10] and individual placentome surface area [8]. Increased
placental vascularity is associated with increased placental (uterine
and umbilical) blood flow, which continues to grow with fetal growth
by increasing the placental transport capacity [6]. Although there are
limited studies on the relationship between individual placental size
and function in cattle, a study on pregnant sheep demonstrated that
individual placental size may be an indicator of vascular function [34]
and, ultimately, placental blood flow and nutrient exchange capacity
[35]. These findings indicate that the enlargement of individual
cotyledonary sizes in High-group cows could enhance placental
vascular function and nutrient exchange between the dam and fetus as
an adaptive response to high milk production during early to middle
pregnancy. In this study, we could not eliminate the effect of parity in
the Low- and High groups as milk production increases with parity.
Yoon et al. [36] reported that milk production is lower at first parity
than in multiparous cows, increases until the fifth parity, and then
decreases. In beef cows, no differences were observed in the total
placental weight, total cotyledonary weight, and average cotyledon
weight at full term between primiparous and multiparous cows [37].
To the best of our knowledge, few studies have investigated the
effects of parity on placental characteristics in dairy cows, including
individual cotyledonary distribution. Therefore, further research is

needed to determine the effect of differences in milk production on
placental characteristics by selecting cows with similar parity.

Because the dry period overlaps with rapid fetal development [29,
30] and owing to the cessation of nutrient supply to the mammary
glands, cows with longer dry periods can provide greater amounts of
energy and amino acids to the fetus, thus increasing calf birth weight
[38]. Our data showed that Low-group cows had longer dry periods
than Middle-group cows and statistically higher plasma amino acid
concentrations in Low-group calves than those in Middle-group
calves, although there was no difference in calf birth weight between
the groups. The BCS of the cows in the Low group was higher than
that in the Middle group; however, the scores of both groups were
within the ideal pre-calving BCS range (3.0-3.5) [39], suggesting
less influence on the differences in plasma amino acid concentrations
and calf birth weight. A dry period of 51-60 days is widely adopted
in dairy farms [40], which is consistent with the means of the dry
period in the Low and Middle groups. Therefore, although a longer
dry period in the Low group may have increased the amino acid
supply to the fetus and fetal amino acid availability, the difference
in length was not significant enough to influence calf birth weight.
Kamal et al. [38] reported that dams with short dry periods (3—44
days) produced lighter calves than dams with long dry periods
(55275 days). The authors also observed that high-lactating cows
had a shorter dry period than low-lactating cows [38]. Consistent
with previous studies, this study revealed that cows in the High
group had shorter dry periods than those in the Low group. The
mean duration of the dry period in the High group (44.6 days) was
less than the typical dry period length [40], and 6 of 9 cows had
a dry period shorter than 44 days, which was expected to result in
lower calf birth weights compared to the Low group. However, the
birth weights and plasma amino acid concentrations of the calves
in the High group were similar to those in the Low group. This
could be due to the enlargement of individual cotyledonary sizes
in the High group, which enhances the delivery of amino acids to
the fetus and fetal amino acid availability, ultimately achieving the
same calf birth weights as those in the Low group, regardless of the
shorter dry period. Notably, our data showed that the plasma valine,
leucine, and isoleucine concentrations of the calves were similar in
the Low and High groups, and were higher in both groups than in the
Middle group. Branched-chain amino acids such as valine, leucine,
and isoleucine [41] are known activators of mammalian targets of
rapamycin (mTOR) signaling [42], which regulates protein synthesis
[43, 44]. Therefore, inadequate fetal amino acid supply caused by
maternal malnutrition downregulates muscle mTOR signaling, reduces
protein synthesis [45], and promotes protein degradation, resulting
in decreased fetal muscle fiber number and muscle mass [42, 43].
This study demonstrates that a sufficient supply of branched-chain
amino acids to a High group fetus leads to fetal muscle development,
ultimately increasing calf birth weight.

In conclusion, high-lactating cows require more energy for milk
production, which can reduce nutrient availability to the placenta and
fetus. However, increasing individual cotyledonary sizes can support
the amino acid supply to the fetus, resulting in calf birth weights
similar to those of low-lactating cows. Therefore, it is believed that
high milk production during early pregnancy does not affect fetal
development. However, we could not eliminate the effects of parity
on the different milk production levels. Recent studies have reported
that parity and milk production by dams may have a negative effect
on the longevity and lactation ability of their calves [15, 16, 46-48].
Further research is required to produce healthy, productive, and
long-lived dairy calves.



260 MASHIMO et al.

Conflict of interests: The authors declare no conflicts of interest
regarding this manuscript.

Acknowledgments

The authors would like to thank Mr. Kanato Suzuki, Miss Saki
Morimatsu, and Hanon Oban (Obihiro University, Japan) for sup-
porting our research and Mr. Yusuke Sugimoto (Ajinomoto Co.,
Inc.) for technical support with the amino acid analysis. This study
was supported by the Kuribayashi Scholarship and Academic
Foundation and JSPS KAKENHI (grant number JP22H02489).

References

1. Toschi P, Baratta M. Ruminant placental adaptation in early maternal undernutrition: An
Overview. Front Vet Sci 2021; 8: 755034. [Medline] [CrossRef]

2. Wooding F, Flint A. Placentation. In: Lamming GE (ed.), Physiology of Reproduction.
Springer; 1994: 233-460.

3. Reynolds LP, Millaway DS, Kirsch JD, Infeld JE, Redmer DA. Growth and in-vitro
metabolism of placental tissues of cows from day 100 to day 250 of gestation. J Reprod
Fertil 1990; 89: 213-222. [Medline] [CrossRef]

4. Ferrell CL. Placental regulation of fetal growth. In: Campion DR, Hausman GJ, Martin
RJ (eds.), Animal Growth Regulation. Boston, MA: Springer US; 1989: 1-19.

5. Redmer DA, Wallace JM, Reynolds LP. Effect of nutrient intake during pregnancy on
fetal and placental growth and vascular development. Domest Anim Endocrinol 2004; 27:
199-217. [Medline] [CrossRef]

6. Reynolds LP, Redmer DA. Utero-placental vascular development and placental function.
J Anim Sci 1995; 73: 1839-1851. [Medline] [CrossRef]

7. Bell AW, Hay WW Jr, Ehrhardt RA. Placental transport of nutrients and its implications
for fetal growth. J Reprod Fertil Suppl 1999; 54: 401-410. [Medline]

8. Long NM, Vonnahme KA, Hess BW, Nathanielsz PW, Ford SP. Effects of early gesta-
tional undernutrition on fetal growth, organ development, and placentomal composition in
the bovine. J Anim Sci 2009; 87: 1950-1959. [Medline] [CrossRef]

9. Vonnahme KA, Zhu MJ, Borowicz PP, Geary TW, Hess BW, Reynolds LP, Caton
JS, Means WJ, Ford SP. Effect of early gestational undernutrition on angiogenic factor
expression and vascularity in the bovine placentome. J Anim Sci 2007; 85: 2464-2472.
[Medline] [CrossRef]

10. Zhu MJ, Du M, Hess BW, Means WJ, Nathanielsz PW, Ford SP. Maternal nutrient
restriction upregulates growth signaling pathways in the cotyledonary artery of cow
placentomes. Placenta 2007; 28: 361-368. [Medline] [CrossRef]

11. Camacho LE, Lemley CO, Dorsam ST, Swanson KC, Vonnahme KA. Effects of
maternal nutrient restriction followed by realimentation during early and mid-gestation
in beef cows. II. Placental development, umbilical blood flow, and uterine blood flow
responses to diet alterations. Theriogenology 2018; 116: 1-11. [Medline] [CrossRef]

12. Camacho LE, Lemley CO, Prezotto LD, Bauer ML, Freetly HC, Swanson KC, Von-
nahme KA. Effects of maternal nutrient restriction followed by realimentation during
midgestation on uterine blood flow in beef cows. Theriogenology 2014; 81: 1248-56.
el-3. [Medline] [CrossRef]

13. Perry VE, Norman ST, Owen JA, Daniel RC, Phillips N. Low dietary protein during
early pregnancy alters bovine placental development. Anim Reprod Sci 1999; 55: 13-21.
[Medline] [CrossRef]

14. Miguel-Pacheco GG, Curtain LD, Rutland C, Knott L, Norman ST, Phillips NJ,
Perry VEA. Increased dietary protein in the second trimester of gestation increases live
weight gain and carcass composition in weaner calves to 6 months of age. Animal 2017,
11: 991-999. [Medline] [CrossRef]

15. Van Eetvelde M, Opsomer G. Prenatal programming of later performance in dairy cattle.
Vlaams Diergeneeskd Tijdschr 2020; 89: 53—62.

16. Relling AE, Chiarle A, Giuliodori MJ. Fetal programming in dairy cattle. In: Tri-State
Dairy Nutrition Conference; 18-20 April 2016; Fort Wayne, Indiana, USA 25th Anniver-
sary. The Ohio State University; 2016; 107-111.

17. Bell AW, Bauman DE. Adaptations of glucose metabolism during pregnancy and lacta-
tion. J Mammary Gland Biol Neoplasia 1997; 2: 265-278. [Medline] [CrossRef]

18. Bauman DE, Currie WB. Partitioning of nutrients during pregnancy and lactation: a
review of mechanisms involving homeostasis and homeorhesis. J Dairy Sci 1980; 63:
1514-1529. [Medline] [CrossRef]

19. Green JC, Meyer JP, Williams AM, Newsom EM, Keisler DH, Lucy MC. Pregnancy
development from day 28 to 42 of gestation in postpartum Holstein cows that were either
milked (lactating) or not milked (not lactating) after calving. Reproduction 2012; 143:
699-711. [Medline] [CrossRef]

20. Falkenberg U, Haertel J, Rotter K, Iwersen M, Arndt G, Heuwieser W. Relationships
between the concentration of insulin-like growth factor-1 in serum in dairy cows in early
lactation and reproductive performance and milk yield. J Dairy Sci 2008; 91: 3862—3868.
[Medline] [CrossRef]

21. Ferguson JD, Galligan DT, Thomsen N. Principal descriptors of body condition score in

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Holstein cows. J Dairy Sci 1994; 77: 2695-2703. [Medline] [CrossRef]

Hasegawa R, Iwase I, Takagi T, Kondo M, Matsui M, Kawashima C. Insulin resis-
tance: Relationship between indices during late gestation in dairy cows and effects on
newborn metabolism. Anim Sci J 2019; 90: 1544—1555. [Medline] [CrossRef]

Holtenius K, Agenis S, Delavaud C, Chilliard Y. Effects of feeding intensity during
the dry period. 2. Metabolic and hormonal responses. J Dairy Sci 2003; 86: 883—891.
[Medline] [CrossRef]

Balogh O, Szepes O, Kovacs K, Kulesar M, Reiczigel J, Alcazar JA, Keresztes M,
Febel H, Bartyik J, Fekete SG, Fesus L, Huszenicza GY. Interrelationships of growth
hormone Alul polymorphism, insulin resistance, milk production and reproductive perfor-
mance in Holstein-Friesian cows. Vet Med 2008; 53: 60-64. [CrossRef]

Yang Y, Zhang X, Bao M, Liu L, Xian Y, Wu J, Li P. Effect of serum 25-hydroxyvi-
tamin D3 on insulin resistance and B-cell function in newly diagnosed type 2 diabetes
patients. J Diabetes Investig 2016; 7: 226-232. [Medline] [CrossRef]

National Agriculture and Food Research Organization. Japanese feeding standard for
dairy cattle. Japan Livestock Industry Association. 2017; 67 (in Japanese).

Heuer C, Schukken YH, Dobbelaar P. Postpartum body condition score and results from
the first test day milk as predictors of disease, fertility, yield, and culling in commercial
dairy herds. J Dairy Sci 1999; 82: 295-304. [Medline] [CrossRef]

Reynolds LP, Ferrell CL, Robertson DA, Klindt J. Growth hormone, insulin and glu-
cose concentrations in bovine fetal and maternal plasmas at several stages of gestation. J
Anim Sci 1990; 68: 725-733. [Medline] [CrossRef]

Prior RL, Laster DB. Development of the bovine fetus. J Anim Sci 1979; 48: 1546—1553.
[Medline] [CrossRef]

Eley RM, Thatcher WW, Bazer FW, Wilcox CJ, Becker RB, Head HH, Adkinson
RW. Development of the conceptus in the bovine. J Dairy Sci 1978; 61: 467-473. [Med-
line] [CrossRef]

Bertolini M, Wallace CR, Anderson GB. Expression profile and protein levels of
placental products as indirect measures of placental function in in vitro-derived bovine
pregnancies. Reproduction 2006; 131: 163—173. [Medline] [CrossRef]

Van Eetvelde M, Kamal MM, Hostens M, Vandaele L, Fiems LO, Opsomer G.
Evidence for placental compensation in cattle. Animal 2016; 10: 1342—1350. [Medline]
[CrossRef]

Leiser R, Krebs C, Klisch K, Ebert B, Dantzer V, Schuler G, Hoffmann B. Fetal villos-
ity and microvasculature of the bovine placentome in the second half of gestation. J Anat
1997; 191: 517-527. [Medline] [CrossRef]

Vonnahme KA, Arndt WJ, Johnson ML, Borowicz PP, Reynolds LP. Effect of mor-
phology on placentome size, vascularity, and vasoreactivity in late pregnant sheep. Biol
Reprod 2008; 79: 976-982. [Medline] [CrossRef]

Vonnahme KA, Arndt WJ, Borowicz PP, Caton JS, Grazul-Bilska AT, Redmer DA,
Reynolds LP. Effects of fetal and maternal genotype on placentome morphology in sheep.
Theriogenology 2020; 158: 283-289. [Medline] [CrossRef]

Yoon JT, Lee JH, Kim CK, Chung YC, Kim C-H. Effects of milk production, season,
parity and lactation period on variations of milk urea nitrogen concentration and milk com-
ponents of Holstein Dairy cows. Asian-Australas J Anim Sci 2004; 17: 479-484. [CrossRef]
Redifer CA, Duncan NB, Meyer AM. Factors affecting placental size in beef cattle:
Maternal and fetal influences. Theriogenology 2021; 174: 149—159. [Medline] [CrossRef]
Kamal MM, Van Eetvelde M, Depreester E, Hostens M, Vandaele L, Opsomer G. Age
at calving in heifers and level of milk production during gestation in cows are associated with
the birth size of Holstein calves. J Dairy Sci 2014; 97: 5448-5458. [Medline] [CrossRef]
Cermakova J, Kudrna V, Simeckova M, Vyborna A, Dolezal P, Illek J. Comparison
of shortened and conventional dry period management strategies. J Dairy Sci 2014; 97:
5623-5636. [Medline] [CrossRef]

Bachman KC, Schairer ML. Invited review: bovine studies on optimal lengths of dry
periods. J Dairy Sci 2003; 86: 3027-3037. [Medline] [CrossRef]

Platell C, Kong S-E, McCauley R, Hall JC. Branched-chain amino acids. J Gastroen-
terol Hepatol 2000; 15: 706-717. [Medline] [CrossRef]

Zhu MJ, Ford SP, Means WJ, Hess BW, Nathanielsz PW, Du M. Maternal nutrient
restriction affects properties of skeletal muscle in offspring. J Physiol 2006; 575: 241-250.
[Medline] [CrossRef]

Du M, Zhu MJ, Means WJ, Hess BW, Ford SP. Nutrient restriction differentially modulates
the mammalian target of rapamycin signaling and the ubiquitin-proteasome system in skeletal
muscle of cows and their fetuses. J Anim Sci 2005; 83: 117-123. [Medline] [CrossRef]
Latres E, Amini AR, Amini AA, Griffiths J, Martin FJ, Wei Y, Lin HC, Yancopoulos
GD, Glass DJ. Insulin-like growth factor-1 (IGF-1) inversely regulates atrophy-induced
genes via the phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin (PI3K/
Akt/mTOR) pathway. J Biol Chem 2005; 280: 2737-2744. [Medline] [CrossRef]

Zhu M-J, Ford SP, Nathanielsz PW, Du M. Effect of maternal nutrient restriction in
sheep on the development of fetal skeletal muscle. Biol Reprod 2004; 71: 1968-1973.
[Medline] [CrossRef]

Banos G, Brotherstone S, Coffey MP. Prenatal maternal effects on body condition score,
female fertility, and milk yield of dairy cows. J Dairy Sci 2007; 90: 3490-3499. [Medline]
[CrossRef]

Berry DP, Lonergan P, Butler ST, Cromie AR, Fair T, Mossa F, Evans AC. Negative in-
fluence of high maternal milk production before and after conception on offspring survival
and milk production in dairy cattle. J Dairy Sci 2008; 91: 329-337. [Medline] [CrossRef]
Gonzalez-Recio O, Ugarte E, Bach A. Trans-generational effect of maternal lactation
during pregnancy: a Holstein cow model. PLoS One 2012; 7: ¢51816. [Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/34746288?dopt=Abstract
http://dx.doi.org/10.3389/fvets.2021.755034
http://www.ncbi.nlm.nih.gov/pubmed/1695680?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0890213
http://www.ncbi.nlm.nih.gov/pubmed/15451070?dopt=Abstract
http://dx.doi.org/10.1016/j.domaniend.2004.06.006
http://www.ncbi.nlm.nih.gov/pubmed/7545661?dopt=Abstract
http://dx.doi.org/10.2527/1995.7361839x
http://www.ncbi.nlm.nih.gov/pubmed/10692871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19213703?dopt=Abstract
http://dx.doi.org/10.2527/jas.2008-1672
http://www.ncbi.nlm.nih.gov/pubmed/17565057?dopt=Abstract
http://dx.doi.org/10.2527/jas.2006-805
http://www.ncbi.nlm.nih.gov/pubmed/16822544?dopt=Abstract
http://dx.doi.org/10.1016/j.placenta.2006.04.005
http://www.ncbi.nlm.nih.gov/pubmed/29758458?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2018.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24650930?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/10099675?dopt=Abstract
http://dx.doi.org/10.1016/S0378-4320(98)00157-2
http://www.ncbi.nlm.nih.gov/pubmed/27821224?dopt=Abstract
http://dx.doi.org/10.1017/S1751731116002330
http://www.ncbi.nlm.nih.gov/pubmed/10882310?dopt=Abstract
http://dx.doi.org/10.1023/A:1026336505343
http://www.ncbi.nlm.nih.gov/pubmed/7000867?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(80)83111-0
http://www.ncbi.nlm.nih.gov/pubmed/22383714?dopt=Abstract
http://dx.doi.org/10.1530/REP-11-0461
http://www.ncbi.nlm.nih.gov/pubmed/18832208?dopt=Abstract
http://dx.doi.org/10.3168/jds.2007-0887
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/31646708?dopt=Abstract
http://dx.doi.org/10.1111/asj.13300
http://www.ncbi.nlm.nih.gov/pubmed/12703625?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(03)73671-6
http://dx.doi.org/10.17221/1865-VETMED
http://www.ncbi.nlm.nih.gov/pubmed/27042275?dopt=Abstract
http://dx.doi.org/10.1111/jdi.12381
http://www.ncbi.nlm.nih.gov/pubmed/10068951?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(99)75236-7
http://www.ncbi.nlm.nih.gov/pubmed/2180875?dopt=Abstract
http://dx.doi.org/10.2527/1990.683725x
http://www.ncbi.nlm.nih.gov/pubmed/479048?dopt=Abstract
http://dx.doi.org/10.2527/jas1979.4861546x
http://www.ncbi.nlm.nih.gov/pubmed/659690?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/659690?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(78)83622-4
http://www.ncbi.nlm.nih.gov/pubmed/16388019?dopt=Abstract
http://dx.doi.org/10.1530/rep.1.00739
http://www.ncbi.nlm.nih.gov/pubmed/26936512?dopt=Abstract
http://dx.doi.org/10.1017/S1751731116000318
http://www.ncbi.nlm.nih.gov/pubmed/9449071?dopt=Abstract
http://dx.doi.org/10.1046/j.1469-7580.1997.19140517.x
http://www.ncbi.nlm.nih.gov/pubmed/18685124?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.108.070748
http://www.ncbi.nlm.nih.gov/pubmed/33002772?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2020.09.013
http://dx.doi.org/10.5713/ajas.2004.479
http://www.ncbi.nlm.nih.gov/pubmed/34454320?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2021.08.015
http://www.ncbi.nlm.nih.gov/pubmed/24997664?dopt=Abstract
http://dx.doi.org/10.3168/jds.2014-7898
http://www.ncbi.nlm.nih.gov/pubmed/24997667?dopt=Abstract
http://dx.doi.org/10.3168/jds.2013-7499
http://www.ncbi.nlm.nih.gov/pubmed/14594219?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(03)73902-2
http://www.ncbi.nlm.nih.gov/pubmed/10937674?dopt=Abstract
http://dx.doi.org/10.1046/j.1440-1746.2000.02205.x
http://www.ncbi.nlm.nih.gov/pubmed/16763001?dopt=Abstract
http://dx.doi.org/10.1113/jphysiol.2006.112110
http://www.ncbi.nlm.nih.gov/pubmed/15583050?dopt=Abstract
http://dx.doi.org/10.2527/2005.831117x
http://www.ncbi.nlm.nih.gov/pubmed/15550386?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M407517200
http://www.ncbi.nlm.nih.gov/pubmed/15317692?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.104.034561
http://www.ncbi.nlm.nih.gov/pubmed/17582133?dopt=Abstract
http://dx.doi.org/10.3168/jds.2006-809
http://www.ncbi.nlm.nih.gov/pubmed/18096955?dopt=Abstract
http://dx.doi.org/10.3168/jds.2007-0438
http://www.ncbi.nlm.nih.gov/pubmed/23284777?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0051816

