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Abstract 

Maternal nutrition during late gestation is critical for fetal development, neonatal resili-

ence, and postnatal adaptation in beef cattle. This study aimed to evaluate the effects of 

nutritional restriction and supplementation of hydroxytyrosol (HT) in late pregnancy on 

behavioural, circadian, stress-related, and inflammatory responses in cows and their re-

stricted nursed offspring. Pregnant cows were allocated to a 2 × 2 factorial experimental 

design (feeding level: T100% vs. T60% of nutrient requirements; HT: 0 vs. 180 mg/kg of 

diet). Cow behaviours were recorded during meals (from week −12 prepartum to term), 

and calf activities, body temperature, and mother–offspring interactions were assessed at 

5 weeks postpartum. Nutritional restriction accelerated feed intake in cows and increased 

stress-related behaviours, while HT partially mitigated these effects. Molecular analyses 

in blood samples revealed dynamic prepartum upregulation of glucocorticoid-receptor 

NR3C1 in week −6, and downregulation of circadian (BMAL1, PER1, CRY1) gene expres-

sion in week 5 after parturition, both in T60%-HT cows. In calves, maternal HT supple-

mentation promoted active exploratory behaviour, and counteracted behavioural and cir-

cadian (CRY1 and PER1) and inflammatory markers (IL8) gene expression resulting from 

prenatal nutrient restriction, leading to behavioural profiles and blood gene expression 

comparable to those observed in calves born to adequately fed dams. 
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1. Introduction 

In recent years, beef cattle production systems have faced the challenge of maintain-

ing productivity and animal welfare in a context of increasing nutritional uncertainty. Cli-

mate change has intensified the variability in forage availability in extensive livestock sys-

tems, directly impacting cattle feed and compromising the productive stability of these 

systems [1]. Late gestation constitutes a critical developmental window during which 

dams experience elevated metabolic demands to support fetal growth, mammary gland 

development, and the energy requirements of impending lactation. This homeorhetic shift 

includes increased lipolysis, intensified hepatic gluconeogenesis, and adaptive modula-

tion of neuro-endocrine-immune pathways [2,3]. Concurrently, the maternal circadian 

system, driven by clock genes that control the circadian oscillation of physiological and 

molecular processes, orchestrates temporal patterns of catabolic and anabolic processes in 

cell systems, ensuring that energy mobilization aligns with environmental cues and phys-

iological demands [4–7]. During the last third of gestation, cows may exhibit a reduction 

in relative appetite due to decreased abdominal cavity space as fetal growth progresses 

[8,9]. A slight decrease in activity may also be observed, accompanied by calmer social 

behaviour, occasional episodes of isolation, and increased resting periods [10]. 

Nutrient restriction during this period imposes metabolic stress, characterized by in-

tensified catabolic activity, which is closely interconnected with immune-metabolic regu-

lation [11,12]. Excessive energy mobilization, in addition to circadian fluctuations 

throughout the day [13], triggers hormonal and molecular signals that modulate gluco-

corticoid sensitivity, leading to disrupting oxidative homeostasis [14–16]. Nutritional re-

striction also perturbs the molecular circadian system, attenuating the amplitude or shift-

ing the phase of clock gene expression in tissues such as immune cells. Collectively, these 

alterations can modify behavioural rhythms, providing a visible manifestation of these 

underlying physiological challenges, reflecting adaptive behavioural strategies to main-

tain homeostasis under limited resource availability [5,17–20]. Maternal nutritional re-

striction during late gestation has been shown to influence multiple aspects of neonatal 

development. Fetal exposure to an altered metabolic and inflammatory environment can 

modify organ development, endocrine regulation, energy allocation, and behavioural re-

activity after birth [21,22]. In addition, programming of neonatal clock gene expression 

and functionality may affect circadian control of metabolism and thermoregulation, con-

tributing to the variability observed in neonatal physiological states and coping strategies 

[6,11,22]. 

Among the strategies aimed at mitigating the consequences of gestational nutritional 

restriction, the use of natural antioxidants has garnered increasing interest [23,24]. Hy-

droxytyrosol (HT), a phenolic constituent commonly found in olive-derived products, ex-

hibits a potent and rapid antioxidant capacity [25,26]. In mammals, HT has been shown 

to reduce oxidative damage, preserve lipid integrity, and influence energy metabolism 

[27–29]. Emerging evidence also suggests that polyphenols can influence circadian regu-

latory mechanisms by modulating clock gene expression and restoring rhythmicity in dif-

ferent tissues [30,31]. In ruminants, it has additionally been demonstrated that the inclu-

sion of diet polyphenols influences feeding times and stress-related behaviours, showing 

manifestations consistent with an improvement in animal welfare [32,33]. 

Previous work by our group demonstrated that nutritional restriction during the last 

third of pregnancy reduced glucose oxidation and lipid synthesis in blood cells of preg-

nant cows, while HT supplementation improved glucose transport and increased the total 

antioxidant capacity of these cells after calving. In calves, maternal HT supplementation 

strengthened antioxidant defences and modulated genes related to the immune response, 

especially in those from mothers with nutritional restriction [29]. This study aimed at eval-

uating the impact of nutritional restriction and supplementation of HT during the last 

https://doi.org/10.3390/agriculture16080859


Agriculture 2026, 16, 859 3 of 24 
 

https://doi.org/10.3390/agriculture16080859 

third of pregnancy on activity and behavioural responses in gestating cows and cow–calf 

pairs during lactation. It also examined physiological and performance parameters in lac-

tating calves, as well as the expression in blood samples of genes involved in glucocorti-

coid receptor signalling, clock-gene pathways, and inflammation regulation in late-preg-

nant cows and in cows and their offspring during early lactation. 

2. Materials and Methods 

2.1. Animals, Diets and Management 

The experiment was carried out at the experimental facilities of La Garcipollera Re-

search Station (northeastern Spain, 945 m a.s.l., coordinates: 42.6° N, 0.54° W), from No-

vember 2021 to March 2022. During this period, the length of daylight hours decreases 

from 10 to 9 h between early November to late December before increasing again to ap-

proximately 12 h by late March. The involved cows were selected from a large experi-

mental suckler cattle herd consisting solely of beef cattle breeds [34]. 

Concisely, at 28 ± 0.7 weeks of gestation (12 weeks prior to parturition), 109 clinically 

healthy pregnant cows, without reproductive or clinical disorders, were stratified by ex-

pected calving date and age and randomly distributed according to one of four groups in 

a 2 × 2 factorial experimental design which was implemented to evaluate the effects of 

feeding level (T100% vs. T60% of nutrient requirements) and HT supplementation during 

the last three months of gestation (0 vs. 180 mg HT/kg of total mixed ration, TMR, with 

initial body weight (BW) of 662 ± 51 kg, means ± standard deviations [29,34]). The TMR 

was formulated to satisfy gestational nutrient requirements, with an identical composi-

tion across treatments except for the inclusion of HT. Mineral blocks were available ad 

libitum for all groups. The reduced feeding level was consistent with standard commercial 

winter-feeding practices for late-gestation cows [35]. The HT was provided as a mash in-

corporated into the TMR, and the dose was selected based on previous studies showing 

health benefits without adverse effects in other species [36]. HT metabolites were assessed 

in maternal plasma and colostrum to confirm supplementation compliance [29]. Feed was 

offered once daily at 08:00 h, and cows were tied for 3 h until the assigned ration was 

consumed (10.5 kg/day for T100% or 7.0 kg/day for T60%, 1240 kcal of Net Energy for 

lactation and 114 g of crude protein/kg of TMR). This schedule was designed to implement 

a restricted feeding protocol, generating distinct nutritional levels between groups. No 

fixed feeding duration was set, allowing each group to consume its allocated ration fully. 

After calving, all cows received 100% of their postpartum requirements without HT sup-

plementation. Detailed TMR composition and nutrient supply can be found in [29]. After 

birth, calves were nursed twice per day during 30 min sessions at 07:00 and 14:30 h. Hous-

ing paddocks were loose, with straw bedding and outdoor access. The BW, average daily 

gain (ADG), and body condition score of the cows during gestation can be found in [34]. 

The same data for the cows selected for the gene expression study in lactation are reported 

in [29]. Additionally, calves’ weights were recorded at birth (<12 h) and at 5 weeks of age 

(one day after the behaviour recordings). ADG was estimated for this period as the differ-

ence between final and initial weight divided by the interval between recordings. 

The analysis of cow behaviour during gestation included the whole pre-partum cows 

in the study (T100%-CTROL, n = 26; T100%-HT, n = 25; T60%-CTROL, n = 29; T60%-HT, n 

= 29). After calving, a representative sample of 48 calves (29 ± 6 days of age) were used for 

performance and body temperature recordings, as well as observation of their time-

budget activity between suckling periods and cow-calf pair re-grouping behaviours. A 

visual description of samplings and recordings is shown in Figure 1. The animal sample 

for the analysis of gene expression consisted of a representative subset of 46 pre-partum 

cows (T100%-CTROL, n = 11; T100%-HT, n = 10; T60%-CTROL, n = 14; T60%-HT, n = 11) 

and 37 postpartum cows with their suckling calves (T100%-CTROL, n = 10; T100%-HT, n 
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= 9; T60%-CTROL, n = 9; T60%-HT, n = 9), selected following the conditions detailed in 

[29]. All treatment groups were managed simultaneously under the same housing and 

environmental conditions; therefore, all animals were equally exposed to the natural var-

iations in day length occurring throughout the study period. 

 

Figure 1. Samplings and recording dates for pre- and post-partum cows and their calves that were 

subjected to different feeding levels and supplementation of hydroxytyrosol during the last third of 

gestation. 

2.2. Activities and Behavioural Recordings During the Meal in Gestating Cows 

Behavioural patterns of pregnant cows during the daily meal were assessed using a 

predefined ethogram (Supplementary Materials Table S1 [37,38]), including maintenance 

activities, social behaviours (cohesive and agonistic), and stress-related behaviours. Be-

havioural recordings were conducted during the feeding period, as animals typically ex-

press dietary-motivated behaviours and social interactions most clearly around feeding 

events, allowing for a sensitive assessment of the effects of nutrient restriction and HT 

supplementation. Behavioural recordings were conducted by four trained observers once 

per month (starting at −12, −8, −4, and −1 weeks relative to calving) for 2 h, beginning 1 h 

after feed distribution. After cows were self-locked, the pen was virtually divided by ob-

server into segments of 5 to 7 cows, and three segments per experimental group were 

observed for 10 min each. To minimize observer bias, all observers recorded all experi-

mental groups on each recording day, and the order of treatments was randomized. Prior 

to data collection, all observers participated in joint training sessions and pilot recordings 

to harmonize the interpretation of behavioural categories and resolve ambiguities by con-

sensus. The ethogram included clear operational definitions, and standardized recording 

procedures were used throughout the study to minimize subjectivity and maintain con-

sistency among observers. 

Main maintenance activity patterns were recorded on a segment level as the propor-

tion of cows occupied in each activity, whereas social and stress-related behaviours were 

recorded individually using ear tag identification and expressed as events counts per 10 

min. The individual eating time was recorded while daily feed intake was estimated by 

weighing the total feed offered to the group and dividing it by the number of animals. 

Intake rate was calculated as the ratio between the TMR supply and eating time [39]. No 

https://doi.org/10.3390/agriculture16080859


Agriculture 2026, 16, 859 5 of 24 
 

https://doi.org/10.3390/agriculture16080859 

feed refusals were recorded during the experiment. A single behaviour was counted as 

two or more events if the cow performing the behaviour stopped for more than 10 s and 

subsequently performed it again, regardless of if it was self-directed (e.g., head rub) or to 

alien counterparts (e.g., licking). 

2.3. Calf Body Temperature and Time-Budget 

After the morning suckling period, a total sample of 48 calves (5 weeks of age), con-

sisting of four recording days with twelve calves each, balanced by maternal dietary treat-

ments and calf sex, were housed in individual pens (1.5 m × 1.2 m) with straw bedding 

and had visual and olfactory contact with each other. Before entering the individual pens, 

their rectal and ear temperatures were measured with a digital probe (Inserbo SL, Lleida, 

Spain) and an infrared thermometer (Testo 830-T2, Testo SE & Co. KGaA, Titisee-Neu-

stadt, Germany), respectively, according to [40]. 

Calves had been previously trained to teat buckets, which were placed two weeks 

earlier into the calves pens close to dams’ area where they could rest between suckling 

periods. Therefore, two 5 L water (9.8 ± 3.08 °C) and warm milk replacer solution (46.5 ± 

6.63 °C, with a final pH of 6.8) in buckets with teats (65 cm height) were provided from 

the moment they entered the individual pen. Time-budget-related activities were rec-

orded individually by two trained observers using instantaneous observational sampling 

every 2 min, with each observer monitoring six calves simultaneously. Calves were habit-

uated to human presence and routine handling throughout the experimental period. At 

the start of each observation session, the observers rested against an opposite fence at a 

convenience distance away from the individual pens (5 m) and waited 5 min before be-

ginning the recordings to minimize any short-term disturbance caused by observer entry 

and to allow the calves to resume normal behaviour [41]. At the start of each observation 

session, the observer waited 5 min before beginning, allowing the calves to habituate to 

the observer’s presence. Behaviour and posture (lying/standing) of each calf were then 

recorded every 2 min using the ethogram in Supplementary Table S2 [37,41]. Time spent 

in pluri-activity was also noted. Observations were conducted in three 1 h sessions per 

day, with a 30 min interval between sessions, starting ~1 h after morning suckling and 

ending 1 h before the afternoon suckling. Behavioural outcomes are expressed as minutes 

per hour, except vocalizations, which are reported as the number of events. 

2.4. Cow-Calf Behaviour at the Afternoon Nursing Period 

Mother-calf reunion behaviours were measured in straw-bedded group pens after 

calf behavioural recordings in individual pens. Each afternoon (14:30 h), after 7 h of sepa-

ration without fence-contact (25 m away), the mothers’ behaviour was recorded during 

the reunion with her calf. Observers remained at least 10 m away from the reunion area 

to avoid influencing behaviour. The time elapsed from the opening of the gate to the re-

union was recorded, as well as the occurrence of maternal behaviours during the minute 

immediately after the reunion. Behaviours categories are described in Supplementary Ta-

ble S3 [38] and grouped as maternal care, motivation-related vocalizations, and nursing 

behaviours. 

2.5. Blood Sample Collection and Analysis 

Blood samples were withdrawn at −9, −6, and −3 weeks relative to calving from the 

gestating cows, and at 1 and 5 weeks postpartum from both cows and their offspring, in 

different days of the week to behavioural recordings to avoid disturbances across meas-

urements (Figure 1). Blood was collected into TempusTM Blood RNA Tubes (Applied Bio-

systems, Foster City, CA, USA) subsequent whole-blood gene expression analysis, 
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according to the manufacturer’s protocol. Immediately after collection these samples were 

stored at −20 °C until use. 

RNA extraction, DNase treatment, cDNA synthesis, and qPCR amplification were 

performed as detailed in [29]. Briefly, RNA quality and concentration were assessed spec-

trophotometrically, and reverse transcription was carried out with random hexamer pri-

mers. Messenger RNA expression was determined by qPCR using intron-spanning pri-

mers whenever possible. The genes selected for transcriptomic analysis were those asso-

ciated with glucocorticoid receptor signalling (glucocorticoid receptor alpha (NR3C1, also 

named as GRA)), circadian rhythms (Aryl hydrocarbon receptor nuclear translocator-like 

protein 1 (BMAL1), Period circadian regulator 1 (PER1), Cryptochrome circadian regula-

tor 1 (CRY1), Cryptochrome circadian regulator 2 (CRY2)), and inflammation regulation 

(Haptoglobin (HP), Interleukin 8 (IL8)). The target gene expression levels were normalized 

using the geometric mean of the two most stable reference genes (ACTB and RPL19), 

whose stability was confirmed with NormFinder v21 [42]. Primer sequences and their cor-

responding sources are provided in Table 1. Amplification and dissociation curves were 

evaluated to verify reaction quality, and relative gene expression levels were determined, 

including triplicate measurements and 2−ΔΔCt normalization to two reference genes. 

Table 1. Primer sequences and sources for blood samples from cows. 

Gene 
General 

Gene Role 
Forward and Reverse Primer (5′–3′) 

Base 

Pair 
Access. No. 

Efficiency 

(%) 
nM Source 

RPL1

9 

Housekeep-

ing 

F: GATCCGGAAGCTGATCAAAG 
147 NM_001040516.1 97.5 200 [43] 

R: ATTCGAGCATTGGCAGTACC  

ACTB 
Housekeep-

ing 

F: CTGGACTTCGAGCAGGAGAT 
207 AY141970 105 200 [44] 

R: GATGTCGACGTCACACTTC 

NR3C

1 

Glucocorti-

coid recep-

tor 

F: GGCCAGATGTACCACTACGAC 

206 AY238475.2 100 400 [45] 
R: CCAGGGCTTGAATAGCCGTTAGAA 

BMA

L1 
Clock genes 

F: AGGTCGAATGATTGCTGAGG 
134 XM_001251227 90 400 [46] 

R: TCTTCTTGCCTCCTGGAGAA 

PER1 Clock genes 
F: GCCAACCAGGAGTTCTACCA 

158 XM_594471 98 200 [46] 
R: CCTGTCAGGAAGGAGACAGC 

CRY1 Clock genes 
F: CCATTGGGAGTGCAGAGTCTTAAC 

100 NM_001105415.1 92 400 [5] 
R: ACTTCTCTTGTCCCAGAATTGATTTT 

CRY2 Clock genes 
F: ATGCCCCAGAGTCCATTCAGAA 

186 XM_585942 109 400 [46] 
R: TGAGGTCTTCCACACAGGAAGG 

HP 

Inflamma-

tion regula-

tors 

F: TGAGGCAGTGTGCGGGAAGCC 

138 NM_001040470.1 103 400 [47] 
R: AGCGTGGCTCCCGAGATGAGGTT 

IL8 

Inflamma-

tion regula-

tors 

F: TGGGCCACACTGTGAAAATTC 

92 
ENSBTAG000000

19716.3 
93 400 [48] 

R: CCTTCTGCACCCACTTTTCC 

2.6. Analysis of Data 

The data were processed with JMP Pro v18 (SAS Institute Inc., Cary, NC, USA). Since 

several behavioural variables were zero-inflated or showed skewed distributions typical 

of behavioural datasets, they did not meet the assumptions of normality and homogeneity 

of variance required for parametric analyses. Therefore, during pregnancy, the cow activ-

ity (accounted as minutes/hour) and behaviours (as number of events per hour) during 

the eating meal were analyzed with nonparametric models, considering the independent 

effects of pre-partum maternal dietary treatment (T100%-CTROL, T100%-HT, T60%-
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CTROL, T60%-HT), and gestation time (starting at −12, −8, −4, and −1 weeks before partu-

rition). The count of focal behaviours per 10 min in pregnant cows were standardized to 

count of events per hour for statistical model comparisons. During lactation, calf time-

budget (as minutes/hour) during the daily time between two restricted suckling periods 

at weeks 1 and 5 of lactation were analyzed with the same model than that used for ges-

tating cows’ behaviour, with additional consideration of calf sex effect. In both gestating 

cows and lactating calves’ behaviour, means were separated using Wilcoxon and Krus-

kal–Wallis tests (p ≤ 0.05). Contingency tables and Pearson tests were used to evaluate the 

proportion of animals displaying each maternal behaviour recorded at the afternoon nurs-

ing meeting. 

Calf temperature and performance data were analyzed using a standard least-

squares means model that included dietary treatment and sex as fixed effects. The inter-

action between maternal dietary group and calf sex was excluded because it did not influ-

ence any behavioural variable (p > 0.05). The relationship between rectal and ear temper-

atures at week 5 of age was assessed using a Pearson correlation test. Blood gene expres-

sion data collected at weeks −9, −6, and −3 pre-calving in pregnant cows, and at weeks 1 

and 5 post-calving in dams and their calves, were analyzed in separate datasets using 

mixed models with repeated measures. Fixed effects included feeding level, HT supple-

mentation, week relative to calving, and their interactions. Each cow was treated as the 

experimental unit and included as a random effect to account for individual variability. 

Starting body weight at week −12 pre-calving was included as a covariate in the gene ex-

pression model. Only significant interactions among fixed effects (p ≤ 0.05) are reported. 

Least-squares means and their standard errors are presented. Normalized gene expres-

sion values were analyzed statistically in log-transformed form to meet assumptions of 

normality and homoscedasticity, but are expressed as relative quantification (RQ). 

Tukey’s test was used to compare means. 

3. Results 

3.1. Activities and Behaviours During the Meal in Gestating Cows 

During the meal at the feeder headlock, pregnant cows spent more time eating than 

those in the T60% groups (p < 0.001). Conversely, T60% cows had higher feed intake per 

minute compared with the T100% groups (p < 0.01). As expected, cows receiving less feed 

completed their meals more quickly than those in T100% group. No significant differences 

were observed for the other maintenance activities (p > 0.05) (Table 2). 

Table 2. Maintenance activities of cows during the last third of gestation at the feeder headlock 

during the meal period. Results are reported as mean ± pooled standard error. Significant differ-

ences among maternal feeding level and supplementation of hydroxytyrosol (HT) groups were con-

sidered at p < 0.05. Different letters, a, b, within a row indicate statistically different groups. 

 T100%-CTROL T100%-HT T60%-CTROL T60%-HT p-Values 

Number of cows 26 25 29 29  

Age (years) 8.5 ± 0.4 8.8 ± 0.4 8.2 ± 0.4 8.5 ± 0.4 0.81 

Eating (proportion of cows) 56.4 ± 6.5 58.0 ± 6.5 51.8 ± 5.9 56.6 ± 5.9 0.91 

Idling (proportion of cows) 34.7 ± 5.7 35.6 ± 5.7 46.3 ± 5.2 41.4 ± 4 0.65 

Ruminating (proportion of cows) 8.9 ± 1.9 6.4 ± 1.9 1.9 ± 1.7 2.0 ± 1.7 0.07 

Duration of eating (hours) 3.0 ± 0.1 a 3.1 ± 0.1 a 1.5 ± 0.1 b 1.4 ± 0.1 b <0.0001 

Eating Rate (g of TMR/min) 62.2 ± 5.2 b 60.1 ± 5.2 b 84.8 ± 4.8 a 82.6 ± 4.8 a 0.002 

Regarding the behaviour displayed by pregnant cows during meal, significant dif-

ferences were observed in licking/sniffing their close counterparts, a behaviour indicative 
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of social cohesion. This activity was performed for a longer duration by cows in the T60%-

CTROL group, followed by those in the T60%-HT group, compared with both T100% 

groups, which engaged in this behaviour for fewer time (p < 0.001). Respect to behaviours 

associated with stress, significant differences were found for head rubbing/licking against 

concrete, metal or ground, with both T60% groups exhibiting a greater number of these 

behavioural events compared with the T100% groups (p < 0.01). In addition, tongue rolling 

was more frequently observed in cows from the T60%-CTROL group, followed by the 

T60%-HT group, whereas this behaviour was almost absent in both T100% groups (p < 

0.01). No significant differences were found for the remaining cohesive or stress-related 

behaviours (step back, head shake and vocalizations), nor for activities indicative of ago-

nistic behaviour (head butts) (p > 0.05) (Table 3). 

Table 3. Behaviour of cows during the last third of gestation at the feeder headlock during the meal 

period. Results are reported as mean ± pooled standard error number of events per hour for each 

behaviour. Significant differences among maternal feeding level (T100% vs. T60%) and supplemen-

tation of hydroxytyrosol (HT) (Control (CTROL) vs. HT) groups were considered at p < 0.05. Differ-

ent letters, a, b, c, within a row indicate statistically different groups. 

 T100%-CTROL T100%-HT T60%-CTROL T60%-HT p-Values 

Numbers of cows 26 25 29 29  

Cohesive      

Licking/sniffing 0.06 ± 0.07 c 0.04 ± 0.07 c 0.45 ± 0.07 a 0.22 ± 0.07 b 0.0006 

Vocalizations 0.02 ± 0.03 0.08 ± 0.03 0.09 ± 0.03 0.10 ± 0.03 0.15 

Agonistic      

Head butt 0 ± 0.01 0.01 ± 0.01 0.03 ± 0.01 0.01 ± 0.01 0.12 

Stress-Related      

Step back 0.3 ± 0.09 0.28 ± 0.09 0.2 ± 0.09 0.35 ± 0.09 0.85 

Head shake 0.03 ± 0.02 0.05 ± 0.02 0.04 ± 0.02 0.11 ± 0.02 0.25 

Head rub/lick con-

crete/metal/ground 
0.13 ± 0.08 b 0.03 ± 0.08 b 0.35 ± 0.08 a 0.44 ± 0.08 a 0.007 

Tongue rolling 0.03 ± 0.03 c 0.01 ± 0.03 c 0.19 ± 0.03 a 0.11 ± 0.03 b 0.005 

3.2. Physiological and Performance Parameters in Lactating Calves 

During the first month of life, the prepartum maternal feeding level and HT supple-

mentation did not affect (p > 0.05) the calves’ birth BW and ADG (Figure 2). Regarding 

calf body temperatures, rectal temperature was, as a trend, higher in calves born to T100%-

CTROL and T100%-HT dams compared with those born to T60%-HT dams, which tended 

to exhibit lower rectal temperatures (p = 0.06). Conversely, no significant differences were 

detected in ear temperatures across treatments (p > 0.05) (Figure 2). The correlation be-

tween rectal and ear temperature was positive and significant (r = 0.55; p < 0.001). 
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Figure 2. (A) Birth weight (kg), (B) average daily gain (kg/day) from birth to the fifth week of age; 

(C) rectal temperature (°C), and (D) ear temperature (°C) of calves at the fifth week of age. Results 

are reported as mean ± pooled standard error. Significant differences among the maternal feeding 

(T100% vs. T60%) and supplementation of hydroxytyrosol (HT) (Control (CTROL) vs. HT) groups 

were considered at p < 0.05.  

3.3. Activities and Behaviours in Lactating Calves 

Prepartum maternal feeding level and HT supplementation significantly affected the 

posture activity most frequently performed by the calves. Calves in the T60%-HT group 

spent more time standing compared with those in the T100%-HT and T60%-CTROL 

groups, which spent more time lying down (p = 0.05). Regarding maintenance activities, 

significant differences were observed for idling behaviours. Calves in the T60%-CTROL 

group showed longer periods of inactivity compared with calves in the T100%-CTROL 

and T60%-HT treatment groups, both of which were more active. Significant differences 

were also found for urination, as T100%-CTROL calves spent more minutes urinating than 

the rest of the groups (p < 0.01) (Table 4). 

Significant variations were also identified in some stress-related behaviours, such as 

sniffing/olfactory manipulation of pen fixtures. Calves from the T60%-HT group per-

formed this behaviour for a longer than those in the T100%-HT and T60%-CTROL groups 

(p < 0.05). Although no calves performed effective water or milk intake from buckets, it is 

noteworthy that T60%-HT calves showed a tendency toward a higher frequency of visit-

ing the milk bucket without intake compared with the T100%-HT group, while T60%-

CTROL calves tended to vocalize more frequently than the other treatments (p < 0.1). No 

additional maintenance activities differed significantly among the groups or other stress-

related behaviours, nor for any of the observed cohesive behaviours (p > 0.05) (Table 4). 
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Table 4. Postures, maintenance activities, and behaviours of individually housed 5-week-old calves 

between morning and afternoon nursing periods. Results are reported as mean ± pooled standard 

error. Activities are expressed as minutes per hour, except vocalizations (events per hour). Plu-

riactivity indicates simultaneous occurrence of two activities. Different letters (a, b) within a row 

indicate significant differences among maternal feeding (T100% vs. T60%) and supplementation of 

hydroxytyrosol (HT) (Control (CTROL) vs. HT) groups (p < 0.05). 

 T100%-CTROL T100%-HT T60%-CTROL T60%-HT p-Values 

Number of calves 12 12 12 12  

Posture  

Standing (min/h) 24.0 ± 2.5 ab 17.6 ± 2.5 b 18.4 ± 2.5 b 27.0 ± 2.5 a 0.05 

Lying (min/h) 36.0 ± 2.5 ab 42.4 ± 2.5 a 41.6 ± 2.5 a 33.0 ± 2.5 b 0.05 

Maintenance Activities  

Idling (min/h) 29.6 ± 2.4 b 34.2 ± 2.4 ab 37.2 ± 2.4 a 29.5 ± 2.4 b 0.05 

Ruminating (min/h) 11.9 ± 1.6  11.3 ± 1.6 7.7 ± 1.6 9.1 ± 1.6  0.27 

Urination (min/h) 1.1 ± 0.2 a 0.4 ± 0.2 b 0.4 ± 0.2 b 0.3 ± 0.2 b 0.002 

Defecation (min/h) 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.51 

Cohesive behaviours  

Exploring bed or eating straw bed (min/h) 4.6 ± 0.7 2.9 ± 0.7 3.2 ± 0.7 4.7 ± 0.7 0.43 

Socializing (min/h) 0.2 ± 0.2 0.3 ± 0.2 0.2 ± 0.2 0.3 ± 0.2 0.74 

Self-grooming (min/h) 1.7 ± 0.4 1.7 ± 0.4 1.3 ± 0.4 1.8 ± 0.4 0.96 

Stress-Related behaviours   

Sniffing/olfactory manipulation of pen fix-

tures (min/h) 
6.2 ± 1.0 ab 5.37 ± 1.0 b 5.2 ± 1.0 b 8.3 ± 1.0 a 0.04 

Licking/biting persistently pen fixtures 

(min/h) 
1.6 ± 0.5 1.6 ± 0.5  1.8 ± 0.5 1.2 ± 0.5 0.72 

Visiting water bucket without intake 

(min/h) 
1.9 ± 0.5 1.2 ± 0.5 1.6 ± 0.5 2.4 ± 0.5 0.52 

Visiting milk bucket without intake 

(min/h) 
1.0 ± 0.4 0.7 ± 0.4 1.2 ± 0.4 2.1 ± 0.4 0.08 

Vocalization (number of events/h) 1.1 ± 0.5 1.0 ± 0.5 0.38 ± 0.5 1.7 ± 0.5 0.07 

Time in pluriactivity (min/h) 1.4 ± 2.2 1.0 ± 1.5 0.8 ± 1.5 1.0 ± 1.7 0.65 

3.4. Activities and Behaviours at Daily Mother-Calf Reunion 

Concerning the behavioural results obtained during the mother–calf reunion period, 

significant differences were observed only for biological mother–calf licking. A higher 

number of cows from both T60% groups exhibited this maternal care behaviour toward 

their calves compared with cows from the T100% groups, which showed this cohesive 

behaviour only rarely (p < 0.05). For the remaining behavioural parameters observed, no 

significant differences were found among groups (p > 0.05) (Table 5). 

Table 5. Activities and behaviours observed during daily mother–calf reunion at the afternoon nurs-

ing period. Values are expressed as the proportion of animals displaying each behaviour, except 

reunion time, which is presented as mean ± SEM (min). Different letters (a, b) within a row indicate 

significant differences among maternal feeding (T100% vs. T60%) and supplementation of hydrox-

ytyrosol (HT) (Control (CTROL) vs. HT) groups (p < 0.05). 

 T100%-CTROL T100%-HT T60%-CTROL T60%-HT p-Values 

Number of mother-calf pairs 12 12 12 12  

Reunion time > 1 min 5/12 4/12 7/12 7/12 0.52 

Reunion time in min 1.36 ± 0.56 1.4 ± 0.56 1.56 ± 0.56 2.71 ± 0.56 0.75 

Maternal care      

Biological mother–calf licking 2/12 b 4/12 b 9/12 a 7/12 a 0.02 
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Nasal Care-Contact/Play 5/12 6/12 7/12 5/12 0.82 

Motivation-related      

Maternal vocalization 4/12 4/12 3/12 4/12 0.96 

Calf vocalization 0/12 3/12 1/12 1/12 0.24 

Nursing-related      

Attempted nursing from another mother 4/12 4/12 4/12 5/12 0.96 

Nursing from biological mother 11/12 12/12 10/12 9/12 0.28 

Calf tail movement during nursing 9/12 9/12 10/12 8/12 0.83 

3.5. Genes Expression Markers in Blood 

During the last third of gestation, a significant effect of feeding level, HT supplemen-

tation, and week affected the expression of the target stress hormone signalling marker 

NR3C1, with higher levels observed in the T60%-HT and T100%-CTROL groups com-

pared to the T60%-CTROL group during week −6 (Figure 3). Overall, the week of gestation 

affected all gene expressions (Figures 3 and 4). The expression of NR3C1 was upregulated 

from week −9 to a peak at week −6 and subsequently decreased at week −3 (p < 0.001). On 

the other hand, genes involved in circadian rhythms, BMAL1, PER1, CRY1 and CRY2, as 

well as genes involved in inflammatory response, HP and IL8, showed significantly the 

lowest levels of expression at week −9 but the highest expression levels at week −6 com-

pared with the rest of the weeks (p < 0.001) (Figure 4). 

 

Figure 3. Peripheral gene expression according to week (W) relative to calving (CALV), maternal 

feeding level (FL), and supplementation of hydroxytyrosol (HT) in cows during gestation (T100%-
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CTROL, n = 11; T100%-HT, n = 10; T60%-CTROL, n = 14; T60%-HT, n = 11) and lactation (T100%-

CTROL, n = 10; T100%-HT, n = 9; T60%-CTROL, n = 9; T60%-HT, n = 9) for the following genes: 

nuclear receptor subfamily 3 group C member 1 (NR3C1), basic helix-loop-helix ARNT-like 1 

(BMAL1), period circadian regulator 1 (PER1), cryptochrome circadian regulator 1 (CRY1), and 

cryptochrome circadian regulator 2 (CRY2). Means with different letters differ at p ≤ 0.05. When only 

week has a significant effect, letters A, B, C are shown. When other significant effects occur, letters 

from the three-way interaction (a, b, c) are used; if interactions between feeding level or HT supple-

mentation and week are significant, differences within the same week are indicated by X, Y. If no 

significant effects are detected, no letters are displayed. Letter groupings for gestation and lactation 

are independent and not comparable across periods. 

 

Figure 4. Peripheral gene expression according to week (W) relative to calving (CALV), maternal 

feeding level (FL), and supplementation of hydroxytyrosol (HT) in cows during gestation (T100%-

CTROL, n = 11; T100%-HT, n = 10; T60%-CTROL, n = 14; T60%-HT, n = 11) and lactation (T100%-

CTROL, n = 10; T100%-HT, n = 9; T60%-CTROL, n = 9; T60%-HT, n = 9) for haptoglobin (HP) and 

interleukin-8 (IL8). Means with different letters differ at p ≤ 0.05. When only week has a significant 

effect, letters A, B, C are shown. If no significant effects are detected, no letters are displayed. Letter 

groupings for gestation and lactation are independent and not comparable across periods. 

In early postpartum (week 5), the interaction between week, prepartum maternal 

feeding level, and HT supplementation affected clock genes in dams. At week 5, BMAL1, 

PER1, and CRY1 gene expression levels were lower in the T60%-HT group compared to 

the T60%-CTROL group (p < 0.05). Regarding the effect of lactation week, the expression 

of CRY2 and decreased significantly at week 5 compared to week 1 (p < 0.05) (Figure 3). 

In calves, prepartum maternal feeding level and HT supplementation affected the 

regulation of circadian rhythms and the inflammatory regulation (Figure 5). The interac-

tion between maternal feeding level and HT supplementation showed higher CRY1 ex-

pression in the T60%-HT compared with the other groups (p < 0.05). Furthermore, prepar-

tum HT supplementation significantly increased PER1 and IL8 gene expression in the two 

groups of calves from HT dams (p < 0.05). Regarding the effect of the week, the expression 

of the clock gene PER1 increased at week 5 compared to week 1, while the expression of 

HP and IL8 decreased at week 5 (p < 0.05). 
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Figure 5. Interaction between maternal feeding level (FL) and supplementation of hydroxytyrosol 

(HT) on peripheral gene expression in calves at specific weeks (W) relative to birth (T100%-CTROL, 

n = 10; T100%-HT, n = 9; T60%-CTROL, n = 9; T60%-HT, n = 9) for the following genes: nuclear 

receptor subfamily 3 group C member 1 (NR3C1), basic helix-loop-helix ARNT-like 1 (BMAL1), pe-

riod circadian regulator 1 (PER1), cryptochrome circadian regulator 1 (CRY1), cryptochrome circa-

dian regulator 2 (CRY2), haptoglobin (HP), and interleukin-8 (IL8). Means with different letters dif-

fer at p ≤ 0.05. When only week has a significant effect, letters A and B are shown. When other sig-

nificant effects occur, letters from the three-way interaction (a, b) among week, maternal FL, and HT 

supplementation are used. If no significant effects are detected, no letters are displayed. 

4. Discussion 

This study examined the effects of feeding levels and supplementation of HT during 

the final third of pregnancy on maintenance activities and behaviours in both cows and 

their calves. All animals included in this study were free of reproductive or clinical 

https://doi.org/10.3390/agriculture16080859


Agriculture 2026, 16, 859 14 of 24 
 

https://doi.org/10.3390/agriculture16080859 

diseases, indicating that the observed molecular and behavioural changes should be in-

terpreted in a context of metabolic or physiological adaptation and not as part of patho-

logical processes. An increase in grooming behaviours was observed in cows toward 

calves in the T60% groups, as well as changes in blood cell expression of genes involved 

in stress response pathways involving the glucocorticoid receptor. These genes showed 

higher expression during gestation in the T60%-HT group at week −6, and decreased ex-

pression of circadian rhythms in this same group at week 5 of lactation. Furthermore, fluc-

tuations in the expression of genes involved in inflammatory regulation were observed 

throughout the peripartum weeks in all groups. The results obtained in the calves demon-

strate that maternal feeding level and dietary supplementation of HT during the final 

third of pregnancy exert significant effects on early behavioural patterns and the regula-

tion of circadian and inflammatory pathways. 

Notably, our results indicate that nutritional restriction during the final third of ges-

tation profoundly influenced the eating pattern of pregnant cows. Had the T100% cows 

been fed ad libitum, they would have consumed more feed than the actual supply. Like-

wise, the feeding restriction protocol allowed to observe expected differences in feeding 

behaviour, which was consistent with the intended nutritional levels and provided mean-

ingful insights into animal behaviour and gene expression in blood cells. T60%-cows 

(T60%) exhibited a need to maximize nutrient intake, consuming feed at an accelerated 

rate and spending less time eating, which may reflect either anxious behaviour or a strat-

egy to optimize nutrient acquisition [49]. In contrast, T100% cows displayed prolonged 

feeding rate, without behavioural indications of food-related anxiety, in line with previ-

ous studies in cattle and swine [39,50]. This pattern of accelerated feed intake was accom-

panied by stress-related behaviours such as head rubbing, licking surfaces, and oral ste-

reotypes (tongue rolling), reflecting animal discomfort and further highlighting the stress 

induced by nutritional restriction. It is worth-mentioning that cows that received HT ex-

hibited fewer occurrences of tongue rolling than those that did not, indicating that stress-

related behavioural alterations were mitigated by the polyphenol extract. Consequently, 

the social and maintenance behaviours of T60%-HT cows approached those of T100% 

cows, which showed no visible signs of stress, in agreement with other reports working 

on cows [51–53]. In parallel, T60%-cows exhibited more frequent affiliative behaviours 

toward conspecifics, such as licking and sniffing, likely reflecting attempts at stress regu-

lation through mechanisms that may involve oxytocin associated with positive social in-

teractions in gregarious animals [54,55]. In agreement with the afore-mentioned results, 

T60%-HT cows did not exhibit this behaviour as prominently as T60%-CTROL cows, sug-

gesting a reduced expression of stress-related social behaviours. These findings suggest 

that, in beef cows, dietary HT supplementation may have partially attenuated behavioural 

indicators associated with undernutrition-induced stress in beef cows. In the lactation pe-

riod, a greater number of cows in both T60% groups exhibited licking behaviour toward 

their calves compared to cows in the T100% groups during reunion for nursing. This find-

ing suggests the presence of compensatory behavioural adjustments during lactation, as 

maternal licking constitutes one of the most critical care behaviours in ruminants, stimu-

lating circulation and thermoregulation in the neonate, as well as reinforcing the dam–

offspring bond, thereby contributing to the reduction in postnatal stress in both. The fact 

that cows subjected to nutritional restriction prioritized this behaviour, increasing its fre-

quency, indicates that prenatal metabolic experience may modulate the expression of ma-

ternal behaviours, enhancing responses that promote appropriate development, environ-

mental adaptation, and calf survival, which can be interpreted as a form of biological com-

pensation [54,56–58]. Previous studies have demonstrated, across various species, that 

gestational stress can intensify certain maternal behaviours postpartum, likely mediated 
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by alterations in the expression of neuroendocrine hormones (e.g., oxytocin, prolactin) or 

via epigenetic mechanisms affecting maternal care circuits [59–61]. 

In calves, the current maternal diet restriction did not affect prenatal or early postna-

tal growth, since no differences were observed in calf birth weight or ADG during the first 

month of life. The activation of maternal compensatory mechanisms may have helped in 

maintaining homogeneity in early somatic development and may have contributed to 

maintain early somatic development [62]. However, changes were detected in behaviour, 

thermoregulation, and the expression of circadian genes and inflammatory regulation 

markers, indicating functional adaptations that were not immediately reflected in calf 

growth but may influence neonatal robustness and the quality of early-life development, 

as found in other experiments [6,63,64]. 

During the first month of life, the ability of calves to maintain body temperature de-

pends on the interplay between metabolic thermogenesis—namely, the capacity to gener-

ate brown adipose tissue—behavioural mechanisms, such as increased mobility or social 

huddling, and physiological adjustments and maturation processes, including peripheral 

vasoconstriction [65,66]. T60%-HT calves exhibited, as a trend (p < 0.06), lower rectal tem-

peratures than T100% calves. This trend, which should be interpreted with caution, could 

suggest potential metabolic and energetic adjustments in thermoregulation, and reduced 

mean temperature may represent an adaptation to conserve calories, potentially allowing 

energy to be allocated to other processes [67,68]. This was likely facilitated by the transfer 

of HT-derived metabolites through colostrum to the offspring [69]. In our previous study, 

HT metabolites were detected in maternal plasma and colostrum, confirming supplemen-

tation compliance and transfer to the calves, providing early-life exposure to HT-derived 

compounds [29,69]. Complementarily, the stability of ear surface temperature suggests 

that thermoregulatory adaptations are selective, focusing on central regulation without 

compromising peripheral homeostasis [27,70,71]. On the other hand, the greater urination 

observed in T100%-CTROL calves, which spent more time on this activity, is likely due to 

a higher water and energy availability resulting from adequate maternal nutrition, which 

favours an increased renal filtration volume and metabolically generated heat production, 

thereby increasing the need to eliminate fluids [72]. The behavioural profile of T60%-HT 

calves reflects this adaptation, as they spent more time standing, exploring, and manipu-

lating objects in the pen, reaching activity levels like T100%-CTROL calves. This active 

and exploratory behaviour indicates that HT supplementation allows these calves to 

achieve an optimal functional phenotype, sustaining behaviours that facilitate resource 

acquisition and adaptation to the postnatal environment [73], along with circadian syn-

chronization observed in the present study. 

Circadian clock genes play a central role in coordinating metabolic dynamics in both 

pregnant cows and their neonatal offspring [6]. The expression of these genes is consistent 

with cellular catabolic processes, facilitating energy mobilization to support the substan-

tial metabolic demands of fetal development and maternal maintenance [74]. As preg-

nancy progresses towards term, leukocyte function must transition from predominant cat-

abolic pathways, linked to the anti-inflammatory state of gestation, to primarily anabolic 

pathways that underpin the pro-inflammatory responses required for parturition [75,76]. 

Accordingly, all the studied circadian rhythm, stress response or inflammatory regulation 

gene expression markers in whole blood of cows peaked at week −6 relative to parturition, 

defined by hormonal adaptations that facilitate the upcoming parturition [29]. The inher-

ent stress of parturition was supported by CRY1, CRY2, and HP, that showed a marked 

decrease between weeks 1 and 5 postpartum in all cow groups reflection of a progressive 

adjustment of physiological postpartum inflammation and a concomitant re-entrainment 

of the circadian clock in peripheral blood cells [77]. In an earlier study, maternal nutrient 

restriction in pregnant dams shifted leukocyte metabolism towards catabolic pathways 
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and reduced the expression of genes involved in lipid synthesis. Following parturition, 

when both lactation and immune activation increase glucose requirements, T60% dams 

continued to exhibit a predominantly catabolic metabolic profile in their blood cells [29]. 

An increased NR3C1 gene expression was observed in T60%-HT dams compared 

T60%-CRTL at week −6 prepartum. Under optimal conditions, when cortisol concentra-

tions remain within the physiological range, NR3C1 expression typically stays high, re-

flecting an enhanced sensitivity and a greater capacity to regulate processes such as glu-

cose homeostasis and other metabolic cellular pathways [78]. Conversely, when animals 

are exposed to elevated stress levels—as in this study, due to feed restriction—the result-

ing potential rise in cortisol may downregulate NR3C1 expression, probably to prevent 

excessive glucocorticoid signalling. Thus, NR3C1 can be considered a reliable marker of 

cellular stress [79,80]. The decrease in NR3C1, circadian genes, and inflammatory response 

markers in all cows at week −3 suggests enhanced blood cellular sensitivity to fetal gluco-

corticoid [77,78]. The similar NR3C1 gene expression in this week across groups is inter-

preted as a more catabolic cell state in conjunction with a promotion of fatty acid utiliza-

tion and inhibition of glucose oxidation for energy production, favouring gluconeogenesis 

[81]. This pattern is consistent with previous results and reflects a dynamic immunome-

tabolism characterized by pronounced endocrine changes inherent to gestational progres-

sion [29]. Collectively, this utilization of fatty acids for energy and the enhanced conser-

vation of glucose is proposed to reduce the metabolic stress signal resulting from nutrient 

deficiency, which, via the HPA axis, could induce increased cortisol production and main-

tain low NR3C1 levels, thereby stabilizing this cellular metabolic pathway [78]. Conse-

quently, T60%-CTROL cows exhibited lower NR3C1 levels (week −6) and higher cortisol 

concentrations, consistent with a stress response, which may manifest as stress-related 

behaviours that could potentially indicate a heightened state of agitation, likely resulting 

from a less optimized metabolic regulatory capacity [82]. It is noteworthy that the T60%-

HT group tended to exhibit NR3C1 expression levels comparable to those observed in the 

T100%-CTROL group. In line with the trends observed in [34], where both HT cow groups 

exhibited slightly lower cortisol levels than CTROL cows, regardless of feeding level, and 

consistent with previous findings in the same group reported by [29], which showed 

higher PDK4 expression levels, a key regulator of glucose conservation and indirect sup-

port of gluconeogenesis. 

In early postpartum (week 5), peripheral gene expression markers related with circa-

dian rhythm (BMAL1, PER1, CRY1) were downregulated in T60%-HT dams in compari-

son with the other treatments. The T60%-HT group exhibited a downregulation of 

BMAL1, a core clock regulator that controls numerous downstream genes, including those 

involved in antioxidant defence such as NRF2, a key transcription factor that activates the 

antioxidant enzyme cascade [83,84], as well as NF-κB, another key transcription factor in 

inflammatory responses and cellular stress, and genes involved in energy metabolism. 

The T60%-HT group also showed reduced expression of PER1 and CRY1, which partici-

pate in the negative feedback loop of the circadian clock, modulating the expression of 

inflammation-responsive genes such as leukocyte sensitivity to hormonal signals [84], 

reaching levels like those observed in the T100%-CTROL group. BMAL1 acts as the pri-

mary activator of the other clock genes, typically peaking around the beginning of the day 

and gradually decreasing as Per (midday/afternoon) and Cry (afternoon/night) levels rise, 

thereby enabling synchronization with the light-feeding cycle [4,5,85]. Under conditions 

of dietary restriction, BMAL1 exhibits an increase in expression, along with its regulatory 

genes PER1 and CRY1, in response to cellular and endocrine signals that reflect the phys-

iological stress status of the blood cell [86–88]. 

These findings indicate that dietary HT may contribute to the decreasing of BMAL1, 

CRY1, and PER1, potentially reducing the amplitude of the circadian feedback loop, 

https://doi.org/10.3390/agriculture16080859


Agriculture 2026, 16, 859 17 of 24 
 

https://doi.org/10.3390/agriculture16080859 

possibly via antioxidant-mediated catalysis of PER1 mRNA degradation, although the un-

derlying mechanism has not yet been elucidated [89]. This modulation may enhance en-

ergy cellular efficiency and prioritize energetic resources for maintaining homeostasis in 

blood cells during lactation period. In an earlier study, T60%-HT cows displayed reduced 

ACADVL, IGF signalling, and immune-related antioxidant responses during early post-

partum, although their overall antioxidant capacity was improved [29]. The higher levels 

observed in the T60%-CTROL compared with T60%-HT group at week 5 postpartum 

could reflect a pattern characteristic of periods of high metabolic demand, coordinating 

critical cellular processes, inflammation, and glucocorticoid sensitivity [31,90,91]. 

In neonatal calves, the same molecular clocks facilitate cellular anabolic pathways, 

promoting tissue growth, thermoregulation, and the maturation of metabolic and im-

mune cell functions during the early postnatal period [92,93]. This temporal orchestration 

ensures that energy utilization and physiological priorities are optimally synchronized 

with the specific requirements of each developmental stage. 

A state of metabolic activation with precise biological synchronization is required to 

optimize energy utilization during the post-natal period [94]. Accordingly, a functional 

similarity between T60%-HT and T100%-CTROL was observed in blood cellular circadian 

regulation, leading to an upregulation in T60%-HT calves for the genes CRY1 and PER1. 

Furthermore, both Per1 and Cry1 indirectly activate antioxidant enzymes via the Nrf2 

pathway [95] providing antioxidant protection to these blood cells. This is consistent with 

previously observed expression levels in T60%-HT calves for NRF2, SOD1, CAT, and 

GPX1 [29]. 

These results are corroborated by the upregulation of the clock genes CRY1 and PER1 

in blood cells, which are involved in the coordination of energy metabolism and explora-

tory behaviour, allowing the anticipation of environmental changes, synchronization of 

biological processes, and more precise utilization of available energy was described in 

small ruminants [93]. Its elevated expression of CRY1 and PER1 indicates that HT pre-

serving glucose for dependent tissues while allowing efficient utilization of lipids as an 

energy source. This aligns with the capacity to maintain exploratory activity without com-

promising central homeostasis, integrating metabolism, and behaviour into a unified 

adaptive pattern. In contrast, T60%-CTROL calves, with lower expressions of CRY1 and 

PER1 in blood cells, did not appear able to distribute energy effectively, showing lower 

activity spent more time lying down reflecting a diminished capacity to maintain an active 

and adaptive behavioural pattern, likely associated with constraints in blood cellular cir-

cadian regulation [96]. 

Finally, the early immune response in neonatal calves was also modulated. Both 

PER1 and CRY1 are involved in the expression of transcription factors such as NF-κB, 

which in turn regulates the expression of IL8, TLR4, and TNFA [97] and indirectly affects 

HP through these pathways. Although IL8 and HP levels decreased by the end of the first 

month of life, T60%-HT calves seemed to maintain a relatively more active immune re-

sponse, exhibiting higher IL8 expression than T60%-CTROL calves, yet comparable to 

T100%-CTROL calves. IL-8 is critical for the recruitment of immune cells and the activa-

tion of effective innate defence mechanisms [98], and tissue repair and development [99] 

indicating a functional immune response in T60%-HT calves. This is consistent with the 

previously observed enhanced activation of immune-metabolic pathways in T60%-HT 

calves, characterized by elevated TNFA, TLR4, and ALOX5 expression, genes that play 

central roles in the regulation of inflammatory processes, contributing to both the initia-

tion and resolution phases of inflammation [29]. 

Taken together, these findings suggest that maternal supplementation with HT com-

pensates for the effects of nutritional restriction, restoring behavioural patterns such as 

licking/sniffing, metabolic and circadian patterns such as CRY1, PER,1 and IL8 in T60%-
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HT calves comparable to those of calves born to well-nourished mothers. However, func-

tional analyses including neuroendocrine regulators would be necessary to confirm these 

results. Maternal nutritional restriction during gestation, particularly when combined 

with dietary supplementation of olive-derived polyphenols, can modulate early-life be-

havioural phenotypes in beef calves. While nutritional restriction alone is known to alter 

fetal programming by improving caregiving, resource-seeking behaviour and alterations 

in circadian regulation, the concurrent supply of polyphenols may partially buffer oxida-

tive and endocrine stress, probably thereby supporting a more balanced neurodevelop-

ment. This interaction may result in calves that display increased exploratory activity dur-

ing their first month of life, reflecting an adaptive response to perceived prenatal resource 

scarcity. 

5. Conclusions 

Late-pregnancy nutritional restriction altered the feeding patterns, social behaviours, 

and stress-related behaviours of healthy pregnant beef cows, as well as the regulation of 

glucocorticoid-receptor pathways (NR3C1). After parturition, it also altered the circadian 

(BMAL1, PER1, and CRY1) blood pathways, with associated effects such as more non-

nutritive resource-seeking motivation and grooming to their calves during the early 

stages of life. Dietary HT supplementation partially counteracted these alterations by 

modulating behavioural responses in dams subjected to nutritional restriction, and up-

regulating circadian (PER1 and CRY1) and immunoregulatory (IL-8) gene expression in 

blood cells in their offspring, comparable to those observed in animals born to adequately 

fed dams. Whether these adaptations observed in the calves are beneficial or detrimental 

in the long term will need to be elucidated in future studies. 
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