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Simple Summary: Feed costs represent 70 to 90% of total costs in beef cattle systems, with protein
being the most expensive component. One of the most cost-effective means to supply protein pre-
cursor to ruminants is through dietary urea supplementation. Therefore, we set out to evaluate the
influence of urea supplementation during gestation on circulating concentrations of maternal metabo-
lites, body measures, and mammary secretion composition. In this work, we have demonstrated
that the pregnant beef cow undergoes metabolic adaptation to maintain pregnancy. However, urea
supplementation failed to improve any of the body or mammary parameters assessed. Therefore, it is
imperative that novel supplementation strategies be developed for beef cows that maintain the body
mass of the dam and improve mammary secretion quantity and quality to ultimately improve the
health and productivity of both the cow and calf.

Abstract: Prolific use of supplementation strategies, including the utilization of urea, are practiced in
beef cattle production systems. Unfortunately, the influence of urea supplementation on metabolics,
adipose tissue mobilization, and mammary secretions is limited in beef cows. Therefore, the objectives
of this experiment were to assess the influence of urea supplementation on metabolic profiles,
morphometrics, and mammary secretions. Pregnant, multiparous beef cows were fed individually
and assigned to treatment (n = 4/treatment) as Control or Urea Supplementation. Blood samples
and body weight were collected every 28 d throughout gestation. Backfat thickness was measured
via ultrasonography on days 28 and 280 of gestation. Total mammary secretions were sampled for
composition. Concentrations of beta-hydroxybutyrate, non-esterified fatty acids, glucose, and plasma
urea nitrogen did not differ by treatment. Body weight and backfat thickness changed in response to
the progression of gestation, but did not differ between treatments. Finally, concentration of urea
nitrogen increased in mammary secretions of cows fed urea, but total content of urea nitrogen in
mammary secretions did not differ between treatments. In conclusion, we have demonstrated that the
pregnant beef cow undergoes metabolic adaptation during gestation. However, urea supplementation
failed to improve any of the morphometric parameters of the dams assessed.

Keywords: bovine; gestation; lactation; metabolism; nutrition; urea

1. Introduction

Feed costs represent 70 to 90% of total costs in beef cattle systems, with protein
being the most expensive component. Approximately 74.7% of US producers offer some
type of dietary protein supplementation strategy to gestating cows [1]. One of the most
cost-effective means to supply protein precursor to ruminants is through dietary urea
supplementation. As a result of the prolific utilization of protein supplementation in
production and less expensive means to offer nitrogen to ruminants using urea, it is critical
to thoroughly assess maternal metabolic adaptation to dietary supply on parameters that
directly influence the health and productivity of the calf and recrudescence of reproductive
cyclicity of the cow.
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Circulating metabolites, such as beta-hydroxybutyrate (BHB), non-esterified fatty
acids (NEFA), glucose, and plasma urea nitrogen (PUN) are indicators of energetic status
and provide insight into nutrient partitioning between cow and fetus during gestation [2].
Most tissues require glucose as the primary source of energy. However, during nutritional
stress, an increase in circulating concentration of BHB, which is a product of incomplete
fatty acid oxidation is observed [3]. Moreover, during periods of reduced energy supply,
adipose tissue is catabolized, resulting in an increased concentration of non-esterified fatty
acids (NEFA) that can be converted to glucose by the liver [4]. Alternatively, protein can be
utilized as a source of glucose precursor that can be detected by an increase in circulating
concentrations of PUN [5].

Synthesis of mammary secretions is initiated during the last 4 to 6 wk of gestation,
which increases the energetic demands of the dam. As mammary secretions are generated,
the mobilization of energetic stores and altered utilization of nutrients becomes neces-
sary [5]. A 6% increase in dietary crude protein during lactation promotes increased dry
matter intake and milk production [6] accompanied by reduced circulating concentration
of BHB while concentrations of NEFA remain unaltered.

By characterizing the influence of maternal supplementation of urea on circulating
metabolites throughout gestation, it will be possible to improve supplementation strategies
and better understand maternal-fetal nutrient partitioning. Literature on the influence of
maternal nutrition on circulating concentrations of metabolites during gestation is limited.
Therefore, the objectives of this study were to (1) characterize circulating concentrations
of metabolites and maternal morphometrics in response to the progression of gestation
and (2) evaluate the influence of urea supplementation during gestation on circulating
concentrations of metabolites, maternal morphometrics, and quantity and composition
of mammary secretions. We hypothesized that the inclusion of dietary urea would result
in less mobilization of maternal body reserves and increase the quantity and quality of
mammary secretions.

2. Materials and Methods

Experiments were conducted in accordance with the Guide for the Care and Use of
Agricultural Animals in Agricultural Research and Teaching [7] and were approved by the
Montana State University Agricultural Animal Care and Use Committee.

2.1. Animals, Experimental Design, and Diets

Multiparous cows (n = 8; 3.4 ± 0.02 yr; 617 ± 90 kg at onset of experiment) utilized
in this experiment were the product of Angus cows that were paternal half-siblings bred
by one line-bred Hereford sire in a 30-d breeding season to reduce the influence of genetic
variation, age, and environment on parameters of interest. At onset of the experiment,
cows were non-lactating and at least 120-d postpartum. Cows were housed in a drylot
fitted with a Calan Broadbent Feeding System (American Calan; Northwood, NH, USA)
and acclimated to a base diet for 28 d. The base diet consisted of chopped hay and wheat
straw formulated to meet or exceed dietary recommendations [8]. During the acclimation
period, animals were allowed access to all gates and had ad libitum access to water and
trace mineralized salt. Following acclimation, animals were assigned gates and thereafter
feed was offered individually in a single meal fed at 1200 h. Animals had ad libitum access
to water for the duration of the experiment. Orts were recorded on a daily basis in order to
calculate daily feed intake.

Estrus was synchronized using a Select Synch + CIDR® protocol. At the end of the
protocol, estrus behavior was monitored every 12 h for 72 h by a single, trained technician.
Twelve hours after first observed estrus behavior, artificial insemination was performed.
All animals that failed to express estrus behavior during the 72 h immediately following
prostaglandin (25 mg; IM) administration were administered GnRH (100 µg; IM) and
artificially inseminated. Semen utilized for artificial insemination was collected from one
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of two related Angus sires. Pregnancy was confirmed by transrectal ultrasonography 28 d
after insemination.

After pregnancy was confirmed (day 28), animals were assigned randomly to dietary
treatment by BW and backfat thickness: Control (0 g urea/animal/day) or Urea (80 g
urea/animal/day). The Control and Urea diets were isocaloric and consisted of chopped
hay and wheat straw top-dressed with a vitamin and mineral pellet to meet or exceed
dietary recommendations [8]. The vitamin and mineral pellet offered to the Urea treatment
served as the vehicle to deliver dietary urea. Samples of all ingredients were collected
throughout the study and stored at −20 ◦C. Analyses of ingredients were performed by
a commercial laboratory (Midwest Laboratory; Omaha, NE, USA) to determine chemical
composition (Table 1).

Table 1. Ingredients and chemical composition of feed offered to cows from day 28 of gestation
to parturition.

Item Control Pellet a Urea Pellet b Chopped
Forage A c

Chopped
Forage B c

Ingredient, % of DM
Wheat midds 55.54 46.73 - -
Barley ground 10.00 10.00 - -
Soybeans hulls 10.00 10.00 - -

Urea - 8.81 - -
Malt sprouts 7.50 7.50 - -

Calcium 6.90 6.90 - -
Cane molasses 5.00 5.00 - -

Bentonite power 4.00 4.00 - -
Salt 0.68 0.68 - -

Selenium 0.10 0.10 - -
Mid-mature

grass hay - - 100.00 -

Wheat straw - - - 100.00
Analyzed composition, % of DM

ADF d 11.85 10.91 42.90 48.10
NDF 30.38 27.24 - -
TDN 60.78 54.61 53.60 47.70
CP 14.38 38.21 13.90 5.68

Calculated composition
NEm, Mcal/kg 1.43 1.30 1.12 0.97

a The Control Pellet was fed to the Control treatment. b The Urea Pellet was fed to the Urea treatment. c Chopped
Forage A and B were fed to both treatments with proportions adjusted throughout gestation to meet or exceed
dietary recommendations (NASEM, 2016). d ADF, acid detergent fiber.

2.2. Metabolites

Once every 28 d throughout gestation, blood was collected via jugular venipuncture
from cows that had feed withheld for 16 h. If parturition occurred before 280 d of gestation,
blood was collected on the day of parturition or the day following parturition to ensure a 16-
h feed withdrawal. Blood samples were collected in evacuated tubes containing EDTA for
the collection of plasma. Tubes were placed immediately on ice for 60 min. Blood samples
were centrifuged at 2000× g for 15 min at 4 ◦C, plasma harvested, and plasma stored
at −20 ◦C until analysis. Plasma samples were analyzed using commercially available
ELISA kits for determination of BHB (Sigma-Aldrich, St. Louis, MO, USA; MAK041), NEFA
(Zenbio, Durham, NC, USA; SFA-5), glucose (Thermo Fisher Scientific, Waltham, MA, USA;
TR15421), and PUN (Invitrogen, Waltham, MA, USA; EIABUN).
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2.3. Morphometrics

Every 28 d throughout gestation, BW was collected from cows that had feed withheld
for 16 h. Diets were adjusted every 28 d for maintenance of 0.113 kg BW gain/day over the
course of the experiment and the progression of gestation.

Ultrasonography was utilized to assess backfat thickness on days 28 and 280 of gesta-
tion. If parturition occurred before 280 d of gestation, backfat thickness was collected on the
day of parturition. At collection, animals were immobilized in a stanchion, hair was clipped
over collection area, and mineral oil was applied to permit acoustic coupling between the
transducer and animal. Measurements were taken between and parallel to the 12th and
13th rib with the ultrasonography transducer positioned over the longissimus dorsi muscle.
Images were collected on the left side of each animal by a single, trained individual using a
real-time SonoSite Edge II imaging system (SonoSite, Inc.; Bothell, WA, USA) equipped
with a 15-cm, 5 to 10 MHz linear array transducer at 7.5 MHz frequency without the use of
a stand-off pad. Three measurements of backfat thickness were determined for each animal
on each collection day. Images were captured at a depth of 4.2 cm and backfat thickness
was measured using the caliper function of the ultrasonography system.

2.4. Mammary Secretions

At parturition, calves were permanently removed from the dam prior to nursing.
Cows were immobilized in a stanchion, oxytocin (20 units) administered intravenously,
and mammary glands completely evacuated. Mammary secretions were collected within
one hour of parturition (Hour 0) and 24 h after the Hour 0 collection (Hour 24). Mam-
mary secretion total volume and weight were recorded and samples collected. Samples
collected at Hour 0 were diluted 1:1 with distilled water, while samples collected at Hour
24 were undiluted.

Samples were analyzed by Dairy One Laboratory (Ithaca, NY, USA) for content of
fat, lactose, protein, solids-not-fat, somatic cell count, and urea nitrogen. Immunoglobulin
(Ig) content was estimated in mammary secretions at 21 ◦C collected at Hour 0 using a
colostrometer. Dilution factor was standardized prior to calculating total content of fat, Ig,
lactose, protein, solids-not-fat, somatic cell count, and urea nitrogen in mammary secretions.
Total mammary secretion content was calculated as parameter multiplied by mammary
secretion weight (fat, lactose, protein, and solids-not-fat) or volume (Ig, somatic cell count,
and urea nitrogen).

2.5. Statistical Analyses

The effect of maternal dietary treatment on concentrations of circulating metabolites,
morphometrics, and mammary secretion quantity and composition were evaluated by
ANOVA, following the Shapiro-Wilk test of normal distribution. The sources of variation
were treatment, time, and their interaction. The least squares means procedure was used to
compare means if significant differences were detected. Data are reported as least squares
means ± SEM, unless stated otherwise. Significance was declared at p ≤ 0.05.

3. Results
3.1. Metabolites

Concentrations of BHB, NEFA, glucose, and PUN in cows by day of gestation are
illustrated in Figure 1. Concentrations of BHB, NEFA, glucose, and PUN did not differ by
treatment (p ≥ 0.06) or treatment by day interaction (p ≥ 0.08), but were influenced by day
of gestation (p ≤ 0.04; Table 2). Concentrations of BHB throughout gestation did not differ
(p = 0.06) from day 0, excluding an increase (p = 0.03) in concentrations of BHB observed
at 168 d of gestation (Figure 1A). Concentrations of NEFA (Day p < 0.0001) decreased
(p < 0.0001) from day 0 to day 112 of gestation and remained (p ≥ 0.33) at this reduced
concentration through 252 days of gestation (Figure 1B). Concentrations of NEFA increased
(p = 0.05) between 252 and 280 d of gestation; however, concentrations remained lower
(p = 0.0009) than concentrations of NEFA observed on day 0. Concentrations of glucose
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(Day p = 0.04) increased (p = 0.0001) from day 0 to day 28 of gestation and remained elevated
for the remainder of gestation. A single decline (p = 0.05) in concentrations of glucose was
observed in samples collected at 112 d of gestation (Figure 1C); however, concentrations
remained greater (p = 0.05) than concentrations of glucose on day 0 of gestation. Finally,
concentrations of PUN (Day p = 0.01) increased (p ≤ 0.05) at 56, 140, 224, and 280 d of
gestation, relative to day 0 (Figure 1D).
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Figure 1. Least squares means ± SEM (mmol/L) of beta-hydroxybutyrate (BHB; A), NEFA (B),
glucose (C), and plasma urea nitrogen (PUN; D) in multiparous cows by day of gestation. Dietary
treatments were: Control (0 g urea/animal/day) or Urea (80 g urea/animal/day). Treatments were
offered from day 28 of gestation to parturition. Concentrations of BHB, NEFA, glucose, and PUN did
not differ by treatment (p ≥ 0.06) or treatment by day interaction (p ≥ 0.08), but were influenced by
day of gestation (p ≤ 0.04) a–k Days with different lower case letters are different (p ≤ 0.05).
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Table 2. Effect of dietary urea during gestation on beta-hydroxybutyrate (BHB), non-esterified fatty
acids (NEFA), glucose, and plasma urea nitrogen (PUN) in multiparous cows. Dietary treatments
were: Control (0 g urea/animal/day) or Urea (80 g urea/animal/day). Treatments were offered from
day 28 of gestation to parturition.

Treatment p-Value

Control Urea SEM Treatment Day Treatment
by Day

BHB,
mmol/L 1.14 1.22 0.103 0.60 0.003 0.79

NEFA,
mmol/L 0.43 0.45 0.018 0.41 <0.0001 0.98

Glucose,
mmol/L 3.28 2.93 0.373 0.53 0.04 0.75

PUN,
mmol/L 2.98 3.63 0.197 0.06 0.01 0.08

3.2. Morphometrics

There was no influence of treatment (p = 0.75) or treatment by day interaction (p = 0.39)
on cow BW throughout gestation. As predicted, cow BW increased (p < 0.0001) as pregnancy
progressed from 112 to 252 d of gestation (Figure 2). As parturition neared, cows were
unable to consume enough forage to maintain BW resulting in a reduction (p = 0.03) in
BW between 252 and 280 d of gestation. Moreover, thickness of subcutaneous fat over the
ribs (backfat thickness) decreased (p = 0.02) between 28 to 280 d of gestation (Figure 3)—
illustrating maternal mobilization of energy stores during gestation.
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Figure 2. Body weight (kg; least squares means ± SEM) of multiparous cows by day of gestation.
Dietary treatments were: Control (0 g urea/animal/day) or Urea (80 g urea/animal/day). Treatments
were offered from day 28 of gestation to parturition. Body weight did not change in response to
treatment (p = 0.75) or treatment by day interaction (p = 0.39). However, BW changed (p = 0.002)
in response to the progression of gestation. a-f Days with different lower case letters are different
(p ≤ 0.04).
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Figure 3. Backfat thickness (cm; least square means + SEM) of multiparous cows on day 28 and 280 of
gestation. Dietary treatments were: Control (0 g urea/animal/day) or Urea (80 g urea/animal/day).
Treatments were offered from day 28 of gestation to parturition. Backfat thickness did not change in
response to treatment (p = 0.74) or treatment by day interaction (p = 0.65). However, backfat thickness
decreased (p = 0.02) in response to the progression of gestation. a,b Days with different lower case
letters are different (p ≤ 0.02).

3.3. Mammary Secretions

The effects of dietary urea during gestation on mammary secretion volume, weight,
and composition are presented in Table 3. There were no differences observed in quantity
or quality of the mammary secretions in response to treatment by sample interaction
(p ≥ 0.18). Concentration of urea nitrogen increased (p = 0.02) in mammary secretions of
cows fed urea, but total content of urea nitrogen in mammary secretions did not differ (p =
0.72) between treatments. Regardless of treatment, the volume and weight of mammary
secretions increased (p < 0.0001) from Hour 0 to Hour 24. While concentration of lactose
did not differ (p = 0.11) by sample, total lactose yield was greater (p = 0.01) at Hour 24.
Concentration of protein and urea nitrogen decreased (p = 0.05) from Hour 0 to Hour 24;
however, total content of protein and urea nitrogen in mammary secretions did not differ
(p ≥ 0.64) by sample.
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Table 3. The effects of dietary urea during gestation on mammary secretion volume, weight, and
composition in samples collected at 0 and 24 h after parturition. Dietary treatments were: Control (0 g
urea/animal/day) or Urea (80 g urea/animal/day). Treatments were offered from day 28 of gestation
to parturition. Total mammary secretion composition was calculated as parameter multiplied by
mammary secretion weight (fat, lactose, protein, and solids-not-fat) or volume (Ig, somatic cell count,
and urea nitrogen).

Treatment Sample p-Value

Control Urea SEM Hour 0 Hour 24 SEM Treatment Sample Treatment by
Sample

Volume, L 3.79 2.68 0.554 2.54 3.93 0.395 0.21 <0.0001 0.95
Weight, g 3816.25 2707.50 575.710 2557.50 3966.25 410.080 0.22 <0.0001 0.91

Fat, % 7.43 7.18 0.922 7.35 7.25 1.007 0.86 0.95 0.85
Total Fat, g 279.12 199.73 45.262 196.99 281.86 45.262 0.25 0.22 0.70
Ig, mg/mL 93.33 86.67 15.635 90.00 - 11.055 0.78 - -
Total Ig, g 220.80 189.60 26.335 205.20 - 18.622 0.45 - -
Lactose, % 3.12 3.10 0.178 2.67 3.56 0.386 0.88 0.11 0.19

Total Lactose, g 117.62 88.25 16.014 64.57 141.30 16.014 0.23 0.01 0.58
Protein, % 10.73 12.07 0.746 14.71 8.09 1.485 0.20 0.05 0.82

Total Protein, g 398.49 304.12 76.288 373.28 329.33 76.288 0.37 0.64 0.70
Solids-not-fat, % 24.39 24.83 0.970 27.61 21.62 1.936 0.74 0.15 0.36

Total Solids-not-fat, g 917.96 673.00 131.980 729.88 861.09 131.980 0.23 0.54 0.63
Somatic Cell Count,

cells*1000/L 1924.43 3114.29 1177.330 1638.97 3399.75 1948.670 0.23 0.35 0.32

Total Somatic Cell
Count, cells*1000 5224.41 8867.89 3381.670 3488.20 10,604.00 5867.250 0.25 0.25 0.26

Urea Nitrogen,
mg/dL 26.20 34.96 2.250 38.76 22.40 3.813 0.02 0.05 0.18

Total Urea Nitrogen,
g 0.98 0.89 0.205 0.97 0.90 0.205 0.72 0.79 0.73

4. Discussion

The present study aimed to characterize circulating concentrations of metabolites
and maternal morphometrics in response to the progression of gestation and evaluate
the influence of urea supplementation during gestation on circulating concentrations
of metabolites, maternal morphometrics, and quantity and composition of mammary
secretions. The current research illustrates a metabolic shift in dams offered a diet consisting
primarily of forage in response to the progression of gestation, a shift that results in
the mobilization of maternal adipose tissue to support fetal development. Remarkably,
supplemental dietary urea offered to dams was unable to circumvent the mobilization
of maternal body reserves or improve the yield of mammary secretions. The authors
acknowledge that a possible limitation of the present study is the limited number of animals
tested. To fully understand how supplementation and gestation affects metabolic changes
in the cow, a larger number of animals with greater genetic variation may be necessary to
solely determine what metabolic changes are related to gestation, management, and/or
genetic composition in a production setting.

Assessing circulating concentrations of metabolites is a precise tool to measure metabolic
and physiological changes in animals in response to physiological state and dietary supply.
Abdullah et al. [2] determined that metabolites during early gestation are indicators of
energetic balance. Moreover, metabolites can be used to evaluate the metabolic status of the
animal prior to breeding, such as BHB that is utilized as a nutritional index of reproductive
status of cows [9]. However, no previous reports have assessed the profiles of BHB, NEFA,
glucose, and PUN throughout gestation in beef cattle.

Negative energy balance results when energy expenditure exceeds dietary intake. The
production of ketone bodies, primarily BHB in ruminants, ensues when mammals enter
negative energy balance. Utilization of BHB is a normal process in ruminants through the
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conversion of butyric acid to BHB in ruminal epithelium before entering the circulation.
Once BHB enters the circulation it can be utilized as an alternate energy source by tissues.
An increase in circulating concentration of BHB accompanied by a reduction in NEFA can
be indicative of a shift towards utilization of alternative energy precursors to maintain
homeostasis. This shift can occur during periods of increasing nutritional demand, such as
during rapid development of the fetal-placental unit.

In the current experiment, the authors revealed a single increase in circulating con-
centrations of BHB on day 168 of gestation in beef cattle. Literature regarding BHB in
the gestating beef cow is limited. The current report is the first to assess BHB throughout
gestation. Wood et al. [10] observed an increase in circulating concentrations of BHB as
beef cows transitioned from mid- to late-gestation. Interestingly, these beef cows were able
to maintain backfat thickness, potentially as a result of increased feed intake, as diets were
offered ad libitum. This is in contrast to the current study where feed was limited to meet
100% of nutrient recommendations and maintained isocaloric between treatments. Similar
to the current report, Linden et al. [11] demonstrated that concentrations of BHB do not
differ during late-gestation (7-wk prepartum). Noya et al. [12] reported concentrations of
BHB in beef cows group-fed during early gestation (first 84 d of gestation); however, the
influence of progression of gestation on concentration of BHB was not reported.

To our knowledge, the current report is the first to assess BHB in response to urea
supplementation in pregnant beef cows. Greenfield et al. [13] demonstrated that inclusion
of dietary urea to dairy cows during late gestation (last 28 d of gestation) does not influence
circulating concentrations of BHB, similar to what was observed in the current experiment.
Eitam et al. [14] reported an increase in circulating concentrations of BHB when protein
is restricted in beef cows during mid gestation. While there was no influence of dietary
treatment on concentration of BHB in the current experiment, we did observe an influence
of day of gestation on BHB and increase in circulating concentrations of BHB on day 168 of
gestation—one potentially attributed to fetal secondary myogenesis [15].

In addition to BHB, elevated circulating concentrations of NEFA can also be indicative
of negative energy balance in ruminants. Negative energy balance in beef cattle grazing dor-
mant pasture or offered harvested feed can result from increased energy demands during
late gestation and the transition to lactation, resulting in reduced BW. Mobilization of fatty
acids from adipose tissue occurs mainly in the form of NEFA [16]. Concentrations of NEFA
increase in dairy and beef cows as fat is mobilized during the transition period [17,18].
Similarly, the current experiment also demonstrated an increase in circulating concentration
of NEFA in beef cows during the periparturient period, irrespective of treatment. There-
fore, supplementation of urea greater than dietary recommendations was not effective in
alleviating the pregnancy-induced metabolic burden of the dam.

In contrast to the catabolic state of late gestation, early and mid gestation are anabolic
in nature for the dam. Factors such as lipoprotein lipase and leptin regulate the uptake
of fatty acids from the circulation and adipose metabolic function [19–21]. As a result,
adipose reserves are increased during early and mid gestation to be utilized during pe-
riods of increased nutritional demands. In the current dataset, a decline in circulating
concentrations of NEFA in beef cows during early- and mid-gestation was observed—a
phenomenon not presented to date. A similar profile occurs during early lactation; but is
much shorter in duration with concentrations of NEFA returning to levels observed prior
to parturition within 42 d of calving [22]. Cows utilized in the current experiment were at
least 120-d postpartum at breeding. Therefore, the authors do not attribute the reduction in
circulating concentrations of NEFA observed in the current dataset during early gestation
to prior lactation. Instead, the authors propose this decline in concentrations of NEFA
during early and mid gestation is a result of both metabolic adaptation of the cow to build
adipose depots and reduced fat mobilization. A similar phenomenon occurs in rodents
that results in a shift from an anabolic state in early gestation to a catabolic state in late
gestation [19,20]. Additional research is needed to explore the role of endocrine factors on



Animals 2023, 13, 6 10 of 15

maternal adipose reserves in the beef cow during gestation, but it is beyond the scope of
the current manuscript.

Glucose synthesized or consumed by the dam serves as the primary fuel for many
maternal and fetal tissues [23,24]. Glucose is transported through the placenta via facilitated
diffusion down its concentration gradient. Limiting maternal glucose reduces glucose
available to the fetus [25], potentially compromising the pregnancy or fetal development.
Limited data exists evaluating the effect of dietary urea supplementation on circulating
concentrations of glucose in gestating ruminants.

Long et al. [26] investigated the effects of nutrient restriction and demonstrated
changes in glucose concentrations. George et al. [27] showed that maternal nutrition
during gestation affects the ability of the liver to perform gluconeogenesis and supply
the necessary nutrients to the progeny, thus limiting the energy available to maternal
tissues. Increased gluconeogenesis in the liver is accompanied by increased mobilization of
protein reserves from muscle tissue and consequently affects maternal and fetal substrate
depots [28]. However, in the present study, cows supplemented with Urea were not able
to maintain greater adipose stores or BW when compared to Control. Moreover, in the
current report, circulating concentrations of glucose did not differ between nutritional
treatments. Prior reports indicate that the plane of nutrition and macronutrient compo-
sition of the diet affects circulating concentrations of glucose [17,29]. Unfortunately, the
response to inclusion of urea into the diet varies between reports. Others have indicated
that inclusion of dietary urea supplementation decreased [30] or tended to increase [31]
circulating concentrations of glucose in lambs. While, in cows, modifying dietary protein
via supplementation of urea has been shown to influence circulating concentrations of
glucose [29].

In addition to evaluating the influence of dietary urea supplementation on maternal
circulating metabolites, we also assessed the influence of progressing gestation. Inter-
estingly in the current report, circulating concentrations of glucose are maintained at a
greater concentration after maternal recognition of pregnancy (day 28 to 280) compared to
prior to maternal recognition of pregnancy (day 0). Placental lactogen, originating from
trophoblast binucleate cells at approximately day 20 of gestation [32], increases circulating
concentrations of glucose in the dam [33]. Placental lactogen is detectable in the circulation
of pregnant cows as early as day 26 of pregnancy [34] and decreases to undetectable levels
within a few days of parturition [35]. This time frame coincides with the elevation in
circulating concentrations of glucose in cows in the current dataset. The increase in glucose
observed is in alignment with previous studies demonstrating changes in concentrations of
glucose during early gestation [2] and the periparturient period [36]. To our knowledge,
this is the first report characterizing the metabolic profile of the cow throughout gestation.

Urea is a source of non-protein nitrogen that can be used as a protein supplement
due to its chemical composition [37]. Preston et al. [38] demonstrated an influence of
dietary protein intake on concentrations of nitrogen in the blood. Similar results were
found by others [39–42] who also observed elevated concentrations of PUN in animals fed
a diet high in protein. The authors did not report a difference in concentration of PUN
between treatments in the current manuscript. However, circulating concentrations of
urea are dependent on dietary protein concentration, protein degradability in the rumen,
and interval from meal [43]. In the current report, cattle were fed a single meal daily that
differed by urea inclusion or exclusion, and blood samples for metabolic analysis were
collected after a period of feed withdrawal; to this distinction, one can potentially attribute
the differences between the current and prior literature.

While differences were not observed by treatment, the inclusion of the pelleted sup-
plement and progression of gestation influenced circulating concentrations of PUN in
the current report. Importantly, protein requirements increase throughout gestation, and
diets were adjusted to meet dietary recommendations by stage of gestation. As such, we
observed elevated concentrations of PUN in the subsequent blood samples collected at 56
and 224 d of gestation. These dietary-induced alterations do not account for differences
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observed at 140 and 280 d of gestation. Others have demonstrated that animals adapt to
high-protein rations [44], as a result, dietary-induced elevations in PUN are muted when
offered regularly as part of the ration. A similar phenomenon may account for the cyclic
loss in difference between select samples (84, 112, 168, 196, and 252 d of gestation) collected
following the addition of the pelleted supplement to the ration.

Previous research has investigated the effects of protein supplementation on the
reproductive and metabolic aspects of gestating heifers [45]. That report demonstrated
that protein supplementation affects BW when protein is offered during the last 3 wk
of gestation, but protein supplementation—even when extended into lactation—did not
affect milk production during the first 8 wk of lactation. Differences in gain of BW in
response to supplementation between the aforementioned study and the one presented
herein may be attributed to the source, duration, and access to protein supplementation,
as well as differences in physiological state and parity. In the current report, BW of
cows increased during the second half of gestation. However, BW did not differ between
treatments. These results were similar to the ones presented by Wilson et al. [46] that
provided 129% of the CP requirement for cows in late gestation. Interestingly, cows in the
current dataset lost BW between 252 and 280 d of gestation, irrespective of treatment. This
reduction in BW coincided with an increase in concentration of NEFA, suggesting that lipid
mobilization occurred in order to respond to elevated nutritional requirements, possibly
in preparation for lactation. In response to this increased requirement, mobilization of
tissues, especially fat, occurs in an effort to maintain homeostasis [47]. In the current
dataset, a reduction in backfat thickness was observed between early and late gestation.
However, no differences in backfat thickness were observed between treatments. Similarly,
Wilson et al. [46] demonstrated that maternal high protein diets during late gestation failed
to alter maternal weight or condition, but progeny of these dams had greater backfat
thickness. When synthesis of mammary secretions is initiated during the last 4 to 6 wk
of gestation, nutritional requirements of the dam increase. As mammary secretions are
generated, the mobilization of energy stores and altered utilization of nutrients becomes
necessary [48], potentially contributing to the difference in subcutaneous adiposity between
early and late gestation.

In order to prepare for lactation, metabolism changes from an anabolic to a catabolic
state. Lipolysis of adipose tissue increases, as observed in the current study, to increase
the concentration of NEFA for the production of glucose in the liver. When comparing the
mammary secretions collected at hour 0 and hour 24 postpartum, we were able to demon-
strate differences in volume, weight, total lactose, percentage of protein, and concentration
of milk urea nitrogen. A considerable amount of research has been done in dairy cows
comparing composition of mammary secretion at different times after parturition as well
as comparing different diets. However, in beef cattle, research has been conducted only
comparing different breeds and how milk composition affects calf performance [49,50].

Limited data exists pertaining to mammary secretion quantity or quality in the peri-
parturient period of beef cows. In a similar report with cross-bred beef cows maintained
on range, concentrations of milk urea nitrogen were lower than observed in the present
study, likely a function of reduced dietary CP content [51]. Moreover, mammary secretions
for assessment of quantity and quality in the referenced report were performed following
peak lactation (day 70 of lactation), compared to the neonatal period in the current report.
Considerable differences exist in the composition of mammary secretions as lactation pro-
gresses. Colostrum, the initial high-density product of lactation, is the primary source of Ig
and nutrients required for neonatal survival. The low volume, nutrient-dense mammary
secretions of the neonatal period align with the limited capacity of the neonatal calf stomach.
Moreover, it is necessary that the calf acquire passive transfer of immunity from the dam’s
mammary secretions postnatally. In the current report, supplementation of urea provided
no benefit in regard to mammary secretions essential for neonatal survival (i.e., Ig, lactose,
fat, and protein) of the calf, if allowed to nurse postnatally.
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The level of dietary protein offered to dairy cows during late gestation had no effect
on milk yield or composition in early lactation [36,44]. Waterman et al. [51] demonstrated
that age-matched beef cows grazing forage containing different CP content did not result
in differences in milk urea nitrogen content, as observed in the present report. However,
Waterman et al. [51] was able to demonstrate an influence of CP content of available
forage on milk yield and content. Unfortunately, the aforementioned reference was not
able to record feed intake or compare the influence of supplemental urea or protein on
mammary secretions. As such, the current report is the first to demonstrate the influence of
supplemental urea on mammary secretions in the beef cow.

5. Conclusions

We conclude that cows are able to maintain metabolic homeostasis and pregnancy
by mobilizing adipose depots in order to maintain a glucose gradient that serves as a fuel
reservoir for the offspring in utero, as supported by the lipid analysis data presented in
the current work Supplementation of excessive urea does not relieve gestation-induced
adipose tissue catabolism of the dam. Furthermore, providing dietary urea to increase
the protein available to the dam beyond dietary recommendations throughout gestation
had no effect on parameters that directly influence neonatal morbidity and mortality
rates. Thus, employment of a nutritional strategy during gestation that targets nutritional
recommendations is paramount for the animal’s homeostasis and the maintenance of its
metabolic parameters.

Author Contributions: L.D.P., funding acquisition; L.D.P. and J.F.T., conception and design of the
study; L.D.P. and J.F.T., acquisition of data; L.D.P. and J.F.T., analysis and interpretation of data; L.D.P.
and J.F.T., drafting the article; L.D.P. and J.F.T., revising the article critically for important intellectual
content; L.D.P. and J.F.T., final approval of the version submitted. All authors have read and agreed
to the published version of the manuscript.

Funding: This project was supported by the Hatch Formula Grant Program [project number MONB00713
to Ligia Prezotto] from the USDA National Institute of Food and Agriculture.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Agricultural Animal Care and Use Committee of
Montana State University (Protocol: 2016-AA20; Approved: 10/25/16).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available, upon reasonable request to the corre-
sponding author.

Acknowledgments: The authors would like to acknowledge employees of the Northern Agricultural
Research Center, Montana State University for their contributions. The assistance of undergraduate
students Riley Dennis, Vitor Pizol, and Marley Manoukian is appreciated.

Conflicts of Interest: The authors declare no conflict of interest.

Disclosure: This work was supported in part by the U.S. Department of Agriculture, Agricultural
Research Service. The findings and conclusions in this report are those of the author(s) and should not
be construed to represent any official USDA or U.S. Government determination or policy. Mention
of trade names or commercial products in this publication is solely for the purpose of providing
specific information and does not imply recommendation or endorsement by the U.S. Department of
Agriculture. The U.S. Department of Agriculture prohibits discrimination in all its programs and
activities on the basis of race, color, national origin, age, disability, and where applicable, sex, marital
status, familial status, parental status, religion, sexual orientation, genetic information, political
beliefs, reprisal, or because all or part of an individual’s income is derived from any public assistance
program. (Not all prohibited bases apply to all programs.) Persons with disabilities who require
alternative means for communication of program information (Braille, large print, audiotape, etc.)
should contact USDA’s TARGET Center at (202) 720-2600 (voice and TDD). To file a complaint of
discrimination, write to USDA, Director, Office of Civil Rights, 1400 Independence Avenue, S.W.,



Animals 2023, 13, 6 13 of 15

Washington, D.C. 20250-9410, or call (800) 795-3272 (voice) or (202) 720-6382 (TDD). USDA is an equal
opportunity provider and employer.

References
1. USDA-APHIS. Use of Nutritional Supplements for Cows on U.S. Beef Cow-Calf Operations; Animal and Plant Health Inspection

Service: Riverdale Park, MD, USA, 2010.
2. Abdullah, M.; Mohanty, T.K.; Bhakat, M.; Kumaresan, A.; Patbandha, T.K.; Madkar, A.R.; Mohanty, A.K. Metabolic indicators

for early pregnancy in zebu and crossbred dairy cows reared in a subtropical climate. Turk. J. Vet. Anim. Sci. 2017, 41, 407–413.
[CrossRef]

3. Duffield, T. Subclinical ketosis in lactating dairy cattle. Vet. Clin. N. Am. Food Anim. Pract. 2000, 16, 231–253. [CrossRef] [PubMed]
4. Beever, D.E. The impact of controlled nutrition during the dry period on dairy cow health, fertility and performance. Anim.

Reprod. Sci. 2006, 96, 212–226. [CrossRef] [PubMed]
5. Fenwick, M.A.; Llewellyn, S.; Fitzpatrick, R.; Kenny, D.A.; Murphy, J.J.; Patton, J.; Wathes, D.C. Negative energy balance in

dairy cows is associated with specific changes in IGF-binding protein expression in the oviduct. Reproduction 2008, 135, 63–75.
[CrossRef]

6. Law, R.A.; Young, F.; Patterson, D.; Kilpatrick, D.; Wylie, A.; Mayne, C. Effect of dietary protein content on animal production
and blood metabolites of dairy cows during lactation. J. Dairy Sci. 2009, 92, 1001–1012. [CrossRef]

7. Federation of Animal Science Societies. Guide for the Care and Use of Agricultural Animals in Research and Teaching; Federation of
Animal Science Societies: Champaign, IL, USA, 2010.

8. NASEM. Nutrient Requirements of Beef Cattle, 8th ed.; The National Academies Press: Washington, DC, USA, 2016.
9. Hobbs, J.D.; Edwards, S.R.; Cope, E.R.; McFarlane, Z.D.; Pohler, K.G.; Mulliniks, J.T. Circulating beta-hydroxybutyrate concen-

tration may be a predictive measurement for young cows that have a greater probability to conceive at a fixed-time artificial
insemination. J. Anim. Sci. 2017, 95, 1545–1552. [CrossRef]

10. Wood, K.M.; Awda, B.J.; Fitzsimmons, C.; Miller, S.P.; McBride, B.W.; Swanson, K.C. Influence of pregnancy in mid-to-late
gestation on circulating metabolites, visceral organ mass, and abundance of proteins relating to energy metabolism in mature
beef cows. J. Anim. Sci. 2013, 91, 5775–5784. [CrossRef]

11. Linden, D.R.; Titgemeyer, E.C.; Olson, K.C.; Anderson, D.E. Effects of gestation and lactation on forage intake, digestion, and
passage rates of primiparous beef heifers and multiparous beef cows. J. Anim. Sci. 2014, 92, 2141–2151. [CrossRef]

12. Noya, A.; Casasús, I.; Rodríguez-Sánchez, J.A.; Ferrer, J.; Sanz, A. A negative energy balance during the peri-implantational
period reduces dam IGF-1 but does not alter progesterone or pregnancy-specific protein B (PSPB) or fertility in suckled cows.
Domest. Anim. Endocrinol. 2020, 72, 106418. [CrossRef]

13. Greenfield, R.B.; Cecava, M.J.; Johnson, T.R.; Donkin, S.S. Impact of dietary protein amount and rumen undegradability on intake,
peripartum liver triglyceride, plasma metabolites, and milk production in transition dairy cattle. J. Dairy Sci. 2000, 83, 703–710.
[CrossRef]

14. Eitam, H.; Agmon, R.; Asher, A.; Brosh, A.; Orlov, A.; Izhaki, I.; Shabtay, A. Protein deprivation attenuates Hsp expression in fat
tissue. Cell Stress Chaperones 2012, 17, 339–347. [CrossRef] [PubMed]

15. Du, M.; Tong, J.; Zhao, J.; Underwood, K.R.; Zhu, M.; Ford, S.P.; Nathanielsz, P.W. Fetal programming of skeletal muscle
development in ruminant animals. J. Anim. Sci. 2010, 88, 51–60. [CrossRef] [PubMed]

16. Steinberg, D. The Control of Lipid Metabolism; Academic Press: New York, NY, USA, 1963; pp. 111–143.
17. Douglas, G.N.; Overton, T.R.; Bateman, H.G.; Dann, H.M.; Drackley, J.K. Prepartal plane of nutrition regardless ofenergy source

affects periparturient metabolism and dry matter intake in Holstein cows. J. Dairy Sci. 2006, 89, 2141–2157. [CrossRef] [PubMed]
18. Coleman, S.W.; Chase, C.C., Jr.; Riley, D.G.; Williams, M.J. Influence of cow breed type, age and previous lactation status on cow

height, calf growth, and patterns of body weight, condition, and blood metabolites for cows grazing bahiagrass pastures. J. Anim.
Sci. 2017, 95, 139–153.

19. Knopp, R.H.; Boroush, M.A.; O’Sullivan, J.B. Lipid metabolism in pregnancy. II. Post-heparin lipolytic activity and hypertriglyc-
eridemia in the pregnant rat. Metabolism 1975, 24, 481–493. [CrossRef]

20. Christou, H.; Serdy, S.; Mantzoros, C.S. Leptin in relation to growth and developmental processes in the fetus. Semin. Reprod. Med.
2002, 20, 123–130. [CrossRef]

21. Wang, M.Y.; Orci, L.; Ravazzola, M.; Unger, R.H. Fat storage in adipocytes requires inactivation of leptin’s paracrine activity:
Implications for treatment of human obesity. Proc. Natl. Acad. Sci. USA 2005, 102, 18011–18016. [CrossRef]

22. Bünemann, K.; von Soosten, D.; Frahm, J.; Kersten, S.; Meyer, U.; Hummel, J.; Zeyner, A.; Dänicke, S. Effects of body condition
and concentrate proportion of the ration on mobilization of fat depots and energetic condition in dairy cows during early lactation
based on ultrasonic measurements. Animals 2019, 9, 131. [CrossRef]

23. Stanley, C.C. Regulation of Glucose Metabolism in Dairy Cattle. Ph.D. Thesis, Louisiana State University, Baton Rouge, LA,
USA, 2005.

24. Aschenbach, J.R.; Kristensen, N.B.; Donkin, S.S.; Hammon, H.M.; Penner, G.B. Gluconeogenesis in dairy cows: The secret of
making sweet milk from sour dough. IUBMB Life 2010, 62, 869–877. [CrossRef]

http://doi.org/10.3906/vet-1602-103
http://doi.org/10.1016/S0749-0720(15)30103-1
http://www.ncbi.nlm.nih.gov/pubmed/11022338
http://doi.org/10.1016/j.anireprosci.2006.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16949220
http://doi.org/10.1530/REP-07-0243
http://doi.org/10.3168/jds.2008-1155
http://doi.org/10.2527/jas.2016.1247
http://doi.org/10.2527/jas.2013-6589
http://doi.org/10.2527/jas.2013-6813
http://doi.org/10.1016/j.domaniend.2019.106418
http://doi.org/10.3168/jds.S0022-0302(00)74932-0
http://doi.org/10.1007/s12192-011-0308-0
http://www.ncbi.nlm.nih.gov/pubmed/22081321
http://doi.org/10.2527/jas.2009-2311
http://www.ncbi.nlm.nih.gov/pubmed/19717774
http://doi.org/10.3168/jds.S0022-0302(06)72285-8
http://www.ncbi.nlm.nih.gov/pubmed/16702281
http://doi.org/10.1016/0026-0495(75)90073-6
http://doi.org/10.1055/s-2002-32503
http://doi.org/10.1073/pnas.0509001102
http://doi.org/10.3390/ani9040131
http://doi.org/10.1002/iub.400


Animals 2023, 13, 6 14 of 15

25. Lucy, M.C.; Green, J.C.; Meyer, J.P.; Williams, A.M.; Newsom, E.M.; Keisler, D.H. Short communication: Glucose and fructose
concentrations and expression of glucose transporters in 4- to 6-week pregnancies collected from Holstein cows that were either
lactating or not lactating. J. Dairy Sci. 2012, 95, 5095–5101. [CrossRef]

26. Long, N.M.; Prado-Cooper, M.J.; Krehbiel, C.R.; DeSilva, U.; Wettemann, R.P. Effects of nutrient restriction of bovine dams during
early gestation on postnatal growth, carcass and organ characteristics, and gene expression in adipose tissue and muscle. J. Anim.
Sci. 2010, 88, 3251–3261. [CrossRef] [PubMed]

27. George, L.A.; Zhang, L.; Tuersunjiang, N.; Ma, Y.; Long, N.M.; Uthlaut, A.B.; Smith, D.T.; Nathanielsz, P.W.; Ford, S.P. Early
maternal undernutrition programs increased feed intake, altered glucose metabolism and insulin secretion, and liver function in
aged female offspring. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2012, 302, 795–804. [CrossRef] [PubMed]

28. Collier, R.J.; McNamara, J.P.; Wallace, C.R.; Dehoff, M.H. A review of endocrine regulation of metabolism during lactation. J.
Anim. Sci. 1984, 59, 498–510. [CrossRef] [PubMed]

29. Tshuma, T.; Fosgate, G.T.; Hamman, R.; Holm, D.E. Effect of different levels of dietary nitrogen supplementation on the relative
blood urea nitrogen concentration of beef cows. Trop. Anim. Health Prod. 2019, 51, 1883–1891. [CrossRef] [PubMed]

30. Xu, Y.; Li, Z.; Moraes, L.E.; Shen, J.; Yu, Z.; Zhu, W. Effects of incremental urea supplementation on rumen fermentation, nutrient
digestion, plasma metabolites, and growth performance in fattening lambs. Animals 2019, 9, 652. [CrossRef] [PubMed]

31. Saro, C.; Mateo, J.; Andrés, S.; Mateos, I.; Ranilla, M.J.; López, S.; Martín, A.; Giráldez, F.J. Replacing soybean meal with urea in
diets for heavy fattening lambs: Effects on growth, metabolic profile and meat quality. Animals 2019, 9, 974. [CrossRef] [PubMed]

32. Yamada, O.; Todoroki, J.; Kizaki, K.; Takahashi, T.; Imai, K.; Patel, O.V.; Schuler, L.A.; Hashizume, K. Expression of prolactin-
related protein I at the fetomaternal interface during the implantation period in cows. Reproduction 2002, 124, 427–437. [CrossRef]

33. Collins, J.W., Jr.; Finley, S.L.; Merrick, D.; Ogata, E.S. Human placental lactogen administration in the pregnant rat: Acceleration
of fetal growth. Pediatr. Res. 1988, 24, 663–667. [CrossRef]

34. Buttle, H.L.; Forsyth, I.A. Placental lactogen in the cow. J. Endocrinol. 1976, 68, 141–146. [CrossRef]
35. Wallace, C.R. Concentration of bovine placental lactogen in dairy and beef cows across gestation. Domes Anim. Endocrinol. 1993,

10, 67–70. [CrossRef]
36. Putnam, D.E.; Varga, G.A.; Dann, H.M. Metabolic and production responses to dietary protein and exogenous somatotropin in

late gestation dairy cows. J. Dairy Sci. 1999, 82, 982–995. [CrossRef] [PubMed]
37. Harmeyer, J.; Martens, H. Aspects of urea metabolism in ruminants with reference to the goat. J. Dairy Sci. 1980, 63, 1707–1728.

[CrossRef] [PubMed]
38. Preston, R.L.; Schnakenberg, D.D.; Pfander, W.H. Protein utilization in ruminants. I. Blood urea nitrogen as affected by protein

intake. J. Nutr. 1965, 86, 281–288. [CrossRef] [PubMed]
39. Butler, W.R.; Calaman, J.J.; Beam, S.W. Plasma and milk urea nitrogen in relation to pregnancy rate in dairy cattle. J. Anim. Sci.

1996, 74, 858–865. [CrossRef]
40. Duby, R.T.; Tritschler, J.P.; Prange, R.W.; Abdul-Wahid, F.T. Effect of dietary crude protein on urea in fluids of the reproductive

tract of ewes and dairy cows. J. Dairy Sci. 1984, 70, 1563–1571.
41. Hammon, D.S.; Holyoak, G.R.; Dhiman, T.R. Association between blood plasma urea nitrogen levels and reproductive fluid urea

nitrogen and ammonia concentration in early lactation dairy cows. Anim. Reprod. Sci. 2005, 86, 195–204. [CrossRef]
42. Rennó, L.N.; Valadares Filho, S.C.; Valadares, R.F.D.; Paulino, M.F.; Rennó, F.P.; Silva, P.A. Effects of different concentration of

dietary protein offered to steers from different genetic groups: Production of microbial protein via purines and excretion of
nitrogen in the urine. Braz. J. Anim. Sci. 2008, 37, 546–555.

43. Koenig, K.M.; Beauchemin, K.A. Nitrogen metabolism and route of excretion in beef feedlot cattle fed barley-based finishing diets
varying in protein concentration and rumen degradability. J. Anim. Sci. 2013, 91, 2310–2320. [CrossRef]

44. Doepel, L.; Lapierre, H.; Kennelly, J.J. Peripartum performance and metabolism of dairy cows in response to prepartum energy
and protein intake. J. Dairy Sci. 2002, 85, 2315–2334. [CrossRef]

45. Hunter, R.A.; Magner, T. The effects of supplements of formaldehyde-treated casein in the partitioning of nutrients between cow
and calf in lactating Bos indicus x Bos taurus heifers fed a roughage diet. Aust. J. Agric. Res. 1988, 39, 1151–1162. [CrossRef]

46. Wilson, T.B.; Long, N.M.; Faulkner, D.B.; Shike, D.W. Influence of excessive dietary protein intake during late gestation on drylot
beef cow performance and progeny growth, carcass characteristics, and plasma glucose and insulin concentrations. J. Anim. Sci.
2016, 94, 2035–2046. [CrossRef] [PubMed]

47. Bell, A.W. Regulation of organic nutrient metabolism during transition from late pregnancy to early lactation. J. Anim. Sci. 1995,
73, 2804–2819. [CrossRef] [PubMed]

48. Andrew, S.M.; Erdman, R.A.; Waldo, D.R. Prediction of body composition from deuterium oxide and urea dilution in dairy cows
at three physiological stages. J. Dairy Sci. 1995, 78, 1083–1095. [CrossRef] [PubMed]

49. Gleddie, V.M.; Berg, R.T. Milk production in range beef cows and its relationship to calf gains. Can. J. Anim. Sci. 1968, 48, 323–333.
[CrossRef] [PubMed]

http://doi.org/10.3168/jds.2012-5456
http://doi.org/10.2527/jas.2009-2512
http://www.ncbi.nlm.nih.gov/pubmed/20525929
http://doi.org/10.1152/ajpregu.00241.2011
http://www.ncbi.nlm.nih.gov/pubmed/22277936
http://doi.org/10.2527/jas1984.592498x
http://www.ncbi.nlm.nih.gov/pubmed/6090379
http://doi.org/10.1007/s11250-019-01883-5
http://www.ncbi.nlm.nih.gov/pubmed/31011924
http://doi.org/10.3390/ani9090652
http://www.ncbi.nlm.nih.gov/pubmed/31487882
http://doi.org/10.3390/ani9110974
http://www.ncbi.nlm.nih.gov/pubmed/31739618
http://doi.org/10.1530/rep.0.1240427
http://doi.org/10.1203/00006450-198812000-00002
http://doi.org/10.1677/joe.0.0680141
http://doi.org/10.1016/0739-7240(93)90009-Z
http://doi.org/10.3168/jds.S0022-0302(99)75318-X
http://www.ncbi.nlm.nih.gov/pubmed/10342237
http://doi.org/10.3168/jds.S0022-0302(80)83132-8
http://www.ncbi.nlm.nih.gov/pubmed/7451710
http://doi.org/10.1093/jn/86.3.281
http://www.ncbi.nlm.nih.gov/pubmed/14312584
http://doi.org/10.2527/1996.744858x
http://doi.org/10.1016/j.anireprosci.2004.08.003
http://doi.org/10.2527/jas.2012-5653
http://doi.org/10.3168/jds.S0022-0302(02)74312-9
http://doi.org/10.1071/AR9881151
http://doi.org/10.2527/jas.2015-0224
http://www.ncbi.nlm.nih.gov/pubmed/27285701
http://doi.org/10.2527/1995.7392804x
http://www.ncbi.nlm.nih.gov/pubmed/8582872
http://doi.org/10.3168/jds.S0022-0302(95)76725-X
http://www.ncbi.nlm.nih.gov/pubmed/7622720
http://doi.org/10.4141/cjas68-044
http://www.ncbi.nlm.nih.gov/pubmed/17436914


Animals 2023, 13, 6 15 of 15

50. Rahnefeld, G.W.; Weiss, G.M.; Fredeen, H.T. Milk yield and composition in beef cows and their effect on cow and calf performance
in two environments. Can. J. Anim. Sci. 1990, 70, 409–423. [CrossRef]

51. Waterman, R.C.; Grings, E.E.; Geary, T.W.; Roberts, A.J.; Alexander, L.J.; MacNeil, M.D. Influence of seasonal forage quality on
glucose kinetics of young beef cows. J. Anim. Sci. 2007, 85, 2582–2595. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.4141/cjas90-053
http://doi.org/10.2527/jas.2007-0023

	Effect of Dietary Urea in Gestating Beef Cows: Circulating Metabolites, Morphometrics, and Mammary Secretions
	Introduction 
	Materials and Methods 
	Animals, Experimental Design, and Diets 
	Metabolites 
	Morphometrics 
	Mammary Secretions 
	Statistical Analyses 

	Results 
	Metabolites 
	Morphometrics 
	Mammary Secretions 

	Discussion 
	Conclusions 
	References

