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This retrospective cohort study investigated the associations between transition cow metabolism and estrous
behavior in 226 cyclic Holstein cows. Body weight, feed intake, and milk yield were monitored to calculate
energy balance. Blood samples were collected on days —21, —14, —10, -7, -3, 0, 3, 7, 10, 14, 21, and 65 relative
to calving. Following the second PGFy, injection of a Presynch program, cows were monitored for estrous
behavior over an 11-day period using activity sensors. Estrus duration, peak activity, and area under the curve
(AUC) were calculated from raw activity data. Cows not detected in estrus were grouped as no increase in activity
(NIA; n = 90). Those detected in estrus were classified based on AUC as below (moderate increase in activity or
MIA; n = 68) or above (large increase in activity or LIA; n = 68) the median. By design, AUC was 147 % greater,
peak was 67 % higher, and duration was 74 % longer in LIA compared with MIA cows.

Compared with NIA, cows that expressed estrus had higher body condition and lower serum concentrations of
nonesterified fatty acids (NEFA; 0.43 vs. 0.49 + 0.02 mmol/L), ceruloplasmin (49.9 vs. 52.9 + 1.0 mg/L), su-
peroxide dismutase (2.06 vs. 2.28 + 0.06 U/mL), and peak haptoglobin. Among cows that expressed estrus,
metabolic differences during the transition were limited to higher NEFA in LIA than in MIA cows (0.46 vs. 0.40
=+ 0.02 mmol/L). These findings indicate that transition metabolism may influence the subsequent manifestation

of estrous behavior in cyclic cows.

1. Introduction

Reproductive efficiency in dairy cows relies on timely breeding.
Delays in first service or rebreeding of eligible cows reduce the insem-
ination rate, ultimately compromising both reproductive performance
and herd profitability [1]. Many herds rely heavily on estrus detection to
guide breeding decisions; therefore, the efficiency of estrus detection is
critical to achieving timely insemination and maintaining overall
reproductive performance.

Extended postpartum anovulation represents a major challenge to
achieving optimal insemination rates, particularly in herds that rely on
estrus detection. Approximately 20 % of dairy cows remain anovular by
the end of the voluntary waiting period (VWP), with prevalence
exceeding 40 % in some herds [2-5]. The etiology of prolonged anov-
ulation has been extensively studied, and several risk factors have been

identified. They include high milk yield, number of lactations, calving
complications (e.g., dystocia and stillbirth), substantial loss of body
weight (BW) after calving, severe negative energy balance (as indicated
by elevated concentrations of nonesterified fatty acids [NEFA] or
extensive loss of body condition score [BCS]), uterine inflammation, and
poor overall postpartum health [3,5,6].

Nevertheless, even in cyclic cows, the expression of estrous behavior
is highly variable. Some cows fail to exhibit any behavioral signs of
estrus during the estrus stage of the cycle, while others display only
subtle or short-lived signs of estrus, complicating estrus detection and
breeding based on behavioral cues. In contrast to the relatively well-
understood biology of postpartum anovulation, the factors contrib-
uting to variability in estrous behavior among cyclic cows are poorly
understood. Given the lasting influence of transition cow biology on
reproductive outcomes (e.g. resumption of estrous cyclicity, embryonic

* Corresponding author. 50 Stone Road East, Animal Science & Nutrition Bldg., Room 137, Guelph, ON, N1G 2W1, Canada.

E-mail address: eribeiro@uoguelph.ca (E.S. Ribeiro).
1 Authors contributed equally to this study.

https://doi.org/10.1016/j.theriogenology.2025.117592

Received 15 April 2025; Received in revised form 13 July 2025; Accepted 16 July 2025

Available online 17 July 2025

0093-691X/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://orcid.org/0000-0002-4201-7383
https://orcid.org/0000-0002-4201-7383
mailto:eribeiro@uoguelph.ca
www.sciencedirect.com/science/journal/0093691X
https://www.theriojournal.com
https://doi.org/10.1016/j.theriogenology.2025.117592
https://doi.org/10.1016/j.theriogenology.2025.117592
http://crossmark.crossref.org/dialog/?doi=10.1016/j.theriogenology.2025.117592&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A.M.L. Madureira et al.

development, pregnancy per Al, pregnancy loss) [6,7], investigating the
association between transition cow metabolism and subsequent estrous
behavior in cyclic cows is warranted.

The adoption of automated activity monitors (AAM) for estrus
detection has increased consistently in recent years [8-10]. Alongside
recent improvements in reproductive efficiency, these technologies have
enabled the development of programs that prioritize breeding based on
estrus detection, thereby reducing reliance on synchronization programs
[11-13]. Notably, research using AAM has showed that estrous behavior
in lactating cows is highly variable and closely associated with fertility
outcomes. Specifically, estrous characteristics such as duration and in-
tensity are positively associated with pregnancy success following
breeding [14-18]. Therefore, longer and more intense estrus events are
considered desirable reproductive traits, as they facilitate estrus detec-
tion and are linked to greater fertility. A better understanding of the
physiological factors that regulate estrous behavior in cyclic cows is,
therefore, essential to support sustainable reproductive management
and enhance overall efficiency.

The objective of this study was to investigate the associations be-
tween estrous behavior measured by AAM in cyclic cows at the onset of
the breeding period and metabolic variables measured during the pre-
ceding transition period. We hypothesized that both manifestation and
intensity of estrus behavior at the onset of the breeding period are
associated with energy balance and circulating metabolites during the
preceding transition period, indicating that variability in estrous
behavior may reflect another carryover consequence of transition
biology.

2. Material and methods

This study is a retrospective analysis of data generated in a previous
study that evaluated the effects of the source of supplementary trace
minerals (organic vs inorganic forms) on the reproductive biology of
cows [19]. As such, a convenience sample of 273 Holstein cows (100
primiparous cows and 173 multiparous cows) was initially considered,
of which 226 met the inclusion criteria described below and were used
for the present study. The experiment was conducted at the Ontario
Dairy Research Centre (ODRC; Elora, ON) between December 2018 and
September 2020. Enrollment of cows into the study occurred over 15
months and was divided into five periods of three consecutive months
each to account for possible seasonal effects in the statistical analyses.
All research procedures were approved by the University of Guelph
Animal Care Committee (Animal Utilization Protocol #4064).

2.1. Animal housing, feeding management, and energy balance
calculation

Cows were housed in free stall pens equipped with automated feed
bins (Insentec B. V., Marknesse, the Netherlands) to measure feed intake,
and mattress stalls bedded with chopped wheat straw. Prepartum diets
were delivered once a day, and postpartum diets were delivered twice
daily as total mixed rations. Dry matter (DM) of all rations was evalu-
ated weekly, and the formulation and chemical composition of diets are
described in detail by Mion et al. [20].

The prepartum diet consisted of corn silage, wheat straw, alfalfa
haylage, and a dry cow supplement, with a total energy density of 1.45
Mecal of NE;/kg of dietary DM. The postpartum diet consisted of corn
silage, alfalfa haylage, wheat straw, and a lactating cow supplement,
with a total energy density of 1.68 Mcal of NE; /kg of dietary DM. Energy
intake was calculated as DM intake (DMI) multiplied by the average
energy density of the diet. Throughout the study, cows in the inorganic
trace minerals group were supplemented with Co, Cu, Mn and Zn sul-
fates and Na selenite, while cows in the organic trace minerals group
were supplemented with Co, Cu, Mn and Zn proteinates and selenized
yeast.

Lactating cows were milked twice a day in a rotatory parlor
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(DeLaval, Tumba, Sweden), and milk composition was evaluated once a
month using a composite sample representing both the morning and the
afternoon milking. Energy-corrected milk (ECM) was calculated using
the following equation: ECM = [(0.327 x kg of milk) + (12.95 x kg of
milk fat) + (7.20 x kg of milk protein)].

Body weight was recorded using a walk-through scale (DeLaval,
Tumba, Sweden) at enrollment (45 + 3 days before the expected calving
date), once a week until calving, and twice daily after milking during the
postpartum period. Energy balance (EBAL) was estimated for both
prepartum (i.e., net energy intake minus energy requirements for
maintenance and pregnancy) and postpartum (i.e., net energy intake
minus energy requirements for maintenance and lactation) periods ac-
cording to NRC equations [21]. Body condition score (BCS) was visually
assessed by trained researchers on days —45 + 3, —21 + 3, 3 (exact), 23
+ 3, and 65 =+ 3 relative to calving, using a 1 to 5 scale with increments
of 0.25 as described by Ferguson et al. [22].

2.2. Ovarian cyclicity and estrous behavior monitoring

Resumption of cyclicity was evaluated weekly on Tuesdays, starting
at 21 + 3 days in milk (DIM), via transrectal ultrasonography (Easy-
Scan, BCF Ultrasound, Auckland, New Zealand) using a 7.5 MHz linear-
array rectal transducer to examine the ovaries. Once a mature corpus
luteum (CL; >20 mm) was observed for the first time, cows were
considered to have resumed cyclicity postpartum, and weekly exami-
nations were ceased. Anovulation was defined as the absence of a
mature CL in the most recent and all previous ultrasonography exami-
nations. Cows classified as anovular by 56 + 3 DIM were excluded from
the study, as this investigation was designed to assess risk factors for
estrus expression in cyclic cows only.

All cows were enrolled in a Presynch program and received two
intramuscular injections of 500 pg cloprostenol (PGFyy; Estrumate,
Merck Animal Health, Desoto, KS), one at 42 4+ 3 DIM and the other at
56 + 3 DIM. Estrous behavior was monitored for 11 days following the
second PGFy, injection of the Presynch program using an AAM con-
sisting of an electronic activity tag fitted to a collar and placed around
the neck of the cow (DelproTM, DeLaval, Tumba, Sweden). The AAM
measured physical impulses generated by changes in acceleration due to
head and neck movements, and expressed it in counts per hour. In-
creases in physical activity were detected by the software through
comparison with each cow’s basal activity level. Elevated activity was
flagged as a potential estrus event according to the company’s pro-
prietary algorithm.

Regardless of the software alerts, raw activity data from all eligible
cows was extracted and analyzed for the following characteristics of
estrous behavior: duration of estrus, peak of activity during estrus, and
area under the curve (AUC) for the relative increase in activity. Raw
hourly counts, a sum of the binary registrations (0 = inactive; 1 = active)
for every 14.1 s, were exported from the monitoring system into an Excel
file, and a baseline activity level for each cow was calculated as the
average of hourly counts recorded during the seven days preceding the
second PGFy, injection. For the observation period, 6-h moving averages
were used to smooth the variability of raw activity values and to
resemble the internal processing of the monitoring system used to flag
cows in estrus. Relative increase in activity was calculated by sub-
tracting the baseline from the 6-h moving average, dividing the result by
the baseline, and multiplying by 100.

As described by Mion et al. [19], the beginning of an estrus event was
defined as a relative increase in activity >100 % sustained for at least
three consecutive hours. The end of an estrus event was defined as a
relative increase in activity <100 % sustained for at least five consec-
utive hours. Estrus duration was defined as the time interval, in hours,
between the beginning and end of the event. Peak activity was defined as
the highest relative increase observed during the estrus event. The AUC
was calculated using the trapezoid method based on relative activity
values during the event.
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2.3. Estrus classification and experimental design

All cyclic cows that reached the end of the VWP were considered
eligible for the analysis of behavioral estrus, regardless of their history of
clinical or subclinical health problems. Cows not detected in estrus were
classified as having no increase in activity (NIA) during the evaluation
period. Within each parity group (primiparous or multiparous), cows
detected in estrus were ranked according to their AUC and classified as
either below or above the median. Cows below the median were
considered to have a moderate increase in activity during estrus (MIA),
whereas those above the median were considered to have a large in-
crease in activity during estrus (LIA), forming three experimental groups
for comparison. Orthogonal contrasts were used to evaluate associations
of dependent variables of interest (e.g. blood metabolites, energy bal-
ance) with subsequent behavioral estrus (NIA vs. MIA + LIA) or the
intensity of behavioral estrus (MIA vs. LIA).

2.4. Blood metabolites

Blood samples were collected from the coccygeal vessels into poly-
ethylene terephthalate tubes for separation of plasma (BD Vacutainer
TM with sodium heparin) and serum (BD Vacutainer TM for Trace
Element Testing with serum clot activator). Samples were collected on
days -21+3,-14+1,-10+1,-7+1,-3+1,0,3,7,10, 14, and 21
+ 3relative to calving, to characterize circulating metabolites during the
transition period, and on day 65 + 3 relative to calving, to characterize
the same metabolites at the onset of the breeding period. Blood tubes
were placed in a refrigerator at 4 °C immediately after collection, and
were centrifuged at 2860xg for 15 min at 4 °C within 3 h of collection.
The resulting plasma and serum were transferred to 2-mL tubes and
stored at —20 °C until laboratory analyses.

A detailed description of laboratory analyses and coefficients of
variation is provided by Mion et al. [19,20]. Briefly, serum metabolites
were analyzed in all samples, except those collected on days —14 and —7
due to budget restrictions, using an automated chemistry analyzer
(Cobas 6000 ¢>°1, Roche Diagnostics) at the University of Guelph Ani-
mal Health Laboratory (Guelph, ON, Canada). Cholesterol and glucose
assays (Roche Diagnostics GmbH), as well as nonesterified fatty acids
(NEFA) and beta-hydroxybutyrate (BHB) assays (Randox Laboratories,
Canada Ltd.) had a limit of quantification of 0.1 mmol/L. Haptoglobin
concentration in serum was measured using the hemoglobin binding
capacity method described by Skinner and Roberts [23]. The assay was
performed at the University of Guelph Animal Health Laboratory, and
the methemoglobin reagent was prepared in-house. The limit of detec-
tion was 0.03 g/L.

Ceruloplasmin concentration in plasma was measured in all samples
according to the methodology described by Hussein et al. [24]. Briefly,
the assay measured the ability of ceruloplasmin to catalyze the oxidation
of p-phenylenediamine yielding a purple-colored product whose rate of
formation is proportional to the concentration of ceruloplasmin in the
sample. Plates were read using an absorbance reader (Cytation 5, Bio-
Tek, Winooski, VT), and the concentration was calculated by multi-
plying the oxidase activity by the constant factor of 0.752.

The activities of superoxide dismutase (SOD) and glutathione
peroxidase (GPx) were analyzed using commercial kits (Cayman
Chemical, Ann Arbor, MI) in all plasma samples except those collected
on days —14, —10, and —7 due to budget restrictions. Assays were run
following the manufacturer’s instructions and SOD plates were read
once at 450 nm and GPx plates were read five times, once each minute
for a total of 5 min at 340 nm both using an absorbance reader (Cytation
5, BioTek, Winooski, VT). Samples were evaluated in duplicate.

For analyses of ferric reducing ability of plasma (FRAP), the protocol
described by Benzie and Strain [25] was used. All plasma samples were
mixed with a working solution of acetate buffer (300 mmol/L, Fisher
Chemicals, Saint-Laurent, QC, Canada), 2,4,6-tripyridyl-s-triazine
(TPTZ, 10 mM in 40 mM of HCI, Fisher Chemicals) and FeCl3 buffer
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(20 mmol/L, MP Biomedicals, Solon, OH) in a 10:1:1 ratio and incubated
at 37 °C in the dark for 30 min. Plates were read at 593 nm using an
absorbance reader (Cytation 5, BioTek, Winooski, VT).

2.5. Statistical analyses

Data were analyzed by ANOVA using general linear mixed models
(GLIMMIX) procedure of SAS version 9.4 (SAS Institute Inc.). Statistical
models included the fixed effects of estrus classification (i.e., NIA, MIA
or LIA), parity (i.e. primiparous or multiparous), the interaction be-
tween estrus classification and parity, dietary treatment (i.e. inorganic
or organic trace minerals), the interaction between dietary treatment
and parity, and period of the study (i.e. 1 to 5, each representing 3-mo
interval of enrollment).

For repeated measures, the fixed effect of time (e.g. day of blood
sampling, week of observation) and the interaction of time with estrus
classification, parity, and diet, and the random effect of cow nested
within estrus classification were added in the statistical models. The
covariance structure that resulted in the lowest Bayesian Information
Criterion was selected.

For every model, residuals were tested for normality and homoge-
neity of variance, and data were transformed when needed to meet the
assumptions of the statistical methods. Post-hoc adjustments of proba-
bility values for pairwise comparisons were performed using the Tukey
method. The reported values represent the LSM and the SEM. Proba-
bility values < 0.05 were considered significant, and those between 0.05
and 0.10 were considered tendencies.

3. Results

A total of 273 Holstein cows were enrolled in the original study. Of
these, 33 were excluded from the present analysis because of early
culling (n = 16), anovulation by the end of the VWP (n = 15), or tech-
nical problems with the AAM (n = 2). Therefore, estrous behavior data
from 240 Holstein cows were analyzed. Of these 240 cows, 147 (61.3 %)
were alerted as having an estrus event by the AAM system, and 139
(57.9 %) were identified as having an estrus based on our calculations
from the raw data.

A disagreement in classification between the two methods occurred
for 14 cows. Specifically, 11 cows were flagged as in estrus by the AAM
system but not by our raw data calculations. Moreover, 3 cows that were
classified as having an estrus by our calculations were not flagged by the
AAM system. All 14 cows with inconsistent classification were excluded
from the study to avoid any potential misclassification.

Of the remaining 226 cows, 90 (39.8 %) were not detected in
behavioral estrus and were classified as NIA, and 136 (60.2 %) were
detected in behavioral estrus. Of the latter group, half was classified as
MIA (n = 68) and half was classified as LIA (n = 68). The proportion of
primiparous and multiparous cows did not differ among groups (NIA: 28
primiparous and 62 multiparous; MIA: 26 primiparous and 42 multip-
arous; LIA: 26 primiparous and 42 multiparous).

The AUC was highly correlated with both peak activity and duration
of estrus, but the latter two variables showed only a moderate positive
correlation (Fig. 1). For this reason, we chose to use AUC to classify cows
as MIA or LIA. As a consequence of the experimental design, estrous
behavior characteristics were substantially different between MIA and
LIA cows. Duration, peak, and AUC were 74 %, 67 %, and 147 % greater
(P < 0.01) in LIA cows than in MIA cows (Table 1).

The median time to resume estrous cyclicity tended (P = 0.10) to be 2
days longer for cows detected in estrus compared with those not
detected in estrus (adjusted hazard ratio [95 % CI] = 0.79 [0.60-1.04]),
but did not differ (P = 0.19) between MIA and LIA (adjusted hazard ratio
[95 % CI] = 0.80 [0.57-1.12]). However, when the extreme groups were
compared, the median interval to resume estrous cyclicity was 5 days
longer (P = 0.04) in LIA than in NIA cows (adjusted hazard ratio [95 %
CI] = 0.72 [0.52-0.98]).
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Fig. 1. Correlation and regression analyses between behavioural characteristics of estrus events of 136 cyclic cows detected using automated activity monitors
during 11 days following the Presynch program. Half of the cows were classified as having a moderate increase in activity (MIA; represented with blue dots; n = 68)
and the other half were classified as having a large increase in activity (LIA; represented with orange dots; n = 68). Regression equations, coefficients of deter-
mination, and probability values are presented in each panel for all cows (text in black), for MIA cows only (text in blue), and for LIA cows only (text in orange). (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Characteristics of estrus according to classification based on the area under the
curve of relative increase in activity during estrus.

Item Estrus classification *

MIA LIA SEM 14
AUC, AU 1200 2969 85 <0.01
Relative peak, % 177 295 7.3 <0.01
Duration, h 8.7 15.1 0.4 <0.01
Interval from PGFoq to estrus, h 94.8 92.4 7.0 0.81
DIM at estrus 58.0 58.1 0.5 0.98

# Within parity, cows were ranked based on the area under the curve for
relative increase in activity during estrus and classified as below (moderate in-
crease in activity [MIA]; n = 68) or above (large increase in activity [LIA]; n =
68) the median.

There were no differences in prepartum BCS, BW, DMI (as kg/d), and
EBAL among estrus classification groups (Table 2). However, when DMI
was evaluated as percentage of BW, a tendency (P = 0.10) for a group
effect was observed, and cows with LIA had lower DMI than cows with
NIA (Table 2; Fig. 2). For prepartum BCS, there was a tendency for an
interaction (P = 0.09) between estrus classification and day of evalua-
tion. On average, cows with NIA lost 0.04 + 0.03 BCS from day —45 to
—21 relative to calving, whereas cows detected in estrus gained 0.05 +
0.03 BCS during the same period (P = 0.02). No difference (P = 0.92) in
change of prepartum BCS was observed between MIA and LIA (Fig. 2).

Differences in DMI as % of BW were also detected in the postpartum
period (Table 3; Fig. 2). Cows with LIA had lower DMI as % of BW than
cows with NIA. Cows with MIA had intermediate values that did not
differ from the other two groups.

Table 2

Cows detected in estrus tended (P = 0.06) to have greater post-
partum BCS than those not detected in estrus (Table 3; Fig. 2). Although
BCS was similar between groups on day 3 after calving, cows detected in
estrus had higher BCS on days 21 and 60 after calving than cows clas-
sified as NIA (Fig. 2). No differences between groups were observed for
postpartum BW, DMI as kg/d, EBAL, and ECM (Table 3).

Regarding blood metabolites, cows detected in estrus had lower (P <
0.04) concentrations of NEFA, ceruloplasmin, and SOD during the
transition period than cows in the NIA group, and these differences were
primarily driven by postpartum values (Table 4; Figs. 3 and 4). The
concentrations of NEFA during the transition period also differed ac-
cording to intensity of estrus, with higher concentrations for LIA than
MIA cows (Table 4; Fig. 3). For ceruloplasmin, an interaction (P = 0.02)
between estrous detection and parity was observed. The difference be-
tween groups was observed in primiparous cows (Estrus = 51.9 vs. No
estrus = 57.6 + 1.6 mg/L; P < 0.01) but not in multiparous cows (Estrus
= 48.7 vs. No estrus = 48.6 + 1.1 mg/L; P = 0.93). No differences be-
tween groups were observed in concentrations of haptoglobin, choles-
terol, glucose, BHB, GPx, and FRAP during the transition period
(Table 4). When the days of peak in haptoglobin concentration (d 3 and
7 after calving) were analyzed separately, cows detected in estrus pre-
sented lower concentrations values (P < 0.05) than cows in the NIA
group (Fig. 4).

During the early breeding period, the only difference observed in
blood metabolites was on concentrations of NEFA. Cows detected in
estrus had greater (P = 0.02) concentrations of NEFA in serum than cows
not detected in estrus, and cows with LIA tended (P = 0.10) to have
greater concentrations of NEFA in serum than cows with MIA (Table 5).

Prepartum (weeks —5 to —1) body weigth (BW), body condition score (BCS), dry matter intake (DMI), and energy balance (EBAL) according to classification of estrus

behavior in the subsequent breeding period.

Item Estrus classification * Orthogonal contrasts ”
NIA MIA LIA P C1 C2
BCS, 1-5 scale 3.61 £ 0.03 3.62 £ 0.03 3.67 £0.03 0.33 0.32 0.26
BW, kg 762 + 7.5 771 + 8.2 776 + 8.2 0.45 0.23 0.70
DMI, kg/d 13.1 £0.20 13.2 +£0.22 12.7 £0.22 0.26 0.53 0.13
DML, % of BW 1.72 + 0.03* 1.71 +0.03 * 1.64 +0.03° 0.10 0.17 0.09
EBAL, Mcal/d 3.94 £ 0.30 3.92 +£0.33 3.25+0.33 0.23 0.34 0.15

@ Cows were monitored for estrous behavior for a period of 11 days after the second PGF5, injection of the Presynch program using automatic activity monitors. Cows
not detected in behavioral estrus were classified as no increase in activity (NIA; n = 90). Within parity, cows detected with behavioral estrus were ranked based on the
area under the curve for relative increase in activity during estrus and classified as below (moderate increase in activity [MIA]; n = 68) or above (large increase in

activity [LIA]; n = 68) the median.

b 1 = effect of detection of behavioral estrus (NIA vs. MIA + LIA); C2 = effect of the intensity of behavioral estrus (MIA vs. LIA).
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Fig. 2. Body condition score (BCS) and dry matter intake (DMI) as percentage of BW according to detection of behavioral estrus (No estrus vs. Estrus; panels A and C)
and estrus activity (no increase in activity [NIA] vs. moderate increase in activity [MIA] vs. large increase in activity [LIA]; panels B and D). Number of cows: No
estrus or NIA = 90; MIA = 68; and LIA = 68. Within day of assessment: *P < 0.05 between No estrus vs. Estrus; P < 0.05 between NIA vs. LIA; §P < 0.05 between
MIA vs. LIA.

Table 3
Postpartum (weeks 1 to 10) body weigth (BW), body condition score (BCS), dry matter intake (DMI), energy corrected milk (ECM), and energy balance (EBAL) ac-
cording to classification of estrus behavior in early breeding period.

Item Estrus classification * Orthogonal contrasts ”
NIA MIA LIA P Cl1 c2
BCS, 1-5 scale 3.27 £ 0.03° 3.31 £ 0.03 % 3.35 + 0.03* 0.13 0.06 0.43
BW, kg 659 + 6.5 670 £ 7.1 673 £7.1 0.26 0.11 0.76
DML, kg/d 20.6 £ 0.2 20.7 £ 0.2 20.4 £ 0.02 0.65 0.99 0.36
DML, % of BW 3.13 £ 0.03% 3.10 + 0.04 2 3.03 + 0.04 ® 0.11 0.12 0.15
EBAL, Mcal/d —2.84+0.38 —3.31 £ 0.42 —3.50 + 0.42 0.48 0.24 0.75
ECM, kg/d 39.4 +£ 0.6 40.1 +£ 0.7 39.6 +£ 0.7 0.68 0.50 0.58

2 Cows were monitored for estrous behavior for a period of 11 days after the second PGF», injection of the Presynch program using automatic activity monitors. Cows
not detected in behavioral estrus were classified as no increase in activity (NIA; n = 90). Within parity, cows detected with behavioral estrus were ranked based on the
area under the curve for relative increase activity during estrus and classified as below (moderate increase in activity [MIA]; n = 68) or above (large increase in activity
[LIA]; n = 68) the median.

b C1 = effect of detection of behavioral estrus (NIA vs. MIA + LIA); C2 = effect of the intensity of behavioral estrus (MIA vs. LIA).

4. Discussion biology may influence the subsequent manifestation of estrous behavior

in cyclic cows.

Estrous behavior is highly variable among estrous cyclic dairy cows
[14-18], and the underlying reasons of this variability remain largely
unknown. In this study, blood concentrations of NEFA, ceruloplasmin,
and SOD during the transition period, as well as peak concentrations of
haptoglobin after calving, were higher in cyclic cows that subsequently
failed to express estrus following a Presynch program compared with
those that were detected in estrus. These findings indicate that transition

Importantly, the differences in blood metabolites observed during
the transition period were no longer present during the early breeding
period, indicating that these changes were not persistent but still exerted
carryover effects on estrous behavior. This pattern resembles previously
reported carryover effects of postpartum clinical disease on the
resumption of estrous cyclicity and fertility, which are observed for
months after clinical resolution of the health problem. Although the
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Table 4

Concentrations of metabolites in serum during the transition period (days —21
to 23 relative to calving) according to classification of estrus behavior in the
subsequent breeding period.

Item Estrus classification * Orthogonal
contrasts "
NIA MIA LIA P Cl Cc2
Cholesterol, 233+ 2.39 + 2.38 £ 0.72 0.42 0.88
mmol/L 0.06 0.06 0.06
Glucose, mmol/L 3.78 + 3.75 + 3.75 0.78 0.48 0.96
0.03 0.03 0.03
NEFA, mmol/L 0.49 + 0.40 + 0.46 + <0.01 <0.01 0.02
0.02° 0.02° 0.02°
BHB, pmol/L 582 + 564 + 594 + 0.59 0.88 0.31
20 21 22
Haptoglobin, g/L 0.33 £ 0.32 + 0.29 + 0.39 0.28 0.38
0.02 0.02 0.02
Ceruloplasmin, 52.90 49.90 + 50.57 + 0.09 0.03 0.68
mg/L + 0.9 1.0 1.0
GPx, nmol/min/ 217.5 219.3 £ 205.0 + 0.16 0.43 0.08
mL + 5.4 5.9 5.9
SOD, U/mL 2.28 + 2.20 + 2.06 £ 0.02 0.03 0.10
0.05° 0.06 * 0.06 °
FRAP, pmol/L 49.90 49.25 + 50.23 + 0.72 0.81 0.43
FeSO4 +0.8 0.89 0.88

# Cows were monitored for estrous behavior for a period of 11 days after the
second PGFy, injection of the Presynch program using automatic activity mon-
itors. Cows not detected in behavioral estrus were classified as no increase in
activity (NIA; n = 90). Within parity, cows detected with behavioral estrus were
ranked based on the area under the curve for relative increase in activity during
estrus and classified as below (moderate increase in activity [MIA]; n = 68) or
above (large increase in activity [LIA]; n = 68) the median.

b €1 = effect of detection of behavioral estrus (NIA vs. MIA + LIA); C2 = effect
of the intensity of behavioral estrus (MIA vs. LIA).

underlying mechanisms are not fully understood, they are thought to
involve impaired folliculogenesis, reduced oocyte quality, and altered
uterine environment [6,7,12]. Collectively, the existing literature and
the current findings suggest that improved transition cow management
may not only promote earlier cyclicity and better fertility (as reported in
previous studies) but also enhance estrous behavior (based on the pre-
sent study). This could, in turn, facilitate estrus detection and improve
reproductive efficiency in herds reliant on estrus detection for repro-
ductive management.

Additionally, cows detected in estrus experienced smaller losses in
BCS after calving and had higher NEFA concentrations during the early
breeding period. Unlike the postpartum period, when NEFA concen-
trations are elevated due to reduced energy balanced and increase rate
of lipolysis, NEFA levels during the breeding period are lower and likely
reflect basal lipolysis. Thus, the observed difference in NEFA concen-
trations between groups on day 65 may be attributable to small differ-
ences in basal lipolysis, potentially due to greater BCS and larger adipose
reserves in cows that exhibited estrus. Fatty acids are known to influence
hypothalamic neurons that regulate both energy homeostasis and
reproduction [26].

Estrous behavior is triggered by a combination of endocrine events
on the uterus (PGFy, pulses that induce luteolysis and reduce proges-
terone concentrations in circulation), ovaries (rise in estradiol secretion
by the ovulatory follicle), and brain (secretion of GnRH, LH, and FSH to
support steroidogenesis and ovulation) [27]. Beyond the canonical
release of reproductive hormones, the neuroendocrine regulation of
reproduction also depends on the hypothalamic sensitivity to estradiol
(via estrogen receptors), the pituitary responsiveness to GnRH (via
GnRH receptors), and follicular sensitivity to gonadotrophins (via FSH
and LH receptors), all of which may be modulated by metabolic signals
such as fatty acids and inflammatory mediators [28].

Elevated postpartum NEFA concentration (>0.7 mmol/L) are indic-
ative of a more severe negative energy balance and are associated with
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altered metabolic and endocrine profiles affecting liver, ovary, and
uterus [29]. A more pronounced negative energy balance reduces in-
sulin levels, impairs the expression of growth hormone receptor in the
liver, and lowers secretion of insulin-like growth factor-1 (IGF-1) [30].
Circulating insulin and IGF-1 are important regulators of ovarian follicle
sensitivity to gonadotrophins and steroidogenesis [31,32]. High con-
centrations of NEFA have been linked to impaired follicular develop-
ment, reduced estradiol production, and delayed onset of estrus
postpartum [33-35].

In our study, cows detected in estrus were more likely to gain BCS
during the prepartum period and had higher BCS during the early
postpartum period compared with cows not detected in estrus. Body
condition score has consistently been identified as a major factor
influencing the occurrence and intensity of estrous expression detected
by AAM [16-18,36]. Poor BCS has been linked to delayed expression of
estrus, a longer interval to first service and conception, and reduced
pregnancy rates after the first Al [5,37,38] and possibly affecting estrous
behavior [39].

Cows that were not detected in estrus following the administration of
the second PGFy, had higher concentrations of haptoglobin and ceru-
loplasmin during the transition period. Inflammation around parturi-
tion, though physiologically normal, can impair reproductive
performance [6,12]. Inflammatory mediators are known to affect the
brain [40] and specifically GnRH neurons [41] and could, therefore,
affect neuronal signals linked to estrous behavior.

Positive acute phase proteins such as haptoglobin and ceruloplasmin
are produced by hepatocytes in response to infection, trauma, or sys-
temic inflammation [42]. Haptoglobin levels can increase up to ninefold
in cases of infection [43,44], but elevated levels are also common shortly
after calving in otherwise clinically healthy cows [45,46]. Prolonged
elevation of haptoglobin has been associated with delayed cyclicity [47]
and failed ovulation of the first dominant follicle postpartum [48].
Bruinje et al. [12] found that cows with elevated haptoglobin early
postpartum had reduced odds of estrus detection. Ceruloplasmin also
functions as an antioxidant, neutralizing reactive oxygen species (ROS)
[49], and its levels are increased in cows with subclinical mastitis [50]
and endometritis [51].

Oxidative stress, an imbalance between ROS generation and anti-
oxidant defenses, can impair folliculogenesis, steroidogenesis, and early
embryonic development [52,53]. In this study, cows with stronger
estrous activity had lower SOD levels than those that did not express
estrus or had moderate activity, suggesting that optimal oxidative bal-
ance may be critical. Lower antioxidant activity could reflect reduced
ROS burden. However, contrasting results have been reported. Ghosh
et al. [54] for instance found that SOD levels were higher in cyclic
buffaloes compared with anestrous animals. The exact role of oxidative
stress in reproductive regulation remains unclear, but antioxidants
appear to influence reproductive function in ruminants.

Among cows detected in estrus, few metabolic differences between
MIA and LIA cows were observed during the transition period. However,
cows classified as LIA had higher NEFA concentrations than those
classified as MIA, both during transition and at the onset of the breeding
period. Although overall levels of NEFA were lower at breeding, this
consistent difference may indicate persistent differences in basal lipol-
ysis, which could positively influence hypothalamic reproductive cen-
ters as discussed above [26]. Furthermore, cows with LIA had lower DMI
as percentage of BW than cows with NIA during both pre- and post-
partum periods. These findings suggest that estrous intensity may be
influenced by ongoing metabolic differences during the breeding period,
rather than by carryover effects from the transition period, as observed
for manifestation of estrus.

Dry matter intake has been positively associated with hepatic
metabolism of steroid hormones, partly due to its relationship with
blood flow to splanchnic tissues [55-57]. Greater hepatic clearance of
steroid hormones may reduce their circulating concentrations and
impair estrous expression, given the role of estradiol and other steroids
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Fig. 3. Concentration of nonesterified fatty acids (NEFA) and haptoglobin in serum according to detection of behavioral estrus (No estrus vs. Estrus; panels A and C)
and estrus activity (no increase in activity [NIA] vs. moderate increase in activity [MIA] vs. large increase in activity [LIA]; panels B and D). Number of cows: No
estrus or NIA = 90; MIA = 68; and LIA = 68. Within day of assessment: *P < 0.05 between No estrus vs. Estrus; §P < 0.05 between NIA vs. LIA; §P < 0.05 between

MIA vs. LIA; £ P < 0.05 between NIA vs. MIA.

in modulating behavior [58-60]. Thus, the lower DMI (% BW) observed
in LIA cows could be associated with lower hepatic blood flow and
reduced steroid clearance, leading to more intense estrus. Notably, we
did not observe associations between estrous behavior and DMI
measured in kg/day, or with milk production.

Automated activity monitors have substantially advanced the study
of estrous behavior by allowing continuous measurement of both estrus
duration and peak activity. While these parameters are correlated, they
may have distinct implications. Burnett et al. [15] reported that cows
with higher peak activity or longer estrus duration had lower ovulation
failure rates. Tippenhauer et al. [17] found only a moderate correlation
between estrus duration and peak activity (R? = 0.45), and that only
peak activity was associated with pregnancy outcomes. Conversely,
Burnett et al. [14] observed associations between estrus duration and
pregnancy but not with peak activity. These inconsistencies may reflect
differences in sensor technology, data processing, or analytical methods.
Nevertheless, both parameters are important and should be considered
when studying estrous behavior, as neither has been definitively shown
to be superior.

In our study, correlation between peak of activity and duration of
estrus was again moderate, thus implying that classification of cows
based in one parameter would not necessarily reflect important differ-
ences in the other parameter. To address the challenge of selecting the
most appropriate parameter to study biological factors associated with
estrous behavior, we decided to use the AUC for exploring the variability
in intensity of estrous expression among cows. The new variable inte-
grated information from both peak of activity as well as duration of

estrus, and it was strongly associated with both variables. By separating
cows based on AUC, we created groups of cows that differed both in
duration of estrus as well as in peak of activity during estrus; thus,
providing a more balanced approach to group cows according to their
estrus characteristics and not favoring one parameter over the other.
This method may serve as a useful framework for future research into
the biological determinants of estrus intensity.

It is important to note that failure to express estrus following Pre-
synch may result from lack of a responsive corpus luteum or incomplete
luteolysis, not solely from a behavioral deficit. The absence of proges-
terone measurements or follow-up ultrasonography in our study limits
our ability to confirm this, and may have affected the NIA group clas-
sification. Excluding such cows may have increased differences between
NIA and the other two groups, but comparisons between MIA and LIA
were likely unaffected given the high sensitivity of the methods. It is also
noteworthy that the percentage of cows detected in estrus in our study
are well within those reported in the literature [61,62].

Another limitation of our study is the possible misclassification of
cows due to imperfections in the monitoring system. Although AAM are
valuable tools for detecting and characterizing estrus, their accuracy is
not absolute. Roelofs et al. [60] reported sensitivity between 76 and 82
%, positive predictive value between 87 and 92 %, and specificity be-
tween 99 and 100 % for both leg and neck activity sensors tested both
indoors and on pasture.
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Fig. 4. Concentration of ceruloplasmin and superoxide dismutase (SOD) in plasma according to detection of behavioral estrus (No estrus vs. Estrus; panels A and C)
and estrus activity (no increase in activity [NIA] vs. moderate increase in activity [MIA] vs. large increase in activity [LIA]; panels B and D). Number of cows: No
estrus or NIA = 90; MIA = 68; and LIA = 68. Within day of assessment: *P < 0.05 between No estrus vs. Estrus; JP < 0.05 between NIA vs. LIA; £ P < 0.05 between
NIA vs. MIA.

Table 5

Concentration of metabolites in serum during the early breeding period (65 + 3 DIM) according to classification estrus behavior.
Item Estrus classification * Orthogonal contrasts ”

NIA MIA LIA P c1 Cc2

Cholesterol, mmol/L 491 £ 0.123 497 £0.13 5.04 +£0.14 0.75 0.52 0.69
Glucose, mmol/L 3.72 £ 0.035 3.65 + 0.04 3.68 + 0.04 0.41 0.24 0.54
NEFA, mmol/L 0.14 [0.12-0.16]° 0.15 [0.13-0.18] * 0.18 [0.16-0.211* 0.02 0.02 0.10
BHB, pmol/L 567 [526-612] 558 [514-606] 566 [521-616] 0.95 0.85 0.80
Haptoglobin, g/L 0.11 [0.09-0.13] 0.12 [0.10-0.14] 0.10 [0.09-0.12] 0.38 0.85 0.17
Ceruloplasmin, mg/L 53.74 £ 1.7 52.90 £ 1.9 51.29 £ 1.9 0.63 0.45 0.55
GPx, nmol/min/mL 166 [156-178] 172 [160-185] 165 [154-177] 0.73 0.75 0.46
SOD, U/mL 1.81 [1.69-1.95] 1.83 [1.69-1.97] 1.67 [1.55-1.80] 0.19 0.41 0.11
FRAP, pmol/L FeSO4 53.39 [50.88-56.02] 55.95 [53.05-59.01] 54.24 [51.49-57.13] 0.43 0.31 0.41

@ Cows were monitored for estrous behavior for a period of 11 days after the second PGF», injection of the Presynch program using automatic activity monitors. Cows
not detected in behavioral estrus were classified as no increase in activity (NIA; n = 90). Within parity, cows detected with behavioral estrus were ranked based on the
area under the curve for relative increase in activity during estrus and classified as below (moderate increase in activity [MIA]; n = 68) or above (large increase in
activity [LIA]; n = 68) the median.

> C1 = effect of detection of behavioral estrus (NIA vs. MIA + LIA); C2 = effect of the intensity of behavioral estrus (MIA vs. LIA).

5. Conclusion duration of estrus.

In conclusion, our findings provide evidence that transition cow CRediT authorship contribution statement
biology - specifically energy status, inflammation, and oxidative bal-
ance - is associated with the subsequent manifestation of estrous Augusto M.L. Madureira: Writing — review & editing, Writing —
behavior and estrus detection in cyclic Holstein cows. However, among original draft, Visualization, Conceptualization. Chantel Van Dorp:
cows that exhibited estrous behavior, the characteristics of the preced- Writing — review & editing, Investigation, Formal analysis, Data cura-
ing transition period did not appear to influence the peak intensity or tion. Guilherme Madureira: Writing — review & editing, Investigation,



A.M.L. Madureira et al.

Formal analysis, Data curation, Conceptualization. Bruna Mion:
Writing — review & editing, Visualization, Supervision, Methodology,
Investigation, Formal analysis, Conceptualization. Olivia Chiu: Writing
- review & editing, Investigation, Formal analysis, Data curation. Tracy
A. Burnett: Writing — review & editing, Visualization, Conceptualiza-
tion. José Felipe W. Spricigo: Writing — review & editing, Writing —
original draft, Visualization, Supervision, Methodology, Investigation,
Formal analysis, Conceptualization. Eduardo S. Ribeiro: Writing — re-
view & editing, Visualization, Supervision, Project administration,
Methodology, Investigation, Funding acquisition, Formal analysis,
Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Eduardo de Souza Ribeiro reports financial support was provided by
Natural Sciences and Engineering Research Council of Canada. Eduardo
de Souza Ribeiro reports financial support was provided by Food From
Thought - Thematic Research Fund. Chantel Van Dorp reports financial
support was provided by Dairy Farmers of Ontario. The authors have not
stated any conflicts of interest. If there are other authors, they declare
that they have no known competing financial interests or personal re-
lationships that could have appeared to influence the work reported in
this paper.

Acknowledgements

Financial support for this study was provided by the Natural Sciences
and Engineering Research Council - Discovery Grant Program (Ottawa,
ON, Canada; funding reference number RGPIN-2024-05573) and by the
Food From Thought — Thematic Research Fund (grant # 499121) sup-
ported by the University of Guelph Canada First Research Excellence
Fund (Guelph, ON, Canada). The authors thank the Dairy Farmers of
Ontario (DFO; Guelph, ON, Canada) for the financial support provided
to Chantel Van Dorp to lead this investigation as an undergraduate
student (DFO 2022 Grant-In-Aid #1921). The authors also thank the
staff of the ODRC (Elora, ON, Canada) for their help with the study, and
the Ontario Ministry of Agriculture, Food and Rural Affairs (Guelph, ON,
Canada) for providing access to cows and research facilities. The authors
have not stated any conflicts of interest.

References

[1

—

Overton MW, Cabrera VE. Monitoring and quantifying the value of change in
reproductive performance. Large dairy herd management. 2017.

Giimen A, Guenther JN, Wiltbank MC. Follicular size and response to ovsynch
versus detection of estrus in anovular and ovular lactating dairy cows. J Dairy Sci
2003;86:3184-94.

Walsh RB, Kelton DF, Duffield TF, Leslie KE, Walton JS, LeBlanc SJ. Prevalence and
risk factors for postpartum anovulatory condition in dairy cows. J Dairy Sci 2007;
90:315-24.

Bamber RL, Shook GE, Wiltbank MC, Santos JEP, Fricke PM. Genetic parameters
for anovulation and pregnancy loss in dairy cattle. J Dairy Sci 2009;92:5739-53.
Santos JE, Rutigliano HM, S& Filho MF. Risk factors for resumption of postpartum
estrous cycles and embryonic survival in lactating dairy cows. Anim Reprod Sci
2009;110:207-21.

Ribeiro ES, Gomes G, Greco LF, Cerri RLA, Vieira-Neto A, Monteiro PLJ, Lima FS,
Bisinotto RS, Thatcher WW, Santos JEP. Carryover effect of postpartum
inflammatory diseases on developmental biology and fertility in lactating dairy
cows. J Dairy Sci 2016;99:2201-20.

Bromfield JJ, Santos JE, Block J, Williams RS, Sheldon IM. Uterine infection:
linking infection and innate immunity with infertility in the high-producing dairy
cow. J Anim Sci 2015;93:2021-33.

Denis-Robichaud J, Cerri RLA, Jones-Bitton A, LeBlanc SJ. Survey of reproduction
management on Canadian dairy farms. J Dairy Sci 2016;99:9339-51.

Stevenson JS, Britt JH. A 100-Year r eview: practical female reproductive
management. J Dairy Sci 2017;100:10292-313.

[10] Cerri RLA, Burnett TA, Madureira AML, Silper BF, Denis-Robichaud J, LeBlanc S,
Cooke RF, Vasconcelos JLM. Symposium review: linking activity-sensor data and
physiology to improve dairy cow fertility. J Dairy Sci 2021;104:1220-31.

[2

—

[3

—

[4

=

[5

—

[6

o)

[7

—

[8

—

[9

—_

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]
[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Theriogenology 247 (2025) 117592

Giordano JO, Sitko EM, Rial C, Pérez MM, Granados GE. Symposium review: use of
multiple biological, management, and performance data for the design of targeted
reproductive management strategies for dairy cows. J Dairy Sci 2022;105:
4669-78.

Bruinjé TC, Morrison EI, Ribeiro ES, Renaud DL, Serrenho RC, LeBlanc SJ.
Postpartum health is associated with detection of estrus by activity monitors and
reproductive performance in dairy cows. J Dairy Sci 2023;106:9451-73.
Gonzalez TD, Factor L, Mirzaei A, Montevecchio AB, Casaro S, Merenda VR,
Prim JG, Galvao KN, Bisinotto RS, Chebel RC. Targeted reproductive management
for lactating holstein cows: reducing the reliance on exogenous reproductive
hormones. J Dairy Sci 2023;106:5788-804.

Burnett TA, Madureira AML, Silper BF, Fernandes ACC, Cerri RLA. Integrating an
automated activity monitor into an artificial insemination program and the
associated risk factors affecting reproductive performance of dairy cows. J Dairy
Sci 2017;100:5005-18.

Burnett TA, Polsky L, Kaur M, Cerri RLA. Effect of estrous expression on ovulation
times and ovulation failure of holstein dairy cows. J Dairy Sci 2018;101:11310-20.
Madureira AML, Polsky 1B, Burnett tA, Silper BF, Soriano S, Sica AF, Pohler KG,
Vasconcelos JLM, Cerri RLA. Intensity of estrus following an estradiol-
progesterone-based ovulation synchronization protocol influences fertility
outcomes. J Dairy Sci 2019;102:3598-608.

Tippenhauer CM, Plenio JL, Madureira AML, Cerri RLA, Heuwieser W, Borchardt S.
Factors associated with estrous expression and subsequent fertility in lactating
dairy cows using automated activity monitoring. J Dairy Sci 2021;104:6267-82.
Tippenhauer CM, Plenio JL, Madureira AML, Cerri RLA, Heuwieser W, Borchardt S.
Timing of artificial insemination using fresh or frozen semen after automated
activity monitoring of estrus in lactating dairy cows. J Dairy Sci 2021;104:
3585-95.

Mion B, Madureira G, Spricigo JFW, King K, Van Winters B, LaMarre J, LeBlanc SJ,
Steele MA, Ribeiro ES. Effects of source of supplementary trace minerals in pre- and
postpartum diets on reproductive biology and performance in dairy cows. J Dairy
Sci 2023;106:5074-95.

Mion B, Ogilvie L, Van Winters B, Spricigo JFW, Anan S, Duplessis M, McBride BW,
LeBlanc SJ, Steele MA, Ribeiro ES. Effects of replacing inorganic salts of trace
minerals with organic trace minerals in the pre- and postpartum diets on mineral
status, antioxidant biomarkers, and health of dairy cows. J Anim Sci 2023;3(101):
41.

National Academies of Sciences, Engineering, and Medicine. Nutrient requirements
of dairy cattle. Eighth Revised Edition. Washington, DC: The National Academies
Press; 2021. https://doi.org/10.17226/25806.

Ferguson JD, Galligan DT, Thomsen N. Principal descriptors of body condition
score in holstein cows. J Dairy Sci 1994;77:2695-703.

Skinner JG, Roberts L. Haptoglobin as an indicator of infection in sheep. Vet Rec
1994 Jan 8;134(2):33-6. 10.1136/vr.134.2.33.PMID:8135004.

Hussein HA, Baumer J, Staufenbiel R. Validation of an automated assay for
measurement of bovine plasma ceruloplasmin. Acta Vet Scand 2019 Jul 22;61(1):
34. https://doi.org/10.1186/513028-019-0470-4.

Benzie IFF, Strain JJ. The ferric reducing ability of plasma (FRAP) as a measure of
“antioxidant power”: the FRAP assay. Anal Biochem 1996;239:70-6.

Michael NJ, Watt MJ. Long chain fatty acids differentially regulate sub-populations
of arcuate POMC and NPY neurons. Neuroscience 2020;451:164-73.

Allrich RD. Endocrine and neural control of estrus in dairy cows. J Dairy Sci 1994;
77:2738-44.

Sagrillo CA, Grattan DR, McCarthy MM, Selmanoff M. Hormonal and
neurotransmitter regulation of GnRH gene expression and related reproductive
behaviors. Behav Genet 1996;26:241-77.

Wathes DC, Fenwick M, Cheng Z, Bourne N, Llewellyn S, Morris DG, Kenny D,
Murphy J, Fitzpatrick R. Influence of negative energy balance on cyclicity and
fertility in the high producing dairy cow. Theriogenology 2007;68(1):232-41.
Butler ST, Marr AL, Pelton SH, Radcliff RP, Lucy MC, Butler WR. Insulin restores
GH responsiveness during lactation-induced negative energy balance in dairy
cattle: effects on expression of IGF-I and GH receptor 1A. J Endocrinol 2003;176
(2):205-17.

Lucy MC. Regulations of ovarian follicular growth by somatotropin and insulin-like
growth factors in cattle. J Dairy Sci 2000;83:1635-47.

Webb R, Garnsworthy PC, Gong JG, Armstrong DG. Control of follicular growth:
local interactions and nutritional influences. J Anim Sci 2004;82:E63-74.

Diskin MG, Mackey DR, Roche JF, Sreenan JM. Effects of nutrition and metabolic
status on circulating hormones and ovarian follicle development in cattle. Anim
Reprod Sci 2003;78:345-70.

Chapinal N, LeBlanc SJ, Carson ME, Leslie KE, Godden S, Capel M, Santos JEP,
Overton MW, Duffield TF. Herd-level association of serum metabolites in the
transition period with disease, milk production, and early lactation reproductive
performance. J Dairy Sci 2012;95:5676-82.

Liittgenau J, Mang H, Borel N, Bruckmaier RM, Bollwein H. Ultrasonographic
examination reduces the percentage of unsuccessful inseminations in dairy cows.
Theriogenology 2016;85(4):664-70.

Madureira AML, Silper BF, Burnett TA, Polsky L, Cruppe LH, Veira DM,
Vasconcelos JLM, Cerri RL. Factors affecting expression of estrus measured by
activity monitors and conception risk of lactating dairy cows. J Dairy Sci 2015;98:
7003-14.

Roche JR, Friggens NC, Kay JK, Fisher MW, Stafford KJ, Berry DP. Invited review:
body condition score and its association with dairy cow productivity, health, and
welfare. J Dairy Sci 2009;92:5769-801.

Middleton EL, Minela T, Pursley JR. The high-fertility cycle: how timely
pregnancies in one lactation May lead to less body condition loss, fewer health


http://refhub.elsevier.com/S0093-691X(25)00318-8/sref1
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref1
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref2
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref2
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref2
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref3
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref3
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref3
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref4
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref4
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref5
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref5
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref5
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref6
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref6
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref6
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref6
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref7
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref7
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref7
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref8
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref8
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref9
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref9
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref10
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref10
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref10
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref11
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref11
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref11
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref11
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref12
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref12
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref12
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref13
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref13
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref13
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref13
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref14
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref14
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref14
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref14
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref15
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref15
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref16
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref16
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref16
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref16
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref17
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref17
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref17
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref18
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref18
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref18
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref18
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref19
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref19
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref19
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref19
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref20
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref20
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref20
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref20
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref20
https://doi.org/10.17226/25806
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref22
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref22
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref23
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref23
https://doi.org/10.1186/s13028-019-0470-4
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref25
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref25
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref26
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref26
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref27
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref27
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref28
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref28
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref28
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref29
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref29
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref29
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref30
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref30
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref30
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref30
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref31
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref31
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref32
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref32
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref33
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref33
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref33
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref34
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref34
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref34
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref34
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref35
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref35
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref35
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref36
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref36
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref36
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref36
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref37
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref37
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref37
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref38
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref38

A.M.L. Madureira et al.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

issues, greater fertility, and reduced early pregnancy losses in the next lactation.
J Dairy Sci 2019;102:5577-87.

Woelders H, Van der Lende T, Kommadath A, Te Pas M, Smits M, Kaal L. Central
genomic regulation of the expression of oestrous behaviour in dairy cows: a review.
Animal 2014;8:754-64.

Kuhla B. Review: pro-Inflammatory cytokines and hypothalamic inflammation:
implications for insufficient feed intake of transition dairy cows. Animal 2020;14
(81):565-77.

Barabas K, Szab6-Meleg E, Abraham IM. Effect of inflammation on female
gonadotropin-releasing hormone (GnRH) neurons: mechanisms and consequences.
Int J Mol Sci 2020;21:529.

Cray C, Zaias J, Altman NH. Acute phase response in animals: a review. Comp Med
2009;59(6):517-26.

Chan JPW, Chang CC, Hsu WL, Liu WB, Chen TH. Association of increased serum
acute-phase protein concentrations with reproductive performance in dairy cows
with postpartum metritis. Vet Clin Pathol 2010;39:72-8.

Biswal S, Das S, Balasubramanian S, Mohanty D, Sethy K, Dasgupta M. Serum
amyloid A and haptoglobin levels in crossbred cows with endometritis following
different therapy. Vet World 2014;7:1066-70.

Huzzey JM, Duffield TF, LeBlanc SJ, Veira DM, Weary DM, von Keyserlingk MAG.
Haptoglobin as an early indicator of metritis. J Dairy Sci 2009;92:621-5.
Pascottini OB, Carvalho MR, Van Schyndel SJ, Ticiani E, Spricigo JW,
Mamedova LK, Ribeiro ES, LeBlanc SJ. Feed restriction to induce and meloxicam to
mitigate potential systemic inflammation in dairy cows before calving. J Dairy Sci
2019;102(10):9285-97.

Dubuc J, Duffield TF, Leslie KE, Walton JS, LeBlanc SJ. Risk factors and effects of
postpartum anovulation in dairy cows. J Dairy Sci 2012;95(4):1845-54.

Cheong SH, Sa Filho OG, Absalén-Medina VA, Pelton SH, Butler WR, Gilbert RO.
Metabolic and endocrine differences between dairy cows that do or do not ovulate
first postpartum dominant follicles. Biol Reprod 2016;94:1-11.

Tapryal N, Mukhopadhyay C, Das D, Fox PL, Mukhopadhyay CK. Reactive oxygen
species regulate ceruloplasmin by a novel mRNA decay mechanism involving its 3’-
untranslated region: implications in neurodegenerative diseases. J Biol Chem 2009;
284(3):1873-83.

10

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Theriogenology 247 (2025) 117592

Szczubiat M, Dabrowski R, Kankofer M, Bochniarz M, Komar M. Concentration of
serum amyloid A and ceruloplasmin activity in milk from cows with subclinical
mastitis caused by different pathogens. Pol J Vet Sci 2012;15:291-6.

Kaya, S., O. Merhan, C. Kacar, A. Colak, and K. Bozukluhan. Determination of
ceruloplasmin, some other acute phase proteins, and biochemical parameters in
cows with endometritis. Vet World 9(10):1056-1062.

Bernabucci U, Ronchi B, Lacetera N, Nardone A. Influence of body condition score
on relationships between metabolic status and oxidative stress in periparturient
dairy cows. J Dairy Sci 2005;88:2017-26.

Agarwal A, Gupta S, Sharma R. Role of oxidative stress in female reproduction.
Reprod Biol Endocrinol 2005;3:28.

Ghosh M, Gupta M, Kumar R, Kumar S, Balhara AK, Singh I. Relation between
antioxidant status and postpartum anestrous condition in murrah Buffalo. Vet
World 2015;8(10):1163-11666.

Wieghart M, Slepetis R, Elliot JM, Smith DF. Glucose absorption and hepatic
gluconeogenesis in dairy cows fed diets varying in forage content. J Nutr 1986;116:
839-50.

Parr RA, Davis IF, Miles MA, Squires TJ. Liver blood flow and metabolic clearance
rate of progesterone in sheep. Res Vet Sci 1993;55:311-6.

Sangsritavong S, Combs DK, Sartori R, Armentano LE, Wiltbank MC. High feed
intake increases liver blood flow and metabolism of progesterone and estradiol-17f
in dairy cattle. J Dairy Sci 2002;85:2831-42.

Lopez H, Satter LD, Wiltbank MC. Relationship between level of milk production
and estrous behavior of lactating dairy cows. Anim Reprod Sci 2004;81:209-23.
Rivera F, Narciso C, Oliveira R, Cerri RLA, Correa-Calderén A, Chebel RC,

Santos JEP. Effect of bovine somatotropin (500 mg) administered at ten-day
intervals on ovulatory responses, expression of estrus, and fertility in dairy cows.
J Dairy Sci 2010;93:1500-10.

Roelofs J, Lopez-Gatius F, Hunter RHF, van Eerdenburg FJCM, Hanzen C. When is a
cow in estrus? Clinical and practical aspects. Theriogenology 2010;74:327-44.
Chebel RC, Al-Hassan MJ, Fricke PM, Santos JE, Martel CA, Stevenson JS, Garcia R,
Ax RL. Supplementation of progesterone via CIDR inserts during ovulation
synchronization protocols in lactating dairy cows. J Dairy Sci 2010;93:922-31.
Chebel RC, Santos JEP. Effect of inseminating cows in estrus following a
presynchronization protocol on reproductive and lactation performances. J Dairy
Sci 2010;93:4632-43.


http://refhub.elsevier.com/S0093-691X(25)00318-8/sref38
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref38
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref39
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref39
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref39
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref40
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref40
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref40
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref41
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref41
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref41
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref42
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref42
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref43
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref43
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref43
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref44
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref44
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref44
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref45
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref45
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref46
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref46
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref46
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref46
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref47
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref47
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref48
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref48
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref48
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref49
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref49
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref49
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref49
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref50
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref50
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref50
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref52
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref52
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref52
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref53
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref53
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref54
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref54
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref54
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref55
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref55
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref55
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref56
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref56
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref57
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref57
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref57
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref58
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref58
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref59
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref59
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref59
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref59
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref60
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref60
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref61
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref61
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref61
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref62
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref62
http://refhub.elsevier.com/S0093-691X(25)00318-8/sref62

	Associations of transition cow metabolism with subsequent manifestation and intensity of estrous behavior in cyclic cows
	1 Introduction
	2 Material and methods
	2.1 Animal housing, feeding management, and energy balance calculation
	2.2 Ovarian cyclicity and estrous behavior monitoring
	2.3 Estrus classification and experimental design
	2.4 Blood metabolites
	2.5 Statistical analyses

	3 Results
	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


