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milk production, and

blood biomarkers in late-
lactating dairy cows
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Center for Sustainable Dairy Production of the Universita Cattolica del Sacro Cuore (CREI),

Piacenza, Italy

Improving the synchronization between the pattern of milk synthesis and nutrient
availability throughout the day could enhance production efficiency. In this study, we
evaluated the effects of changing feed delivery time on milk production, feeding
behavior, and the daily rhythms of blood biomarkers. Eight multiparous Holstein
cows housed in a tie-stall barn with controlled environmental conditions were
enrolled in a crossover experimental design with three periods of 14 days and three
treatments each. Cows were milked twice daily (0530 and 1730 h) and were
individually fed with two equal meals of forage and eight equal meals of
concentrate during the day. Forage meals were provided at 12-hour intervals
either: (i) 5 h before each milking (0030 and 1230 h; BM), (i) at the end of each
milking (0530 and 1730 h; ME), (iii) or 2 h after (0730 and 1930 h; AM). Feed intake and
feeding behavior were monitored, and milk production and composition were
measured. Blood samples were collected every 4 days at 0700 h and, during the
last day of each period, 15 times daily to determine metabolic profiles, hormones,
and their daily rhythmicity by the cosinor analysis. Changing forage delivery time did
not affect milk yield and dry matter intake. No difference was observed in feeding
behavior when expressed relative to the first meal. There were no significant
differences in milk component contents and yields. In samples collected at 0700
h, ME had reduced plasma calcium (Ca), magnesium (Mg), and potassium (K) and
increased sodium (Na). AM had increased inflammation, as suggested by the greater
blood globulin and ceruloplasmin. The patterns of metabolic biomarkers had limited
variations when expressed relative to the first forage meal. Nevertheless, the daily
rhythms of these biomarkers were remarkably different. Under our conditions,
feeding forage meals to cows at different times of the day did not influence
productive performance but highlighted the importance of considering the
sampling time when interpreting metabolic profiles.
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1 Introduction

Relevant changes in blood metabolites and hormones occur
during the day in dairy cows (Cattaneo et al., 2023a). Feeding
frequency and behavior along with the stage of lactation can
explain the different endocrine-metabolic patterns during the
day (Cattaneo et al., 2023a). Most hormones show dramatic
fluctuations on a circadian basis (i.e. about 24-h) that are
superimposed on the ultradian, or pulsatile, release of many
hormones (Dibner et al, 2010). It is generally suggested that
these changes are regulated by the 24-hour light-dark cycle
(Turek, 1994), but other internal and external stimuli can
modify it. In mammals, the mechanism is linked to the response
of the suprachiasmatic nucleus of the hypothalamus which is
sensitive to light and non-photic factors (Hastings et al., 2019).
Among the non-photic factors, feed intake is known to train
circadian rhythms, particularly in peripheral tissues (Harvatine,
2023; Turek, 1994). Milk synthesis rhythms seem to be regulated
by the circadian clock of the mammary gland (Salfer and
Harvatine, 2020). In dairy cows, milk production is higher in
the morning compared with the evening, whereas fat and protein
contents have the opposite trend (Plaut and Casey, 2012; Quist
et al., 2008). This is likely the result of an adaptive strategy aimed
at providing offspring with nutrients (Casey et al., 2022).
Synchronizing the pattern of milk synthesis with that of
nutrient availability (i.e., feed intake and rumen fermentation)
would allow improved efficiency of production (Harvatine, 2023).

Furthermore, blood sampling for metabolic profile
assessment is used as a diagnostic tool (Van Saun, 2023). The
interpretation of blood metabolic profiles (or hormones) can be
strongly misled if the daily change factors are not considered (i.e.,
feed delivery and sampling times). For instance, according to
Wrylie et al. (2008) and Bertoni and Trevisi (2013), the optimal
time to sample blood in early-lactating cows to estimate energy
balance is before the morning feeding because of the milder
influence of intake.

In commercial settings with milking parlors, feed is commonly
delivered at or immediately after the morning milking. Because
fresh feed delivery time stimulates cows to eat (DeVries and von
Keyserlingk, 2005), cows typically have their main meal in the
morning. However, feeding behavior can be altered by, among
other factors, overstocking, social interactions, and management
(i.e., automatic milking). Lower-ranked cows in the social
hierarchy are more easily displaced from the feeding area,
particularly with overstocking (Huzzey et al., 2006). Thus, these
cows tend to eat at times that are shifted from the feed
delivery time.

We hypothesized that feeding cows at different times relative to
milking would affect feeding behavior, milk composition, and
concentrations of circulating metabolites and hormones. The
present study characterized the variations in feed intake, milk
production, and blood biomarkers in late-lactation dairy cows fed
at the same time of milking, 2 h after, or 5 h before.
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2 Materials and methods

2.1 Animal management and
experimental design

The research was carried out at the Universita Cattolica del
Sacro Cuore dairy research barn (Piacenza, Italy) under Italian laws
on animal experimentation and ethics (DL n. 116, 27/01/1992).
Eight multiparous Holstein dairy cows (lactation number = 3.0 +
0.9; milk yield = 37.1 + 11.6 kg/d; BW = 709 + 83 kg; BCS = 2.8 +
0.4; mean + SD) were enrolled in late lactation (266 + 123 DIM) in a
3x3 cross-over design. Cows were housed in tie-stalls in a 4-place
chamber under controlled environmental conditions (room
temperature of 20°C, relative humidity of 65%) and lighting (15 h
of light, from 0430 to 1930 h). They were milked twice a day (0530
and 1730 h). The feeding strategy is displayed in Figure 1. In each
experimental period, cows were individually fed with two equal
meals of forage and eight equal meals of concentrate. Forage meals
were provided at 12-h intervals either 5 h before (0030 and 1230 h;
BM), at the end (0530 and 1730 h; ME), or 2 h after each milking
(0730 and 1930 h; AM) for 14-d experimental periods. Each forage
meal consisted of 11 kg of corn silage, 1.5 kg of dehydrated alfalfa
hay, and 1.2 kg of dehydrated grass hay, on average. Concentrate
meals (1 kg/d every 3 kg/d of milk; 11.7 kg/d on average) were
distributed every 3h by automatic feeders, starting from 30 min
before the 1% forage meal.

2.2 Feed and water intake

The feeds offered and refusals were weighed daily and samples
of each were collected throughout the trial to determine their
chemical composition (AOAC International, 2012). The dry
matter intake (DMI) and net energy for lactation (NEL) (NRC,
2001) were calculated daily. Feed and diet compositions are shown
in Table 1. Moreover, on the last day of each period, feeding
behavior was evaluated by measuring distributed feeds and
refusals at each blood sampling. In particular, the rate of intake
(kg of DMI/h) was calculated by dividing the DMI measured
between each bleeding by the respective interval time. Water was
provided ad libitum and intake was recorded.

2.3 Milk yield and composition

Milk yield was recorded at every milking, and milk samples from
the morning and afternoon milkings were taken every 4 d. Milk
samples were immediately analyzed for lactose, fat, and protein
contents (Milko Scan 133B, Foss Electric, Hilleroed, Denmark). Fat
and protein yields were calculated by multiplying their relative
content by the milk yield. In morning milk samples, somatic cell
count (SCC), pH, titratable acidity, and coagulation properties were
measured as previously described (Cattaneo et al., 2023b). Briefly,
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FIGURE 1

Schematic representation of the experimental design. Holstein dairy cows were fed with two forage meals (triangles) at 12-hour intervals and with
eight concentrate meals (dots) delivered every 3 h with an automatic feeder from 30 min before the first forage feeding. The first forage meal was
delivered 5 h before (0030 and 1230 h; BM), at the end (0530 and 1730 h; ME), or 2 h after (0730 and 1930 h; AM) each milking for 14-d

experimental periods. Cows were milked at 0530 and 1730 h (dashed lines). The grey and white backgrounds indicate the light-dark cycle (15 h of

light, from 0430 to 1930 h).

SCC was analyzed with an automated counter (Fossomatic 180, Foss
Electric, Hilleroed, Denmark) and was then log10-transformed before
analysis. Milk pH was determined with a combined electrode and
titratable acidity with an automatic titrator (Micro TT 2050; Crison,
Alella, Spain). Milk coagulation properties were assessed by
measuring the thromboelastogram at 35°C for a total time of 30
min after adding rennet using the Formagraph (Foss Electric,
Hilleroed, Denmark). The lag time (min) before the beginning of
coagulation was defined as the rennet clotting time (rCT), the time
(min) necessary for the thrombus to reach a width of 20 mm was
defined as the curd firming rate (k20), and the width of the thrombus
after 30 min (mm) was defined as curd firmness (a30).

2.4 Blood sampling and analysis

Blood samples were collected every 4 d at 0700 h (i.e., morning
samples) and, during the last day of the trial, at -0.5, 0.5, 2, 3.5, 5.5, 7.5,

TABLE 1 Chemical composition of the average diet consumed by the
cows during the study period.

DM, % 559 +2.1
NEL, Mcal/kg DM 1.56 + 0.03
CP, % DM 156 £ 0.5
Fat, % DM 4.03 +0.20
Starch, % DM 204 £ 0.8
NDF, % DM 388 +£0.8
Ash, % DM 7.66 = 0.12

Data are expressed as mean + SD.
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9.5,11.5, 12.5, 14, 15.5, 17.5, 19.5, 21.5, and 23.5 h from the 1** forage
meal (i.e., postprandial samples). Samples were harvested from the
jugular vein into 10-mL heparinized vacuum tubes (Vacutainer,
Becton Dickinson, Plymouth, UK) and placed on ice until
centrifugation. Within 1 h of collection, a small amount of blood
was used for the determination of packed cell volume (Centrifugette
4203, ALC International Srl, Cologno Monzese, Italy), and the
remainder was centrifuged at 3,500 x g for 16 min at 4°C. Aliquots
of the plasma obtained were frozen at —20°C until further analysis
(Cattaneo et al., 2023b). Morning samples were analyzed to measure
the plasma concentrations of glucose, B-hydroxybutyrate (BHB),
nonesterified fatty acids (NEFAs), triglycerides, urea, creatinine,
cholesterol, phosphorus (P), calcium (Ca), magnesium (Mg),
sodium (Na), potassium (K), chlorine (Cl), zinc (Zn), ceruloplasmin,
total protein, globulin, albumin, aspartate aminotransferase (AST-
GOT), y-glutamyl transferase (GGT), alkaline phosphatase, bilirubin,
haptoglobin, and lactate dehydrogenase (LDH). Postprandial samples
were analyzed to measure the plasma concentrations of glucose, urea,
BHB, NEFAs, total circulating triiodothyronine (Tj3), insulin, and
growth hormone (GH).

Blood metabolites were analyzed at 37°C using a clinical auto-
analyzer (ILAB 600; Werfen, Bedford, MA, USA). Commercial kits
were used to determine the plasma concentrations of glucose,
triglycerides, urea, creatinine, Mg, Ca, P, total protein, albumin,
cholesterol, bilirubin, AST-GOT, GGT, alkaline phosphatase, and
LDH (Werfen); NEFAs and Zn (Wako Chemicals GmbH, Neuss,
Germany); and BHB (Randox Laboratories Ltd., Crumlin, UK). Na,
K, and Cl were measured using a potentiometer method (ion
selective electrode). Ceruloplasmin was determined as proposed
by Sunderman and Nomoto (1970) and haptoglobin as proposed by
Skinner et al. (1991). Globulin was calculated as the difference
between total protein and albumin. The method and kit catalog
number for each biomarker are reported in Cattaneo et al. (2023b).
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Plasma concentration of GH and insulin were determined with
double-antibody radioimmunoassay (RIA), and T; was measured
by commercially available solid-phase, as described by Piccioli-
Cappelli et al. (2014). For hormone determinations, all samples
from each animal were analyzed in the same assay. The intra-assay
coefficients of variation (CVs) were 3.8%, 5.5%, and 4.5% for Ts,
insulin, and GH, respectively.

2.5 Digesta passage rate

The passage rate of digesta was determined according to the
method of Trevisi et al. (2007), based on the appearance of retinyl-
palmitate in the blood after the oral administration of rumen-protected
vitamin A (50000 IU/kg of DMI) offered with the 1% forage meal. In
postprandial blood samples, retinyl-palmitate was measured by
reverse-phase high-performance liquid chromatography (HPLC).

2.6 Statistical analysis

Data about milk yield and composition, DMI, and blood
biomarkers were analyzed by mixed models for repeated
measures (GLIMMIX procedure of SAS; version 9.4, SAS Institute
Inc.). The models included the fixed effects of the treatment (BM,
ME, and AM), time, their interaction, and the random effects of
period and cow nested within period. The distributions of residuals
were visually assessed. Data with a single daily measurement (i.e.,
milk yield and composition, DMI, and blood biomarkers measured
in morning samples) were analyzed considering the days relative to
the start of the treatment as the effect of time. Conversely, data from
postprandial blood samples were analyzed considering the hours
relative to the 1** forage meal as the effect of time. The covariance
structure (compound symmetry, autoregressive order, Toeplitz, or
spatial power) with the lowest Akaike information criterion was
included in the model. Pair-wise comparisons were performed
using the least significant difference test.

In addition, daily rhythms were obtained by fitting plasma
biomarker concentrations measured in postprandial samples for
each cow to the linear form of a two-component cosine function
with a 24-h period and a 12-h harmonic with linear mixed models
with the Imer package in R, as described by Niu et al. (2014). The
models included the fixed effects of treatment, cosine terms, the
interactions of treatment with the cosine terms, and the random
effects of cow and period. The inclusion of a 12-h harmonic was
based on R? and the Bayesian information criterion (BIC). A zero
amplitude F-test comparing the cosine fit to a linear fit was used to
determine the significance of the cosine fit for each treatment.
The model parameters were determined to describe the rhythms
within a 24-hour period. In particular, mesor (midline estimating
statistic of rhythm; i.e. daily mean) was calculated as the average
of fitted values, amplitude (distance of peak from the mesor)
was calculated as [max(fitted value) — min(fitted value)]/2, and
acrophase (time of day at peak) was determined using the
which.max function in R (Islam et al., 2023). After calculation of
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the model parameters for each cow by treatment, mesor,
amplitude, and acrophase were analyzed using the GLIMMIX
procedure in SAS with treatment as the fixed effect and cow as the
random effect. For this analysis, data reported in tables are means
across treatments, whereas in the figures the model fits by
treatment are reported.

Statistical significance was set at P < 0.05, and differences
among means with 0.05 < P < 0.10 were considered in the
context of tendencies. Data are reported as least square means
and standard error.

3 Results
3.1 Feeding behavior and milk production

Dry matter (21.7 vs 22.3 vs 22.3 + 1.02 kg/d, respectively;
P = 0.20) and water intakes (96.6 vs 97.6 vs 100.4 + 10.3 L/d;
P =0.44) did not differ among the groups and neither did the intake
distribution during the day (Figure 2). The appearance of retinyl-
palmitate in the blood tended to be greater in BM compared with
the other groups (P = 0.07), particularly after the second forage meal
(TrtxT, P = 0.01; Figure 2). No evidence for treatment differences
was noted in daily milk yield (33.1 vs 32.4 vs 31.5 + 3.0 kg/d;
P =0.18; Table 2), with no differences observed in the proportions
of milk produced in the morning or afternoon milkings (P = 0.52).
Milk component concentrations and yields were not affected by
feeding time either in the morning or afternoon milking (Table 2).
Milk coagulation properties and SCC did not differ among
the treatments.

3.2 Morning blood samples

In samples collected at 0700 h (Table 3), plasma urea was higher
in ME compared with AM and BM (P < 0.01). Triglycerides were
greater in ME compared with BM (P = 0.03). NEFAs were greater
(P < 0.01) in AM compared to ME and BM, whereas BHB was
unaltered by feeding time (P = 0.15). Among minerals, Ca was lower
in ME compared to AM (P = 0.04), Mg and K were lower (P < 0.03),
whereas Na plasma concentration was higher in ME (P < 0.01)
compared to the other groups. Plasma globulin and ceruloplasmin
were increased in AM compared to ME (P < 0.04). No significant
differences were observed in the other markers investigated.

3.3 Postprandial blood samples

To assess whether feeding time affects the changes in blood
biomarkers after the main meal, data are firstly presented by
considering the time relative to the first forage meal: 0530 for
ME, for 0030 BM, and 0730 for AM. Then, cosinor parameters are
presented to characterize daily rhythms. PCV, glucose, urea, BHB,
and NEFA variations during the day were not affected by feed
delivery time (Figure 3). Insulin tended to be higher overall in ME
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Trt: P =0.64
T: P <0.01
TrtxT: P=0.14

Plasma retinyl-palmitate, U/L

Trt: P =0.07
T: P <0.01
TrtxT: P=0.01

OIIII
0 2 4 6 8

1 1 1T 1T T T 1
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hours relative to first forage feeding

FIGURE 2

Postprandial pattern (from O to 24 h after the first feeding) of dry matter intake and relative plasma retinyl-palmitate concentration (as a marker of
digesta passage rate) in Holstein dairy cows fed the first forage meal 5 h before (0030 and 1230 h; BM), at the end (0530 and 1730 h; ME), or 2 h
after (0730 and 1930 h; AM) each milking for 14-d experimental periods. P-values of the model are reported (Trt is the treatment effect, T is the time
effect, TrtxT is the interaction effect). Significant differences (P < 0.05) among groups at each time point are denoted with different letters. Error bars

represent standard error.

compared with the other groups (P = 0.06; Figure 4). The
postprandial peak was more pronounced in ME after the 1%
forage meal and delayed after the 27 (P < 0.01). T; was not
different overall (P = 0.65) but had different trends among groups
(P < 0.01). Circulating GH was unaltered by feed delivery time.
Glucose concentration fitted a 24-h cosine function only in BE
(P = 0.01), and GH did not fit a cosine rhythm in any of the
groups. All the other traits investigated demonstrated daily
rhythmicity (P < 0.01; Table 4; Figure 5). No difference in the
mesor of BHB was noted among treatments, but amplitude was

Frontiers in Animal Science
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reduced in AM compared with other treatments and acrophase
occurred in the morning in BM and the afternoon in AM and ME.
The NEFA pattern was similar among treatments but the
acrophase in BM was shifted to the morning. Insulin mesor and
amplitude were greater in ME compared with the other
treatments, but acrophase was anticipated in BM relative to AM
and ME. Urea, despite similar mesors, had a reduced amplitude in
AM, whereas acrophase was anticipated in BM compared with
AM and ME. Similarly, T; peaked earlier in BM, although mesor
and amplitude were not impacted by feeding time.
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TABLE 2 Milk composition and coagulation properties in Holstein dairy cows fed the first forage meal 5 h before each milking (0030 and 1230 h; BM),
at the end of each milking (0530 and 1730 h; ME), or 2 h after (0730 and 1930 h; AM).

Daily
Milk yield, kg/d 324 33.1 315 3.04 0.18 0.55 0.44
Fat, % 3.96 3.92 3.95 0.15 0.72 0.81 0.77
Fat, kg/d 1.22 1.26 1.16 0.16 0.08 0.29 0.69
Protein, % 3.50 3.50 3.49 0.13 0.70 <0.01 0.70
Protein, kg/d 1.08 1.13 1.01 0.14 0.07 0.55 0.79
Lactose, % 5.03 5.03 5.04 0.09 0.93 0.06 0.86
Lactose, kg/d 1.61 1.67 1.55 0.26 0.08 0.38 0.90
In the morning milking
Fat, % 3.99 3.90 3.92 0.15 0.24 0.60 0.24
Fat, kg 0.62 0.63 0.58 0.08 0.13 0.18 0.45
Protein, % 3.53 3.53 3.50 0.13 0.23 0.01 0.19
Protein, kg 0.54 0.57 0.51 0.07 0.12 0.64 0.57
Lactose, % 5.05 5.05 5.05 0.09 0.96 0.24 0.64
Lactose, kg 0.81 0.84 0.78 0.13 0.19 0.33 0.69
SCC, log10 1.67 1.65 1.74 0.11 0.38 0.28 0.02
pH 6.71 6.71 6.72 0.02 0.64 0.01 0.80
Titratable acidity, °SH/50mL? 3.45 3.47 3.46 0.09 0.83 0.03 0.35
Rennet clotting time 11.82 11.78 12,51 0.60 0.23 0.02 0.30
(rCT), min
Curd firming rate (k20), min 3.87 3.94 4.59 0.54 0.06 0.27 0.98
Curd firmness (a30), mm 40.51 39.67 37.75 2.44 0.12 0.37 0.99
In the afternoon milking
Fat, % 3.92 3.94 3.98 0.16 0.72 0.62 0.45
Fat, kg 0.60 0.64 0.58 0.08 0.13 0.41 0.84
Protein, % 3.48 3.47 3.47 0.13 0.92 0.08 0.88
Protein, kg 0.53* 0.56* 0.50 0.07 0.05 0.42 0.95
Lactose, % 5.02 5.01 5.02 0.09 0.90 0.04 0.90
Lactose, kg 0.80™ 0.83* 0.76" 0.13 0.04 0.46 0.99

'P-values of the main effects: treatment (Trt), time (T), and their interaction (TrtxT).
2Greatest standard error of the mean (SEM).

3SH, Soxhlet-Henkel degrees.

4 Discussion

In the present study, we investigated the post-feeding and daily

changes in blood metabolic biomarkers as a result of different feeding
schemes. Our results were obtained in late-lactation dairy cows and in a
limited sample size. The stage of lactation affects the concentrations of
metabolites and hormones (Cattaneo et al., 2023b) and their daily
changes (Cattaneo et al., 2023a), suggesting that one should interpret
these results with some caution. Moreover, the experimental setting of
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this study was not representative of the most common commercial
settings (i.e., freestalls, TMR delivered once daily, and free access to
automatic feeders, when present). However, it allowed us to highlight
the effect of forage meals offered at the same 12-hour interval but at
different times of the day and before (BM), at (ME), or after (AM)
milkings. Nevertheless, studies in different housing conditions should
be performed to confirm these results.

During the experimental period, feeding forage to cows at
different times during the day did not impact DMI and milk
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TABLE 3 Plasma markers in Holstein dairy cows fed the first forage meal 5 h before each milking (0030 and 1230 h; BM), at the end of each milking

(0530 and 1730 h; ME), or 2 h after (0730 and 1930 h; AM).

Parameter, unit?

PCV, L/L 0.311 0.314 0316 0.004 0.70 0.55 0.02
Glucose, mmol/L 4.03 3.97 4.09 0.08 0.21 0.01 0.30
Triglycerides, mmol/L 0.11 0.13 0.12 0.01 0.15 0.06 0.32
NEFAs, mmol/L 0.089° 0.085° 0.098* 0.004 <0.01 0.01 0.05
BHB, mmol/L 1.01 1.13 0.95 0.07 0.15 0.13 0.23
Urea, mmol/L 5.26° 5.74° 5.11° 0.15 0.03 0.87 0.65
Creatinine, pmol/L 87.3 88.5 88.6 0.85 0.47 0.22 0.19
Ca, mmol/L 2.64% 2.59° 2,67 0.03 0.04 0.36 0.54
P, mmol/L 1.86 1.92 1.73 0.10 0.32 0.55 0.87
Mg, mmol/L L11® 1.08° 1.10* 0.01 0.03 0.24 0.11
Na, mmol/L 143.9° 145.1° 143.4° 0.61 <0.01 <0.01 0.46
K, mmol/L 416" 3.72° 4.04* 0.07 <0.01 0.35 0.13
Cl, mmol/L 105.4 105.1 105.9 0.64 0.48 0.93 0.43
Zn, mmol/L 12.8 12.8 13.5 0.33 0.29 0.53 0.72
Total protein, g/L 75.6 74.8 774 0.84 0.14 0.52 0.45
Albumin, g/L 38.0 37.8 38.2 0.42 0.28 0.63 0.64
Globulin, g/L 37.7%® 36.9° 39.3° 0.61 0.04 0.40 0.39
Haptoglobin, g/L 0.05 0.05 0.07 0.01 0.27 0.39 0.24
Ceruloplasmin, pmol/L 2.59% 2.46° 2.76" 0.07 0.03 0.42 0.86
AST-GOT, U/L 80.5 85.2 855 278 0.39 0.19 0.86
GGT, U/L 33.1 332 342 0.68 0.47 0.03 0.65
Cholesterol, mmol/L 5.97 5.94 6.15 0.16 0.62 0.16 0.15
Alkaline phosphatase, U/L 38.6 39.2 40.6 0.94 0.28 0.85 0.77
LDH, U/L 1867 1811 1934 51.2 0.26 0.92 0.49
Bilirubin, umol/L 0.93 0.68 0.81 0.10 0.21 0.18 0.39

!P-values of the main effects: treatment (Trt), time (T), and their interaction (TrtxT).

*BHB, B-hydroxybutyrate; NEFAs, nonesterified fatty acids; AST-GOT, aspartate amino transferase; GGT, y-glutamyl transferase; LDH, lactate dehydrogenase.

3Greatest standard error of the mean (SEM).
Significant differences (P < 0.05) among groups are denoted with different letters.

production nor altered the post-feeding intake pattern or the daily
milk synthesis pattern. Cows are motivated to eat after milking
(DeVries et al,, 2003), and changing feeding time relative to milking
has been shown to reduce DMI in freestall-housed cows (King et al.,
2016). In the latter study, the authors did not find any difference in
productivity, and they observed that cows fed later relative to
milking time ate more slowly and in smaller and more frequent
meals than those fed closer to milking. In our study, feeding
behavior was not impacted when expressed as relative to the first
forage delivery (also when it occurred in the night, i.e., BM), but
housing conditions (freestall vs tie-stall) were different, potentially
influencing the results. The lack of differences in the intake pattern
among the groups observed in our study confirmed that the delivery
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of fresh feed stimulates feeding behavior (DeVries and von
Keyserlingk, 2005; King et al., 2016), regardless of the time of the
day and milking. Moreover, milk composition and component
yields were unaltered. The frequent concentrate delivery could
have contributed to this outcome, providing a constant energy
input in all groups, regardless of the forage feeding time.

The analysis of plasma retinyl-palmitate revealed an increased
passage rate in BM cows. Retinyl-palmitate originates from the
digestion and absorption of carotenoids (e.g., vitamin A) in the gut.
Orally administering a known amount of rumen-protected vitamin
A allows us to infer the rate at which the marker (and hence the
feed) passes through the digestive tract (Trevisi et al.,, 2007). As the
feed moves through the digestive system, retinyl palmitate is
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FIGURE 3
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Postprandial pattern (from 0 to 24 h after the first feeding) of plasma glucose, urea, B-hydroxybutyrate (BHB), and nonesterified fatty acids (NEFAs) in
Holstein dairy cows fed the first forage meal 5 h before (0030 and 1230 h; BM), at the end (0530 and 1730 h; ME), or 2 h after (0730 and 1930 h;
AM) each milking for 14-d experimental periods. P-values of the model are reported (Trt is the treatment effect, T is the time effect, TrtxT is the
interaction effect). Error bars represent standard error.

absorbed by the gut epithelium and enters the bloodstream. The
latter might help in understanding the numerically reduced yield
observed in the BM cows compared to ME, despite similar intake.
With a faster passage rate, feed digestibility is usually reduced and
thus the BM cows might have absorbed less nutrients than ME ones
(Colucci et al., 1982).

Frontiers in Animal Science

The differences observed in the concentration of biomarkers of
metabolism in plasma samples harvested at 0700 h (morning
samples) should be interpreted considering the daily rhythmicity
of some biomarkers relative to the timing of sampling, as clearly
visible in Figure 5. After meals, plasma urea increases because of the

hepatic conversion of the ammonia flux resulting from dietary
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FIGURE 4

Postprandial pattern (from O to 24 h after the first feeding) of plasma insulin, growth hormone, and triiodothyronine (Ts) in Holstein dairy cows fed

the first forage meal 5 h before (0030 and 1230 h; BM), at the end (0530 and 1730 h; ME), or 2 h after (0730 and 1930 h; AM) each milking for 14-d
experimental periods. P-values of the model are reported (Trt is the treatment effect, T is the time effect, TrtxT is the interaction effect). Significant
differences (P < 0.05) among groups at each time point are denoted with different letters. Error bars represent standard error.

protein degradation (Rottman et al., 2015; Spek et al, 2013),
whereas NEFA concentration decreases because of the
postprandial reduction in lipolysis and the higher peripheral
NEFA utilization mediated by insulin (Cattaneo et al., 2023a;
Nikkhah et al., 2008; Niu et al., 2014). These results confirm that
it is advisable to consider time relative to feeding when assessing
energy status (Bertoni and Trevisi, 2013; Quiroz-Rocha et al., 2010)
to avoid incorrect interpretations.

Frontiers in Animal Science

Regarding other biomarkers, such as minerals and those related
to liver function and inflammation, we cannot determine whether
the sampling time had an effect. The latter could be true for
minerals, but liver and inflammation biomarkers have limited
variation during the day in healthy subjects (Bertoni et al., 2004;
Liesegang et al., 2003; Piccione et al., 2013). The analysis of these
biomarkers seems to suggest a slightly increased inflammation in
the AM cows, but the variations observed here were small and not
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TABLE 4 Cosinor parameters and P-values of the zero-amplitude test for the plasma markers and hormones investigated in Holstein dairy cows fed the
first forage meal 5 h before each milking (0030 and 1230 h; BM), at the end of each milking (0530 and 1730 h; ME), or 2 h after (0730 and 1930 h; AM).

Parameter?, unit

Amplitude Acrophase (h) P-value
BM 4.01 - - ns.
ME 4.01 0.15 0855 0.01
Glucose, mmol/L AM 4.07 - - n.s.
BM 0.88 0.18" 0747 <0.01
ME 0.88 0.18* 1647° <0.01
BHB, mmol/L AM 0.89 0.13° 1958° <0.01
BM 0.08 0.016 2130% 0.01
ME 0.08 0.013 0716° <0.01
NEFAs, mmol/L AM 0.08 0.016 0523° <0.01
BM 12,6 5.79 1429° <0.01
ME 14.2° 7.08% 2047% <0.01
Insulin, pU/mL AM 12.2° 531° 2135° <0.01
BM 512 0.60" 0538° <0.01
ME 5.18 0.51%° 1253* <0.01
Urea, mmol/L AM 536 033 1143 <0.01
BM 1.41 0.07 0538° <0.01
ME 1.41 0.06 0148* <0.01
T3, ng/mL AM 1.39 0.07 18317 <0.01
'BHB, B-hydroxybutyrate; NEFAs, nonesterified fatty acids; Ts, triiodothyronine.
Significant differences (P < 0.05) among groups are denoted with different letters.
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FIGURE 5

Cosinor fits of plasma glucose, B-hydroxybutyrate (BHB), nonesterified fatty acids (NEFAs), insulin, urea, and triiodothyronine (Ts) in Holstein dairy
cows fed the first forage meal 5 h before (0030 and 1230 h; BM), at the end (0530 and 1730 h; ME), or 2 h after (0730 and 1930 h; AM) each milking

hour of the day

hour of the day

for 14-d experimental periods. Colored triangles indicate the time of forage feedings.
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of concern. Indeed, most of the differences observed were between
the AM and ME cows, with BM having an intermediate condition
for most of the biomarkers investigated. AM cows had increased
blood concentration of positive acute phase protein (i.e., globulin
and ceruloplasmin) that usually rises in cases of inflammatory
conditions (Cattaneo et al., 2021). Meanwhile, the reduced blood
concentrations of some minerals in ME can be associated with the
numerically greater output by the mammary gland (Goff, 2006).

Limited changes in biomarkers of energy and protein
metabolism were noted throughout the day without any
different patterns among the groups. The greater average (i.e.,
mesor) urea observed in AM was not consistent with what we
observed in the samples collected in the morning. Again, the
reason is related to the daily rhythm of blood urea concentration.
AM had a smaller amplitude and therefore had reduced
variations around the mean value throughout the day, whereas
BM and ME were more variable (i.e., greater amplitude). Greater
changes were noted in plasma hormones. Insulin peaked
after forage meals in all the groups (Piccioli-Cappelli et al,
2014). The postprandial insulin peaks were more marked in
ME compared with AM and BM, consistent with the faster and
greater decrease in glycemia after the forage meals that was
observed in those cows, although this was non-significant. These
changes might be related to the numerically greater milk
production recorded in those cows. Indeed, as can be noted in
Figure 5, the ME cows underwent longer periods during the day
of low circulating glucose, likely because of the greater uptake by
the mammary gland.

Some differences among groups were easier to ascertain by
analyzing the cosinor curves. Treatments did not remarkably
impact the trends of plasma biomarkers when analyzed relative
to the first meal. However, when reported in relation to the time
of day, as in the cosinor analysis, the impact of feeding time was
evident. Significant differences in acrophase (the time at which
the peak occurs) were detected in all the biomarkers investigated.
Most of these differences were between BM and the other two
groups. The latter was not surprising, because AM and ME were
fed with just a 2-hour difference, with BM receiving the first
forage meal further in time from the other groups (with a 5- and
7-h difference, respectively) and at night. Matching nutrient
availability with the need for milk synthesis could improve
milk production (Harvatine, 2023) but also the presence of
light during the first meal can exert an effect on the duration
of the meal, which is longer during the night (Bertoni et al,
2004), and consequently can influence rumen fermentation. By
milking twice daily we could not precisely determine the daily
pattern of milk synthesis as others have done (Rottman et al.,
2014; Salfer and Harvatine, 2020). However, the numerically
greater yield in ME might suggest that those cows had a better
overlap of nutrient availability and utilization. This is not
surprising, since the ME cows had feed available immediately
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after milking. Considering that the cows in all the groups
consumed most of their forage at delivery (~ 50%), AM and
BM cows had limited feed available for 2 (AM) or even 7 hours
(BM) after milking. As a side result, feed availability after
milking stimulates cows to stand longer, with positive effects
on udder health (DeVries et al.,, 2010; Watters et al., 2014),
although in our experiment we did not observe a significant
effect on SCC.

5 Conclusions

Shifting feed delivery time to different times relative to milking
did not affect milk yield, feed intake, or feeding behavior. The feed
delivery schedule during the day is important to optimize rumen
fermentation and better match it with liver and mammary
functions. In the present study, feeding cows at different times of
the day did not significantly improve performance. To achieve
results more comparable with common commercial settings (i.e.,
freestalls and TMR delivered once daily), studies in different
housing conditions should be performed. Moreover, the daily
rhythms of blood biomarkers —particularly of energy metabolism
—uvaried with the different feeding times. This finding strengthens
the need to standardize bleeding for metabolic profiling in lactating
dairy cows. Interpreting these data is even more challenging in
commercial settings because of the hardship of knowing the
distance from meals when sampling them.
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