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ABSTRACT

Increasing nutrient supply to dairy calves has well
known benefits; however, the effects of milk replacer
(MR) composition when supplied in higher amounts are
not fully understood, particularly in the first weeks of
life. To better understand the metabolism of macronutri-
ent supply in young calves (21 d old), we investigated di-
urnal patterns of heat production and substrate oxidation
in young calves fed MR with an incremental supply of
fat, lactose, or protein. Thirty-two groups of 3 mixed-sex
Holstein-Friesian newborn calves (3.4 = 1.6 d of age),
were randomly assigned to one of 4 dietary treatments
and studied for 21 d. Diets consisted of a basal MR
(23.3% CP, 21.2% EE, and 48.8% lactose of DM) fed at
550 kJ/kg BW’® per day (CON; n = 24), or the basal MR
incrementally supplied with 126 kJ of digestible energy/
BW"* per day as milk fat (+FAT; n = 23), lactose (+LAC;
n = 24), or milk protein (+PRO; n = 23). Calves were fed
MR in 2 daily meals and had ad libitum access to water,
but were not supplied with any calf starter nor forage.
After 2 weeks of adaptation to the diets, groups of 3
calves were placed for 1 wk in an open-circuit respiration
chamber for nitrogen and energy balance measurements
(lasting 7 d). On d 3, glucose oxidation kinetics was esti-
mated by using [U-">C]glucose. Measurements included
total heat production (total energy [HP], activity [H,]
expenditure, resting metabolic rate [RMR]), respiration
quotient (RQ), carbohydrate (COX) and fat oxidation
(FOX) in 10 min. intervals and averaging these values
per hour over days. Incremental supply of lactose and
fat increased body fat deposition, with observed patterns
in RMR indicating that this increase occurred primar-
ily after the meals. Specifically, the average daily RMR
was highest in the +PRO group and lowest in the CON
treatment. The HP was higher in the +PRO group and
throughout the day, hourly means of HP were higher in
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this treatment mainly caused by an increase in H,,. The
recovery of ?CO, from oral pulse-dosed [U-">C]glucose
was high (77%), and not significantly different between
treatments, indicating that ingested lactose was oxidized
to a similar extent across treatments. Increasing lactose
supply in young calves increased fat retention by reduc-
tion in fatty oxidation. Calves fed a MR with additional
protein or fat raised RMR persistently throughout the
day, whereas the extra lactose supply only affects RMR
after the meal. Dietary glucose was almost completely
oxidized (77% based on ("°C) glucose measurement)
regardless of nutrient supplementation. Extra protein
supply increased HP and FOX compared with similar in-
takes of fat and lactose. Fasting heat production (FHP) of
young, group-housed calves is comparable to literature
values and unaffected by energy intake. Overall, these
findings deepen our understanding of how different
nutrients affect metabolic processes, fat retention, and
energy expenditure in young dairy calves.

Key words: calf, heat partitioning, glucose and fat
oxidation, milk replacer

INTRODUCTION

Traditionally, dairy calves have been fed either whole
milk (WM) or milk replacer (MR), but in either case
restricted at an approximate rate of 8% to 10% of their
birth BW, aiming to encourage starter intake and antici-
pate rumen development (Drackley, 2008). Minimizing
milk supply can spare milk for human consumption and
MR being more expensive than concentrate by weight, is
perceived as more costly way to feed calves, although this
depends on costs and feed conversion efficiencies (Bach
et al., 2013). However, ad libitum WM or MR intake of
calves is naturally much higher (20% of BW; Jasper and
Weary, 2002), and most recent nutritional understanding
accepts that higher supplies of WM or MR have short-
term benefits other than growth, and long-term positive
effects on the productivity of cows (Davis Rincker et al.,
2011; Gelsinger et al., 2016).
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This paper presents new data from a study that was
reported previously by Amado et al. (2024), which re-
ported the incremental efficiencies of energy and protein
deposition in very young calves (21 d old) fed with a MR
incrementally supplemented with isoenergetic amounts
of fat, lactose, or protein. Incremental fat and lactose
both resulted in increased fat deposition as compared
to incremental protein. In most nonruminants, such as
humans and pigs, de novo fatty acid synthesis mainly
derives from glucose supply (Bergen and Mersmann,
2005). In swine, glucose abundance in the postabsorp-
tive state enhances de novo fatty acid synthesis and li-
pogenesis (van Erp et al., 2018, 2020). The contribution
of glucose to fat deposition increases with increasing
feeding level and explains approximately two-thirds
of total fat deposition in ad libitum fed pigs (van den
Borne et al., 2006). In contrast, dietary glucose is al-
most completely oxidized in heavy pre-ruminant calves
(veal calves), and therefore glucose is not deposited as
body fat. An increase in feed intake increased glucose
but decreased fatty acid oxidation (van den Borne et
al., 2007). This mechanism is also observed in adult
ruminants where fatty acid synthesis from glucose is
limited (Laliots et al., 2010). Furthermore, it has been
suggested that changes in insulin sensitivity during
early life, as observed in the study by Pantophlet et
al. (2016), could potentially lead to alterations in how
nutrients are distributed within the body. For instance,
studies have shown high insulin sensitivity in calves
younger than 3 wk of age. It has been described that
high insulin sensitivity in calves decreases with age,
regardless of the feeding strategy, and reaches very low
levels compared with other species (Stanley et al., 2002;
Pantophlet et al., 2016). Moreover, it has been shown
that the prolonged intake of lactose can have adverse
effects on glucose homeostasis and insulin sensitivity in
veal calves older than 4 mo of age, leading to conditions
such as hyperglycemia, hyperinsulinemia, and insulin
resistance (Hugi et al., 1997). Understanding the effect
of energy sources, such as lactose, on insulin sensitivity
and glucose metabolism in calves is crucial for optimiz-
ing their growth and overall health.

In terms of protein deposition, the gross efficiency at
which digested nitrogen intake was retained by young
calves (60-100 kg of BW) was ~60%. However, as BW
increases above 150 kg, the gross efficiency drops be-
low 50% (Gerrits et al., 1996; Diaz et al., 2001; van den
Borne et al., 2006; Labussiére et al., 2008; Berends et
al., 2012). The metabolic mechanism by which these ef-
ficiencies are achieved and how nutrient and energy par-
titioning are modulated remain unknown. Daily patterns
of substrate oxidation and fasting heat production (FHP)
can help with gaining understanding during the process
of nutrient partitioning in young calves.
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The present article describes the diurnal patterns of
energy expenditure by partitioning total heat production
(HP) into heat production related to physical activity
(H,) and the resting metabolic rate (RMR) of young
calves fed MR supplied with incremental fat, lactose, and
protein. In addition, the diurnal patterns of the respira-
tory quotient (RQ), net rates of carbohydrate and fat oxi-
dation, and the FHP of these calves were also measured.

MATERIALS AND METHODS

This study was conducted at Carus, Research Facil-
ity of the Department of Animal Sciences, Wageningen
University and Research (Wageningen, the Netherlands)
from April 2018 to June 2018. All procedures described in
this article complied with the Dutch Law on Experimen-
tal Animals, which meets European guidelines defined
by ETS123 (Council of Europe 1985 and the 86/609/
EEC Directive) and were approved by the animal welfare
authority (Centrale Commissie Dierproeven, CCD, the
Netherlands) and the Animal Care and Use Committee of
Wageningen University. The project application code is
AVD2040020173425.

Experimental Design

A detailed description of the experimental design has
been described by Amado et al. (2024). Briefly, 94 Hol-
stein-Friesian calves (37 females, 57 males) were selected
based on clinical health, age, BW, and sex uniformity and
arrived in 9 different batches over a period of 3 mo. The
average age and weight at arrival were 3.5 £ 1.4 d and
44.5 £ 0.3 kg, respectively. The experiment consisted of
3 consecutive periods: an adaptation period of 14 d after
arrival; the first measurement period (HP, which lasted
5 d); and the second measurement period (FHP), which
lasted 2 d. Before the FHP period, 1 calf from each group
was randomly selected and euthanized for the collection
of gastrointestinal tract tissues (A. Welboren, University
of Guelph, Guelph, Canada; unpublished data). Each
group (n =3 for HP and n = 2 for FHP) was housed in an
indirect calorimetric chamber without bedding material.
This schedule was the same for all batches.

Diets and Feeding

Calves were fed according to their metabolic BW
(BW"®), adjusted weekly as they grew at an individual
animal level. The power of 0.85 (BW*®) was chosen to
minimize variation in heat and fasting production param-
eters measured by calorimetry in Holstein veal calves,
as previously determined by Labussiére et al. (2008).
Groups of calves (n = 3) were blocked as they arrived
and assigned to 1 of 4 dietary treatments: a control
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diet (CON; basal MR; Trouw Nutrition, Deventer, the
Netherlands), or the control diet supplemented with but-
terfat (+FAT; anhydrous milk fat; Royal VIV Buisman
BV, Zelhem, the Netherlands), lactose (+LAC; lactose
powder; Arla Foods Ingredients Group, Viby, Denmark),
or protein (+PRO; milk protein concentrate powder 80;
Fonterra Ltd., Auckland, New Zealand), and the groups
were adapted to their respective diets for 14 d before the
measurement period started. The incremental nutrient
treatments were defined on an isoenergetic basis (digest-
ible energy, 675 MJ/kg BW"* per day) and provided in 2
equal daily portions. The ingredient and nutrient compo-
sition of the experimental MR is shown in Table 1. Milk
replacer was reconstituted with water at 150 g/L and
supplied with a teat bucket at ~40°C. Feeding times were
set at 0600 and 1800 h. Calves had ad libitum access to
water but did not have access to calf starter nor forage.

Measurements and Calculations

During the 7 d in the respiration chambers, nitrogen
and energy balances were monitored, and exchanges of
oxygen (0O,), carbon dioxide (CO,), and methane (CHy)
were measured over 10-min intervals as described by
Heetkamp et al. (2015). The production of BCo, was
measured during 10-min intervals using a nondisper-
sive infrared spectrometer (Advance Optima Uras 14,
ABB group, Switzerland) as described by Alferink et al.
(2003). The total energy expenditure (HP) was calculated
using the formula of Brouwer (1965) based on gaseous
exchange. The HP was divided into activity energy ex-
penditure (H,.,) and RMR by use of penalized B-spline
regression procedures (van Klinken et al., 2012) in Mat-
lab (MathWorks), with 8 knots. For each group of calves,
FHP was estimated as the asymptotic RMR during 24 h
(including last feeding) of feed deprivation:

RMR = FHP + [by-c-t7 b, J/[1 + (by/H)°]?,

where RMR = FHP (kJ-kg of BW"%) at time t (h); b,
b;, and ¢ (all >0) are parameters that define the curve.
The nonlinear least squares regression procedure (PROC
NLIN, SAS Institute) was used for curve fitting. The RQ
was determined by calculating the ratio of CO, produc-
tion to O, consumption. The net rates of carbohydrate
oxidation (COX) and fat oxidation (FOX) were calcu-
lated from gaseous exchanges (L) as described by van
den Borne et al. (2015).

On the third day in the chambers, an oral dose of 11
umol/kg BW of [U-"*C]glucose (99.0 atom%; Cambridge
Isotope Laboratories) was added to the MR fed at 1800
h to calculate the glucose oxidation from the amount of
*CO, exhaled. Bicarbonate sequestration was measured
on d 4 and determined from the amount of *CO, exhaled
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Table 1. Ingredient and analyzed nutrient composition of the
experimental milk replacers

Treatment'
Item CON +FAT  +LAC  +PRO
Ingredient, % DM
Milk replacer’ 100 88.2 71.7 82.7
Anhydrous milk fat — 11.8 — —
Milk protein powder — — — 17.3
Lactose powder — — 223 —
Nutrient composition, % DM
DM, % 96.2 96.5 96.9 95.6
CP 234 20.7 18.2 34.5
Crude fat 21.4 30.6 16.6 18.0
Lactose 49.0 43.2 60.2 41.4
Crude ash 6.2 5.5 4.8 6.4
DE, MJ/kg DM 20.6 223 19.6 20.6
Gross energy, MJ/kg DM 21.1 23.0 19.9 21.0
Intake, g/kg BW*®
DM 27 30 34 33
CP 6 6 6 11
Crude fat 6 9 6 6
Lactose 13 13 21 13
Crude ash 2 2 2 2
DE, MJ/d 548 674 674 674

!CON =23.3% CP, 21.2% crude fat, and 48.8% lactose on a DM basis,
provided at 550 kl/kg BW"® per day; or the basal MR incrementally
supplied with 125 kJ of DE/BW®® per day as milk fat (+FAT), lactose
(+LAC), or milk protein (+PRO).

*Premix, provided per kilogram of milk replacer: 25,000 IU/kg vitamin
A; 5,000 IU/kg vitamin D3; 90 mg/kg vitamin E; 158 mg/kg vitamin C;
94 mg/kg iron; 47 mg/kg manganese; 124 mg/kg zinc; 11 mg/kg copper;
and 0.2 mg/kg selenium.

after a bolus dose of 32 pmol of ['*C] sodium bicarbonate
(NaHCO3;, 99.0 atom%; Cambridge Isotope Laborato-
ries) injected into an ear vein. The injection took place 2
h after feeding and was completed within 2 min at 1800
h. The measurement of ['*C]-carbon dioxide enrichment
was taken on d 2 (background) and d 3. Because within-
day patterns in background enrichment were observed,
the enrichment levels in excess to background were
determined by subtracting hourly background levels
determined on d 2, which were subtracted from the mea-
sured enrichment of the corresponding hour on d 3. The
recovery of °C was calculated by dividing the amount
of "*C exhaled in the form of carbon dioxide by the oral
dose received on a per-hour basis.

A model described by van den Borne et al. (2007) was
fitted to the 60-min means of *CO, excretion in breath of
each group of calves (corrected for background enrich-
ment) after ingestion of [U-">C]glucose, and after infu-
sion of [*C]sodium bicarbonate:

y = [borc t™ Vb /1 + (by/t)°T
where y = Bco, production (micromoles per minute) at

time t (min); by, by, and ¢ (all >0) are parameters that
define the curve. The nonlinear least squares regression
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procedure (PROC NLIN, SAS Institute) was used for
curve fitting. Oxidation of the tracer metabolites was
calculated by integration of the area under the *CO, ex-
cretion curve over a period of 24 h after administration
of the isotope, by/(1 + b, 1,4407°) and expressed relative
to the amount of ingested or infused isotope by dividing
the area under the curve by the dose of isotope corrected
for enrichment and chemical purity. The time to peak was
calculated as t,,, = [b,;°(1 — ¢)/(—c—1)]"?. The maxi-
mum *CO, excretion (mmol/h) was calculated as Vimax
= by Crtmax © bi/[1 + (by/tma)]* and was expressed as
percentage of the dose. Recoveries and maxima for the
3CO, excretion after the ingestion of glucose tracer were
corrected for bicarbonate sequestration, using the aver-
age of sodium bicarbonate recovery value as *CO,, % of
dose (86.9%) to be subtracted from the glucose recovery
test.

Statistical Analysis

All statistical analyses were performed using SAS
Studio (version 3.2, SAS institute, Cary, NC). The group
of calves housed in one respiration chamber were con-
sidered the experimental unit with treatment and batch
as fixed effects. Continuous variables (i.e., figures pre-
sented of HP, activity-related heat production, RMR, RQ,
FHP, and the net rates of COX and FOX) were analyzed
using mixed-model analysis with PROC MIXED in SAS
(SAS 9.4M6, SAS Studio, SAS Institute). Time entered
the model as a repeated statement in case of repeated
measurements, and then the interactions between time
and treatment and the SLICE command from SAS Studio
(version 3.2, SAS Institute, Cary, NC) to control Type I
error were included. The effect of the diet on daily aver-
ages over the entire experimental period of HP, activity-
related HP, RMR, Bc recovery, RQ, FHP, and the net
rates of COX and FOX were analyzed by ANOVA using
a general linear model with treatment, batch, chamber,
and their interactions as fixed effects. The normal distri-
bution of the residuals was checked to verify the model
assumptions. Treatment effects were studied by pairwise
comparisons using the Tukey method. All values are pre-
sented as LSM + SEM. Significance was declared when
P <0.05 and trends were declared when P < 0.10.

RESULTS

The data set included 32 observations, 8 replicates per
treatment in which 2 replicates were based on 2 calves
per treatment, instead of 3 calves per treatment. For FHP
measurement, each replicate was based on 2 calves per
treatment.

Daily averages of HP parameters are presented in Table
2, and hourly patterns are shown in Figure 1. The total
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HP over the 5-d period was lowest in the CON calves
(P <0.01; Table 2), and this difference was consistently
observed throughout the day, with an HP peak following
meal ingestion for all treatments (Figure 1A). The daily
average of H,. was numerically higher in the +LAC group
than in the other treatments (Table 2). Circadian patterns
of H, revealed meal-related behaviors, with calves dis-
playing increased activity before meals (anticipation) and
+LAC calves exhibiting higher activity levels, especially
during the night (P < 0.01; Figure 1C). The average daily
RMR was significantly higher in the +PRO group when
compared with the +CON, +LAC, and the +FAT calves
(P <0.001; Table 2). Hourly RMR means were lower in
the +CON group than in +PRO calves, whereas consis-
tently higher values were observed for +FAT and +PRO
compared with CON and +LAC (P = 0.006; Figure 1D).
Circadian patterns of RMR also displayed meal-related
responses across all treatments, though these patterns
were less clear for +PRO calves and most pronounced
for +LAC calves, particularly after the morning meal.
The RMR maximum (RMR,,,,) following the morning
meal was met 3 h after the meal in the +CON, +FAT,
and +PRO groups, but it did not significantly differ be-
tween the groups. For the +LAC group, the RMR,,, was
reached 2 h later compared with the other treatments,
but it was not significantly different between the groups
(P > 0.10; Figure 1D). The RMR,,,, in response to the
afternoon meal was met at 1900 h in the +PRO and +FAT
groups and at 2000 h in the +LAC and +CON groups,
and the results were significantly different between the
groups at these 2 time points (P < 0.05).

The average RQ over the 5-d period was highest
among the +LAC calves (P <0.01; Table 2), a difference
that consistently persisted throughout the day (Figure
1B). Hourly RQ means were significantly greater in the
+LAC treatment following both meals (P < 0.01; Fig-
ure 1B). The RQ always remained consistently below 1
across all treatments and time periods. Circadian patterns
of net carbohydrates and fat oxidation correspond with
patterns observed for RQ, with greater average daily net
rates of COX in the +LAC group (P < 0.01; Table 2) and
lower average daily net rates for +FAT calves, and the
opposite was observed for fat oxidation (Table 2; Figure
2). Hourly means of net rates of COX were significantly
greater in the +LAC calves after the morning meal and
lower in the +FAT and +CON group before the morning
and afternoon meal (P < 0.01; Figure 2A). Average daily
net rates of FOX over the 5-d period of measurements
were lower in the +LAC treatment when compare with
the other treatments (P < 0.01; Table 2). Hourly means
of net rates of FOX were significantly less for all the
treatments after the morning and afternoon meal. All
hourly FOX values were lower in the +LAC (P < 0.01;
Figure 2B).
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Table 2. Heat production parameters and net rates of carbohydrate (COX) and fat oxidation (FOX) over a 5-d
measurement period and RQ and net rates of COX and FOX during the fasting period in young calves fed a milk
replacer supplemented with additional fat, lactose, or protein at 21 d of age

Treatment'
Item CON +FAT  +LAC  +PRO  SEM®  P-value
Total heat production, kJ/kg BW®* per day 382° 411° 417° 424° 5.1 <0.01
Resting metabolic rate, kJ/kg BW* per daX 337¢ 363" 342°¢ 382 9.4 <0.001
Activity-related heat production, kJ/kg BW*® 44 47 75 43 10.1 0.09
per day
RQ 0.89° 0.87° 0.95° 0.89° 0.002  <0.01
COX, kJ/d 9.76° 9.61°  14.29°  10.57° 0.06 <0.01
FOX, kJ/d 5.40° 6.66" 2.38° 6.30° 0.15 <0.01
Fasting period
FHP, kl/kg BW®® per day 291 311 312 313 8.4 0.22
RQ 0.85° 0.84° 0.89* 0.85° 0.003  <0.01
COX, kl/d 7.28° 7.64°  10.45° 8.29° 0.23 <0.01
FOX, kJ/d 6.97° 7.63" 5.03¢ 7.59° 0.15 <0.01

“IMeans that do not share a common letter within a row differ (P < 0.05).

'CON = 23.3% CP, 21.2% crude fat, and 48.8% lactose on a DM basis, provided at 550 kJ/kg BW®* per day; or
the basal MR incrementally supplied with 125 kJ of DE/BW®® per day as milk fat (+FAT), lactose (+LAC), or

milk protein (+PRO).
?Pooled SEM.

No differences were found between the treatments in
the estimate FHP at the end of the 24-h measurement
period (Table 2). The FHP was 20 kJ/BW"® lower for
CON calves compared with the other groups, but this dif-
ference did not reach statistical significance (Table 2).
During the period of measurement of FHP, calves of all
treatments exhibited a response to the last meal similar
to the meal responses shown in Figures 1 and 2. During
the final 10 h of the fasting period, treatment differences
were absent, except for the lower RMR in CON calves (P
<0.01; Figure 3A). Hourly means of RMR were lower in
the +LAC calves and higher in the +PRO calves during
the fed state (P < 0.01; Figure 3A). Hourly means of RQ
were significantly higher in the +LAC group after the last
meal, between 0600 h and 2200 h (P < 0.01; Figure 3B).
However, RQ was not significantly different among the
treatments after 2200 h, when it decreased and reached
an average value of 0.80 for all treatments (Figure 3B).
Hourly means of net rates of COX over the 24-h fasting
period were higher in the +LAC treatment than in the
other treatments, particularly between 0600 and 2200 h
(P < 0.01; Figure 3C) and followed the same pattern as
the RQ. Hourly means of net rates of FOX over the 24-h
fasting period were higher in the +FAT and +PRO calves
than in the +LAC and CON calves, specially 8 h after
the last meal, and followed the same pattern for all treat-
ments after 2200 h (P < 0.01; Figure 3D).

Corrected recoveries of orally supplied [U-"*C]glucose
dose as '*CO, were high (mean 77%) and were unaf-
fected by treatment (P = 0.30; Table 3). The maximum
BC0, production was similar across the treatments and
was unaffected by the experimental diets. The time to
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maximum "*CO, production for the +PRO calves was 30
min shorter compared with CON- and +LAC-fed calves
(P < 0.05), with values of +FAT calves being intermedi-
ate (Table 3).

DISCUSSION

We investigated the diurnal patterns of heat production,
RQ, FHP, and net rates of carbohydrate and fat oxidation
of Holstein-Friesian calves fed a MR supplemented with
additional fat, lactose, or protein to better understand the
regulation and metabolism of macronutrient supply in
21-d old calves. Our study shows that calves receiving a
higher protein intake had the highest HP and RMR. The
circadian patterns of RMR for CON, +FAT, and +PRO
treatments followed a similar pattern over time before
and after feeding. However, notable distinctions in en-
ergy metabolic profiles were observed among the treat-
ments, particularly with an increase in RMR during the
postprandial state. The +LAC treatment displayed larger
within-day variations in RMR, indicating substantial lac-
tose oxidation between meals. In contrast, the circadian
RMR patterns for the other treatments consistently re-
mained higher throughout the day. The +PRO treatment
exhibited less variation after the morning meal compared
with +FAT and +LAC treatments, possibly due to differ-
ences in abomasal emptying kinetics.

When pre-ruminant calves are fed MR that is formu-
lated with skim milk, this can lead to a difference in the
kinetics of protein and glucose digestion with variation
in nutrient absorption. This is because casein, which ac-
counts for 80% of the skim milk protein, coagulates in
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Figure 1. Circadian patterns of total heat production (A), RQ (B), activity-related heat production (C), and RMR (D) in young calves fed a
milk replacer supplemented with additional fat, lactose, or protein at 21 d of age. Arrows represent feeding times. Values are LSM + pooled SD
(* represents P < 0.05, A represents 0.05 <P < 0.1, — represents P > 0.1). D = dietary treatment effect. Treatments that do not share a common

letter (a—d) differ (P < 0.05).

the abomasum and is gradually released during the day.
In contrast, glucose and galactose are absorbed soon af-
ter milk ingestion, and their levels peak within 1 h after
feeding (Verdonk et al., 1999). Lactose is rapidly hydro-
lyzed and absorbed, with a small quantity of triglyceride
absorption (Gilbert et al., 2016). The remaining amount
of the ingested nutrients is retained in the abomasal co-
agulum for a longer period and released more progres-
sively (van den Borne et al., 2006; Ortigues et al., 1994).

Furthermore, calves in the +FAT, +PRO, and CON
treatments exhibited a consistent pattern of physical
activity before 6 p.m., displaying a gradual increase
common to all treatments, possibly indicating the antici-
pation of a meal. No differences were observed between
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the CON, +FAT, and +PRO groups. However, the +LAC
group displayed higher activity levels. In the study by
van den Borne et al. (2006), calves housed individually
and fed MR with varying feeding frequencies and levels
showed no significant effects on physical activity pat-
terns. The proportion of HP spent on activity averaged
11% in that study, a value similarly observed for the
+FAT, +PRO, and CON calves in our experiment (11%).
The +LAC calves exhibited higher activity levels (18%)
in comparison. Although in our study, the calves were
housed in groups, we found similar values for H, (as
a percentage of total HP) as those reported by van den
Borne et al. (2006). In group-housed pigs, 65% to 70%
of the variation in HP within a day was related to physi-
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Figure 2. Circadian patterns of net carbohydrate (A) and fat oxidation
(B) in young Holstein calves fed a milk replacer supplemented with ad-
ditional fat, lactose, or protein at 21 d of age. Arrows represent feeding
times. Values are LSM + pooled SD (* represents P < 0.05). D = dietary
treatment effect. Treatments that do not share a common letter (a—d) dif-
fer (P < 0.05).

cal activity (van Erp et al., 2020). Moreover, it is worth
noting that the difference in activity levels observed in
+LAC calves persisted throughout the day and became
even more pronounced during the night. Calves within
the +LAC group exhibited the lowest fecal DM content
at 14% and consistently had lower apparent total-tract
digestibility of DM, crude fat, and CP compared with the
other treatments (data shown in Amado et al., 2024). We
attribute this to the high lactose concentration (60.2% of
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DM) in their diet. This high concentration likely exceeds
the absorptive capacities of the calves and affects nutrient
digestibility. Despite the low fecal DM content of 14%
in the +LAC group—indicative of softer feces—clinical
diarrhea, typically associated with fecal DM below 10%,
was not observed. The high lactose content may cause
an osmotic effect in the intestines, yet it did not result in
diarrhea (Hof, 1980). Although these calves did not pres-
ent with clinical diarrhea, calves experiencing digestive
issues might display signs of abdominal discomfort, such
as kicking or increased vocalization, due to discomfort or
distress (Stull and Reynolds, 2008). Furthermore, it has
been reported that calves fed restricted amounts of MR
exhibit higher non-nutritive sucking and engage in unre-
warded visits to the automatic feeder, both described as
behavioral signs of hunger (De Paula Vieira et al., 2008).
In a recent study comparing the effects of high lactose or
high fat MR on ad libitum calves, calves fed the high lac-
tose formulation had ~41% more unrewarded visits to the
automatic feeder (Echeverry-Munera et al., 2021). It may
be possible that +LAC calves in our study were showing
more hunger-related behaviors than the other calves, and
this could influence H,.

The RQ values reflect the net rates of oxidation of
carbohydrates, fats, and proteins, and are ~1.0, 0.7, and
0.8, respectively, with slight variations depending on
the specific nutrient source. These values are important
because they provide insight into metabolic processes,
such as lipogenesis and carbohydrate oxidation. When
the RQ value exceeds 1.0, it suggests the simultaneous
occurrence of lipogenesis and carbohydrate oxidation.
An RQ exceeding 1.0, corresponding to negative FOX
values, indicates that fatty acids are synthesized from
carbohydrates (van den Borne et al., 2015). A high in-
take of energy from carbohydrates, mainly when animals
are fed high levels of rapidly digestible sources of car-
bohydrates, such as in growing pigs, has been found to
stimulate this process (Gerrits et al., 2012). Our study ex-
amined the effects of different treatments on RQ values
and heat production in calves. Specifically, it was found
that the circadian patterns of RQ and heat production fol-
lowed the ingestion of meals for all treatments. Calves
fed a MR with extra lactose had a higher RQ value (0.95)
than those on other treatments, but it did not exceed 1.0.
This finding suggests little synthesis of de novo fatty
acids from glucose in the postprandial period because
COX was almost complete. The increase in postprandial
RQ coincided with reduced FOX and increased COX
after the meals. Additionally, we observed that diurnal
patterns for carbohydrate and fat oxidation were affected
by treatment, with +LAC calves having the highest COX
(14.31 kJ/d) and CON and +FAT having the lowest (9.66
and 9.76 kJ/d, respectively). However, it is important
to note that the calculation of substrate oxidation from
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Figure 3. Twenty-four-hour patterns of RMR (A), RQ (B), net carbohydrate (C), and fat oxidation (D) during the fasting period in pair-housed,
young Holstein calves following a single milk replacer meal supplemented with additional fat, lactose, or protein at 4 wk of age. Dotted lines
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differ (P < 0.05).

indirect calorimetry may lead to an underestimation of
COX and an overestimation of FOX due to the contribu-
tion of noncarbohydrate precursors to glucogenesis (van
den Borne et al., 2015). To address this limitation, we
used a stable isotope tracer in combination with indirect
calorimetry to measure substrate oxidation. Specifically,
we measured breath °CO, excretion and calculated the
proportion of the oxidized substrate, corrected for bicar-
bonate sequestration (van Hall, 1999). We found that the
recovery of [°C]bicarbonate averaged 86.9%, after an
intravenous single dose, independently of the diet. This
value is higher than the one reported by van den Borne
et al. (2007), where calves with different feeding level
of MR had a recovery of [*C]bicarbonate of 72%. Ad-
ditionally, the average recovery rate of 77% for [U-"C]
glucose as *CO, suggests that ingested carbohydrates
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are predominantly oxidized independent of the diet.
Although glucose oxidation by the tracer method was
higher than that calculated from the gas exchange, this
can be explained by the contribution of gluconeogenesis
to gas exchange at a low RQ and that of lipogenesis at
a high RQ (van den Borne et al., 2015). Based on the
high recovery rate of [U-">C]glucose as *CO, and the
high COX, little fat deposition appears to be from car-
bohydrates, which is consistent with the low fat oxida-
tion found after feeding. This scenario is also true for
milk-fed heavy calves (150 kg of BW) as shown by van
den Borne et al. (2007), where dietary glucose was al-
most completely oxidized (80% based on [’C]glucose
and 94% from indirect calorimetry measurements), re-
gardless of feeding level. Furthermore, Pantophlet et al.
(2016) conducted a comparison between the effects of a
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Table 3. Recovery of °C from [U-"*C]glucose, provided with the afternoon meal, in exhaled carbon dioxide in
calves at 21 d of age fed a milk replacer supplemented with additional fat, lactose, or protein

Treatment'

Item CON +FAT  +LAC  +PRO SEM? P-value
[U-"C]glucose oxidation

Recovery as *CO,, % of dose 67.2 65.7 69.2 66.1 1.55 0.38

Maximum “CO, production, % of dose/h 6.7 6.5 7.0 7.3 0.23 0.09

Time to peak, min 351° 335% 352° 318° 8.4 0.03
[*CJsodium bicarbonate

Recovery as *CO,, % of dose 76.3 89.1 93.6 88.6 5.72 0.30

Maximum "*CO, production, % of dose/h 225 227 253 232 2.36 0.81

Time to peak, min 111 123 97 109 9.0 0.47
[U-"C]glucose oxidation

Recovery as 13C02, % of dose, corrected for 77.2 75.5 79.6 76.0 1.78 0.37

carbon sequestration®

“"Means that do not share a common letter differ (P < 0.05).

'CON = 23.3% CP, 21.2% crude fat, and 48.8% lactose on a DM basis, provided at 550 kJ/kg BW®* per day; or
the basal MR incrementally supplied with 125 kJ of DE/BW*® per day as milk fat (+FAT), lactose (+LAC), or

milk protein (+PRO).
?Pooled SEM.

*Corrected for the average ['*C]sodium bicarbonate recovery as *CO,, percentage of dose.

high lactose (59% DM) and high fat (30% DM) MR on
heavy milk-fed calves (120 kg BW), analyzing glucose
homeostasis and insulin sensitivity, alongside energy and
nitrogen balance measurements (unpublished data). In
these unpublished results, the RQ of calves in the high
lactose treatment, temporarily exceeded 1 during certain
periods of the day. This coincided with an increase in
the expression of genes related to lipogenesis in adipose
tissue, liver, and muscle (as evidenced by mRNA expres-
sion of genes DGAT1-DGAT?2). These findings suggest
that calves have the capability to store glucose as body fat
when exposed to high lactose intakes. However, calves
in the +LAC treatment stored very little lactose as fat,
even though they should theoretically be in an insulin-
sensitive phase and exposed to high lactose intake (60%
DM). Our findings are consistent with the conclusions
of the NRC (NRC, 2021), indicating that pre-ruminant
calves use glucose similarly to adult ruminants, with
minimal utilization of glucose for fatty acid synthesis
and a significant amount used to fuel protein accretion.
Furthermore, the rate of nutrient delivery to the lower
gut after a meal has been proposed to be a critical deter-
minant of blood glucose regulation (Tong and D’ Alessio,
2014; Gerrits et al., 2008). Although we have not studied
insulin metabolism in these calves, the oxidation pat-
terns in +LAC calves suggest that more lactose entered
the small intestine per unit of time, causing a greater
increase in postprandial glucose and insulin concentra-
tions in plasma (Welboren et al., 2021; Palmquist et al.,
1992). Others have observed that prolonged feeding of
a predominantly milk diet with high protein intake is
associated with the development of hyperglycemia, hy-
perinsulinemia, and glucosuria in older milk-fed calves
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(Gerrits et al., 2008; Hugi et al., 1998). Pantophlet et al.
(2016) showed that during early life, insulin sensitivity
has a significant decrease that is not influenced by diet
composition. This reduction in sensitivity results in a
change in the available substrate but does not prevent
oxidative carbohydrate metabolism. Further research is
needed to elucidate the mechanisms underlying the ef-
fects of nutrient intake on glucose metabolism and insu-
lin regulation in very young milk-fed calves.

This paper presents new data from a study that was
reported previously by Amado et al. (2024), which re-
ported the incremental efficiencies of energy and protein
deposition in very young calves (21 d old). In that study,
calves were fed with a MR incrementally supplemented
with isoenergetic amounts of fat, lactose, or protein. The
study found differences between the additional protein
supply and the supply of lactose or fat in terms of in-
cremental efficiencies for protein deposition, and these
distinctions could potentially be attributed to variations
in fat or carbohydrate oxidation. Specifically, calves in
the +PRO treatment were more efficient at protein depo-
sition and had a higher FOX rate than those in the CON
or +LAC treatments. Additionally, the study found that
body fat deposition increased when fat or lactose supply
increased. However, our results in FOX suggest that ad-
ditional lactose supply reduces fatty acid oxidation rather
than fatty acid deposition.

In our experiment, we used nonlinear regression
modeling to estimate FHP, which involved calculat-
ing the horizontal asymptotic value of the decreasing
HP kinetics during starvation and excluding the energy
expenditure associated with physical activity. By using
this method, we obtained an estimate of FHP that was
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not influenced by any behavioral disturbances that may
have occurred during the starvation period (Gerrits et al.,
2015; Labussiére et al., 2011). No significant differences
were observed in the estimation of FHP among the treat-
ments, indicating that additional supply of fat, lactose,
or protein did not affect the overall metabolic rate of
the calves. These values agree with previously observed
estimates by Labussiére et al. (2011) for veal calves with
a BW of 73 kg and fed with different levels of MR. They
obtained FHP values ranging from 276 and 310 kJ/(kg
of BW*®/d). As concluded by Labussiére et al. (2011),
the FHP value can be considered an estimate of the net
energy requirement for maintenance and is independent
of diet composition. However, studies involving pigs
showed that FHP increased with higher feeding levels be-
fore the onset of fasting. This increase could potentially
be linked to the occurrence where previous feeding leads
to an increase in organ mass, particularly metabolically
active tissues such as intestinal tissues (Labussicre et al.,
2011), as also numerically observed in our study. In our
trial, FHP was determined over a 23-h fasting period fol-
lowing a morning meal. Although this fasting period was
relatively short, and the values did not reach a plateau,
a longer period of fasting may increase abnormal behav-
iors that can affect the results (Labussicre et al., 2008).

Furthermore, during the fasting period measurements,
the hourly means of RQ were significantly higher in
the +LAC group after the last meal, indicating a greater
utilization of carbohydrates as the primary substrate for
oxidation in pre-ruminants calves (Kuhla et al., 2015).
This finding is consistent with the higher hourly means
of net rates of COX observed in the +LAC treatment be-
tween 0600 and 2200 h and the decrease in FOX during
the same hours, demonstrating a reciprocal relationship
between these measurements (Kuhla et al., 2015). After
the meal, FOX declined for all treatments, with similar
values in +FAT and +PRO calves without reaching a
negative value. This finding indicates that the utilization
of fat as an energy source was higher in these treatments,
potentially due to differences in the availability and uti-
lization of lipid substrates. However, after 2200 h, when
RQ decreased and reached a value of 0.80 for all treat-
ments, the hourly means of net rates of FOX followed
the same pattern for all treatments. Between 3 to 4 h after
the meal, FOX started to increase again and remained
increasing until the end of the fasting period. This indi-
cates a shift in energy substrate utilization toward lipid
oxidation during the later stages of fasting, regardless of
the treatment.

CONCLUSIONS

In our study, the additional supply of lactose was
observed to increase fat retention in young calves. This
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increase was not primarily attributed to an increase in
fatty acid synthesis from glucose but was predominantly
caused by a reduction in the oxidation of fatty acids.
Moreover, the provision of extra lactose led to an in-
crease in RMR during the postprandial state, whereas the
supplementation of fat or protein resulted in a persistent
increase of RMR throughout the day. Glucose oxidation
remained almost complete regardless of nutrient supple-
mentation. Calves that were fed a MR with additional
milk protein showed the highest HP, surpassing similar
intakes of fat and lactose. This increase in HP was partly
due to the oxidation of fatty acids. Additionally, the FHP
of young, group-housed calves was found to be compa-
rable to values in the literature, and this parameter ap-
peared to be independent of energy intake. Overall, our
results underscore the importance of considering the
macronutrient profile of MR, as changes in nutrient sup-
ply can significantly affect energy expenditure patterns
in calves. These findings have practical implications for
optimizing calf nutrition and management strategies.
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