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Abstract

Metabolic status plays a critical role in reproductive efficiency in small ruminants; however, 
longitudinal information describing metabolic adaptations from estrus synchronization through 
gestation and the immediate postpartum period remains limited. This study investigated temporal 
changes in selected serum metabolic and hormonal parameters in estrus-synchronized ewes  
and compared pregnant (PR) and non-pregnant (NPR) animals, with particular emphasis on the 
influence of litter size. A total of 235 ewes were synchronized during the breeding season.  
Of these, 150 animals (75 PR and 75 NPR) were included in the main comparative analysis, while 
a subset of 45 ewes (30 PR and 15 NPR) was monitored longitudinally across gestation and the 
early postpartum period. Blood samples were collected during synchronization (D-14 and D0), 
pregnancy (D35, 60, 120, and 145), and on Day 1 postpartum (1 dpp). Serum glucose,  
non-esterified fatty acids (NEFA), beta-hydroxybutyrate (BHB), aspartate aminotransferase 
(AST), and progesterone concentrations were determined. Glucose concentrations at D-14 were 
significantly higher in ewes that subsequently established pregnancy (p<0.05). During gestation, 
NEFA and BHB concentrations increased progressively, with the highest values observed during 
late pregnancy, particularly in ewes carrying multiple fetuses (p<0.05). Serum AST activity  
increased moderately toward late gestation and the postpartum period but remained within  
physiological reference ranges. Progesterone concentrations were markedly higher in PR ewes 
from D35 onward (p<0.05) and were positively associated with litter size. These findings demon-
strate stage-dependent metabolic adaptations and suggest that assessing pre-mating metabolic 
status and monitoring metabolism during late gestation may provide useful information for repro-
ductive management, particularly in ewes carrying multiple fetuses.
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Introduction

Blood biochemical parameters are widely used as 
diagnostic and prognostic tools in veterinary medicine 
and livestock production, providing valuable informa-
tion on metabolic status, health, and reproductive per-
formance (Van Saun 2023). In small ruminants, repro-
ductive efficiency is closely linked to metabolic homeo- 
stasis, particularly during periods of increased physio-
logical demand such as estrus synchronization, preg-
nancy, and the periparturient period (Matsuyama and 
Kimura 2015, Chaves et al. 2024) Pregnancy, although 
a physiological process, imposes substantial metabolic 
demands. These demands increase markedly due to  
fetal growth, placental development, and mammary 
gland maturation, especially during late gestation and 
the transition to lactation (Bauman and Currie 1980).

As pregnancy progresses, maternal nutrient parti-
tioning increasingly favors the developing fetus and 
mammary tissue, often resulting in elevated metabolic 
demands and, in some cases, negative energy balance 
(Scaramuzzi et al. 2006). In ewes, this imbalance is par-
ticularly pronounced in animals carrying multiple fetus-
es and represents a major predisposing factor for preg-
nancy toxemia, a condition characterized by hypo- 
glycemia, ketonemia, and excessive lipid mobilization 
(Sargison et al. 1994, Mongini and Van Saun 2023).  
Serum concentrations of glucose, non-esterified fatty 
acids, and ketone bodies such as beta-hydroxybutyrate 
are considered sensitive indicators of energy balance 
and are commonly used to assess metabolic stress in 
ruminants (Cascone et al. 2022).

The liver plays a central role in maintaining meta-
bolic homeostasis during pregnancy by regulating glu-
coneogenesis, lipid metabolism, and hormone clearance 
(Sun et al. 2016). Aspartate aminotransferase is fre-
quently used as an indirect indicator of hepatic metabol-
ic load and tissue integrity (Campos-Gaona et al. 2024) 
and may increase in association with enhanced lipoly-
sis, hepatic steatosis, or energy deficiency (Lubojacka 
2005). In addition to metabolic parameters, reproduc-
tive hormones – particularly progesterone (P4) – are 
essential for the establishment and maintenance of 
pregnancy. Progesterone concentrations increase throug- 
hout gestation and are influenced by placental develop-
ment, fetal number, and metabolic clearance rates  
(Ranilla et al. 1994, Al-Gubory et al. 1999, Rosales- 
Nieto et al. 2021). Low circulating P4 concentrations 
have been associated with impaired embryo develop-
ment and reduced fertility (Al Jaryan et al. 2023), 
whereas increased feed intake may enhance hepatic 
blood flow and accelerate steroid metabolism, thereby 
reducing circulating P4 concentrations (Sangsritavong 
et al. 2002).

Given the close interaction between metabolism 
and reproduction, serum metabolic and hormonal pa-
rameters are expected to vary across different reproduc-
tive stages (González-García et al. 2014). However, 
most studies have focused on isolated physiological  
periods, and comprehensive longitudinal data spanning 
estrus synchronization, pregnancy, and the immediate 
postpartum period in clinically healthy ewes remain 
limited. Furthermore, comparative evaluations between 
pregnant and non-pregnant ewes and assessments of the 
influence of litter size under field conditions remain 
limited and somewhat controversial. Recent metabolo-
mics-based studies have shown that blood metabolites 
may be useful for predicting sheep pregnancy and litter 
size or explaining treatment-related changes during  
early pregnancy. Goldansaz et al. (2022) identified  
serum metabolite panels for predicting pregnancy and 
litter size, particularly around Day 50 of gestation, 
whereas Zhang et al. (2024) reported that GnRH treat-
ment after progesterone-based estrus synchronization 
altered peri-implantation metabolic pathways and  
was associated with a reduced pregnancy rate in ewes. 
However, these approaches are mainly based on high- 
throughput metabolomic platforms and are focused  
on early gestational prediction or peri-implantation 
mechanisms. Consequently, less is known about how 
routinely measurable metabolic and hormonal parame-
ters change longitudinally from estrus synchronization 
to late gestation and the immediate postpartum period, 
particularly when pregnancy outcome and litter size are 
evaluated together under field conditions. 

Therefore, the objectives of the present study were 
to evaluate longitudinal changes in selected serum met-
abolic and hormonal parameters from estrus synchroni-
zation through pregnancy and the immediate postpar-
tum period, to compare pregnant and non-pregnant 
ewes, and to assess the influence of litter size on meta-
bolic adaptation. We hypothesized that these parame-
ters would differ between pregnant and non-pregnant 
animals, with the most pronounced alterations occur-
ring during late gestation, particularly in multiple preg-
nancies.

Materials and Methods

Animals, management, and housing

The study was conducted between 2019 and 2021 
on a semi-intensive sheep farm located in northern  
Türkiye. A total of 235 ewes (Tahirova, Merino, and 
Bafra breeds) and 12 fertile rams were maintained  
under uniform management conditions. Animals were 
housed indoors on straw bedding and had daily access 
to a fenced grazing area. The diet consisted of corn, 
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crushed barley, corn silage, barley pulp, straw, grass  
silage, hay, and a commercial vitamin – mineral pre-
mix. Water and mineral licks were provided ad libitum.

Ewes included in the study were clinically healthy, 
multiparous animals between two and four years of age. 
All animals were maintained under identical housing, 
feeding, and management conditions throughout the 
study. Therefore, we minimized variation related to 
management, nutrition, age, and parity as much as pos-
sible before randomly selecting the study subgroups. 
Before enrollment, all animals underwent physical,  
gynecological, and ultrasonographic examinations, 
while rams were subjected to andrological evaluation. 
Animals showing clinical or reproductive abnormalities 
were excluded. This study involved non-experimental 
clinical veterinary practices; therefore, we did not seek 
ethical approval because it was not required under  
national regulations (HADMEK 15.02.2014/28914). 
We obtained informed consent from the farm owner.

Estrus synchronization and mating protocol

Flushing was implemented six weeks prior to 
sponge insertion through improved forage quality and 
supplementation with zinc, selenium, and vitamin E for 
both ewes and rams. A total of 235 ewes were synchro-
nized during the breeding season (April–July) using  
intravaginal P4-impregnated sponges (60 mg medroxy-
progesterone acetate; Esponjavet®, Hipra, Spain) 
inserted for 14 days (D-14). At sponge removal (D0), 
ewes received an intramuscular injection of 500 IU  
human chorionic gonadotropin (Oviser®, Hipra, Spain). 
Following sponge removal, rams were introduced for 
controlled natural mating. Each ewe was allowed to 
mate up to three times at 12-h intervals. 

We confirmed pregnancy ultrasonographically in 
160 ewes and classified 75 animals as non-pregnant. 
Due to logistical and economic constraints associated 

with large-scale longitudinal sampling, we used a ran-
dom number table to select subsets of animals from the 
eligible study population, thereby minimizing selection 
bias and obtaining representative study subgroups.  
To obtain balanced experimental groups, we randomly 
selected 75 animals from the pregnant population.  
Accordingly, during the synchronization period, we 
collected blood samples from pregnant (PR; n=75)  
and non-pregnant (NPR; n=75) animals. During the 
pregnancy period, we collected blood samples from  
a subset consisting of PR (n=30) and NPR (n=15) ani-
mals (Fig. 1). 

Among the pregnant ewes, litter size (singleton or 
multiple pregnancy) was determined based on fetal 
counts obtained during late gestation ultrasonographic 
examinations.

Pregnancy diagnosis and litter size determination

Pregnancy diagnosis was performed using transrec-
tal ultrasonography (Hasvet 838®, Veterinary Ultra-
sound, equipped with a 7.5 MHz linear probe) at D35 
and D60 post-mating. Ewes were classified as PR or 
NPR ewes based on the presence of an embryonic vesi-
cle and detectable fetal heartbeat. Additional ultrasono-
graphic examinations at D120 and D145 were per-
formed to confirm pregnancy and determine litter size.

Blood sampling and laboratory analyses

Blood samples were collected at D-14 and D0 
during the synchronization period, and at D35, D60, 
D120, and D145 during the pregnancy period. In addi-
tion, blood samples were obtained on Day 1 postpartum 
(1 dpp) from 30 ewes in the PR group. Samples were 
collected from the jugular vein into blood collection 
tubes with and without EDTA (Fig. 1). Blood samples 
were centrifuged at 3000 × g for 15 min at room tem-

Fig 1. �Schematic overview of the experimental design and animal selection throughout the study. From 235 synchronized ewes, pregnan-
cy was confirmed in 160 animals, while 75 were classified as non-pregnant. Subsets of these populations were randomly selected 
for longitudinal biochemical monitoring during the synchronization and pregnancy periods. dpp: Day postpartum, PR: Pregnant, 
NPR: Non-pregnant.
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perature. Serum was separated, divided into two or 
three aliquots, and stored at -20°C until analysis. 

All analyses were performed according to the manu- 
facturers’ instructions. Serum glucose (RX series 
GL3815, Randox Laboratories Ltd., UK), serum NEFA 
(RX Monza, Randox Laboratories Ltd., UK), and  
serum BHB (RX Monza, Randox Laboratories Ltd., 
UK) concentrations and serum activities of AST  
(RX series AS3804, Randox Laboratories Ltd., UK) 
were measured using an automated biochemical analy- 
zer (Randox RX Imola, Randox Laboratories Ltd., UK). 
The intra-assay and inter-assay coefficients of variation 
were <2% and <3% for glucose, <5% and <7% for 
NEFA, and <5% and <6% for BHB, <3% and <5%  
for AST, respectively. Serum P4 concentrations were 
determined using a chemiluminescent immunoassay 
(Architect i2000SR, Abbott Diagnostics, Ireland; kit 
code TK7K77). The intra-assay and inter-assay coeffi-
cients of variation for the assay were <5% and <8%, 
respectively.

Statistical analysis

We performed all statistical analyses using  
SPSS Statistics Version 27.0.1.0 (IBM Corp., USA). 
We recorded progesterone values below the detection 
limit (<0.1 ng/mL) as 0.1 ng/mL for statistical evalua-
tion. We assessed the normality of the data distribution 
using the Shapiro–Wilk test. Because not all variables 
were normally distributed, we primarily used non-para-
metric methods and present numerical results as medi-
ans with interquartile ranges unless otherwise stated. 
For graphical presentation, we present the data as mean 
± standard deviation (SD). We compared the PR and 
NPR groups using the Mann-Whitney U test and evalu-
ated within-group differences across time points using 
the Wilcoxon signed-rank test. We analyzed differences 
in glucose concentrations according to litter size  
using two-way repeated-measures analysis of variance 
(ANOVA) within a general linear model after logarith-
mic transformation of the data, followed by Tukey’s 
post hoc test. We analyzed differences in AST, NEFA, 
BHB, and P4 concentrations according to litter size 
during the synchronization and pregnancy periods  
using the Kruskal-Wallis test. We considered p<0.05 
statistically significant. Although linear mixed-effects 
models are generally recommended for repeated-mea-
sures data, we did not apply them because the study  
included relatively small longitudinal subgroup sizes, 
non-normally distributed variables, unequal group  
sizes, and postpartum measurements that were avai- 
lable only for pregnant ewes. Therefore, we considered 
separate non-parametric analyses the most appropriate 
analytical approach for the structure and distribution  
of the available data.

Results

A total of 122 lambs were born from 75 ewes. Of 
these, 49.3% (37/75) were single births, 38.7% (29/75) 
were twin births, and 12.0% (9/75) were triplet births.

Serum glucose concentrations

Serum glucose concentrations exhibited significant 
temporal variation across the study period (p<0.05). 
During the synchronization period, glucose concen- 
trations at D-14 were significantly higher in PR ewes 
compared with NPR ewes (p<0.05), whereas no signi- 
ficant difference was observed between groups at  
D0 (Fig. 2A).

In PR ewes, glucose concentrations gradually  
declined from early to late pregnancy, reaching the low-
est values at D145. A slight increase was observed on  
1 dpp; however, glucose concentrations remained lower 
than those recorded during the synchronization period. 
In contrast, NPR ewes showed relatively stable glucose 
concentrations throughout the study period (Fig. 2A).

When PR ewes were evaluated according to litter 
size, those carrying multiple fetuses exhibited lower 
glucose concentrations during late gestation (D120 and 
D145) compared with singleton pregnancies; however, 
these differences were not statistically significant  
(Fig. 2B).

Serum non-esterified fatty acids concentrations

Serum NEFA concentrations remained within  
physiological reference ranges during the synchroniza-
tion period and early pregnancy in both NR and NPR 
ewes. No significant differences were observed between 
groups at D-14, D0, or D35 (Fig. 2C).

From mid-pregnancy onwards, NEFA concentra-
tions increased progressively in PR ewes, with the high-
est values observed during late gestation (D120 and 
D145). These increases were significantly higher com-
pared with early pregnancy values (p<0.05) (Fig. 2C).

Ewes carrying multiple fetuses showed significantly 
elevated NEFA concentrations during late gestation 
compared with singleton pregnancies (p<0.05). In con-
trast, NEFA concentrations in NPR ewes remained rela-
tively stable throughout the study period (Fig. 2D).

Serum beta-hydroxybutyrate concentrations

Serum BHB concentrations showed a pattern simi-
lar to that observed for NEFA. During the synchroniza-
tion period and early pregnancy, BHB concentrations 
were low and comparable between PR and NPR ewes 
(Fig. 2E).

In PR ewes, BHB concentrations increased signifi-
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cantly during late pregnancy (D120 and D145; p<0.05), 
with the highest values observed at D145 (Fig. 2E).

Ewes carrying multiple fetuses exhibited signifi-
cantly higher BHB concentrations during late gestation 

compared with singleton pregnancies (p<0.05). Post-
partum BHB concentrations decreased compared with 
late gestation but remained higher than early pregnancy 
values (Fig. 2F).

Fig 2. �Temporal changes in metabolic parameters and progesterone concentrations during the synchronization, pregnancy, and postpar-
tum periods. Panels A, C, E, G, and I show comparisons between pregnant (PR) and non-pregnant (NPR) ewes, whereas panels B, 
D, F, H, and J present data according to litter size (LS1–LS3). Values are expressed as mean ± SD. Different lowercase letters (a–e) 
and Greek letters (α–ε) indicate significant temporal differences within the PR and NPR groups, respectively (p<0.05).
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Serum aspartate aminotransferase activities

Serum AST activities showed moderate fluctuations 
throughout the study period. No significant differences 
between PR and NPR ewes were observed during the 
synchronization period or early pregnancy (Fig. 2G).

In PR ewes, AST activities increased slightly during 
late gestation and reached peak values on 1 dpp. This 
postpartum increase was statistically significant com-
pared with mid-pregnancy values (p<0.05). However, 
AST activities remained within established reference 
ranges throughout the study period (Fig. 2H).

Serum progesterone concentrations 

Serum P4 concentrations differed markedly bet- 
ween PR and NPR animals throughout the study. During 
the synchronization period, no significant differences 
were observed between groups (Fig. 2I).

From D35 onwards, P4 concentrations were signifi-
cantly higher in PR ewes compared with NPR ewes  
at all sampling points (p<0.001). In pregnant ewes,  
P4 concentrations increased progressively, reaching 
peak levels at D120, followed by a decline at D145 and 
a sharp decrease 1 dpp (Fig. 2I).

Ewes carrying multiple fetuses exhibited signifi-
cantly higher P4 concentrations at D60 and D120 com-
pared with singleton pregnancies (p<0.05). In GNP 
ewes, P4 concentrations showed variable patterns with 
intermittent elevations but remained consistently lower 
than those observed in PR ewes (Fig. 2J).

Discussion

The present study provides a longitudinal evalua-
tion of metabolic and hormonal changes from estrus 
synchronization through pregnancy and immediate 
postpartum period in ewes under field conditions.  
Although several studies have described metabolic  
alterations during specific stages of gestation, longitu-
dinal data covering the period from synchronization  
to late pregnancy remain limited. The findings support 
the hypothesis that metabolic status differs between PR 
and NPR animals and that the metabolic demands  
of gestation – particularly during late pregnancy and in 
multiple pregnancies – are associated with measurable 
changes in serum metabolic and hormonal parameters.

These findings complement recent metabolo- 
mics-based studies on sheep pregnancy and litter size. 
Goldansaz et al. (2022) showed that serum metabolite 
panels, including D-glucose, L-carnitine, methanol, 
L-arginine, and urea for pregnancy detection and  
methionine and L-carnitine for litter size prediction, 
could classify pregnancy status and fetal number most 

effectively around Day 50 of gestation. In the present 
study, we did not aim to develop predictive metabo- 
lomic models; however, the higher pre-mating glucose 
concentrations in ewes that subsequently became preg-
nant and the greater late-gestation NEFA and BHB  
responses in multiple pregnancies support the concept 
that pregnancy outcome and fetal number are reflected 
in maternal circulating metabolic profiles. Similarly, 
Zhang et al. (2024) reported that metabolic alterations 
during the peri-implantation period after P4-based  
estrus synchronization were associated with pregnancy 
outcome in ewes. Unlike these metabolomics-based 
studies, the present work extends the interpretation  
to routinely measurable metabolic and hormonal para- 
meters monitored longitudinally from synchronization 
through late gestation and 1 dpp under field conditions.

Pre-mating metabolic status and pregnancy 
outcome

One of the most notable findings of the present 
study was the significantly higher glucose concentra-
tions at D-14 in ewes that subsequently became preg-
nant. This observation suggests that pre-mating energy 
status, particularly carbohydrate availability, may be 
associated with pregnancy establishment. Adequate 
glucose availability is essential for follicular develop-
ment, oocyte competence, and early embryonic surviv-
al, and improved energy balance before breeding has 
been associated with higher conception rates in small 
ruminants (Scaramuzzi et al. 2006, Dupont et al. 2014). 
In line with this interpretation, Goldansaz et al. (2022) 
included D-glucose in a validated pregnancy-associated 
serum biomarker panel, further supporting the rele-
vance of carbohydrate metabolism to pregnancy out-
come. However, whereas their predictive model was 
based on Day 50 samples, the present study detected 
this difference before mating, suggesting that pre-breed-
ing glucose status was associated with subsequent preg-
nancy establishment. Although NEFA and BHB con-
centrations did not differ between groups during the 
synchronization period, their low and stable values  
indicate that the animals were not experiencing nega-
tive energy balance at the time of mating. These find-
ings suggest that relatively subtle differences in carbo-
hydrate metabolism, rather than pronounced lipid 
mobilization, may be more closely associated with sub-
sequent pregnancy establishment during the peri-con-
ception period in ewes. This may indicate that moderate 
variations in energy availability before breeding are ini-
tially reflected in carbohydrate metabolism. In contrast, 
markers of lipid mobilization such as NEFA and BHB 
typically increase only when a more pronounced nega-
tive energy balance develops (Bouvier-Muller et al. 
2016).
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Metabolic adaptations during pregnancy

As pregnancy progressed, significant increases in 
NEFA and BHB concentrations were observed in PR 
ewes, supporting the hypothesis that gestation is asso- 
ciated with increased metabolic demand (Ji et al. 2023). 
These changes reflect enhanced lipolysis and ketogene-
sis in response to the growing energy requirements of 
the fetus and the reduction in ruminal capacity caused 
by uterine expansion (Sargison et al. 1994, Cascone  
et al. 2022, Mongini and Van Saun 2023).

The more pronounced increases observed in ewes 
carrying multiple fetuses highlight the additional meta-
bolic burden imposed by higher fetal numbers. This ob-
servation is consistent with previous studies indicating 
that litter size is a major determinant of metabolic stress 
and a key risk factor for pregnancy toxemia in small 
ruminants (Sargison et al. 1994, González-García et al. 
2014, Cascone et al. 2022). Multiple pregnancies sub-
stantially increase fetal energy requirements, which can 
intensify maternal lipid mobilization during late gesta-
tion. Despite the increase in ketone body concentra-
tions, no clinical signs of pregnancy toxemia were  
observed in the present study, suggesting that the ani-
mals were able to maintain metabolic adaptation under 
the management conditions applied. These findings are 
consistent with greater maternal metabolic adaptation 
during late gestation, particularly in multiple pregnan-
cies, as gestational metabolic demands increase.

Glucose dynamics during gestation

In contrast to NEFA and BHB, serum glucose con-
centrations showed only moderate variation during 
pregnancy and did not differ significantly between PR 
and NPR animals after mating. The gradual decline  
in glucose concentrations toward late gestation likely 
reflects increased fetal glucose utilization rather than 
impaired maternal glucose regulation, which is consis-
tent with previous reports in gestating ewes (Dupont  
et al. 2014, Cascone et al. 2022). These findings indi-
cate that glucose alone may have limited diagnostic  
value for detecting negative energy balance during 
pregnancy and emphasize the importance of evaluating 
multiple metabolic indicators simultaneously (Mongini 
and Van Saun 2023).

Although glucose concentrations tended to be lower 
in ewes carrying multiple fetuses during late gestation, 
the differences were not statistically significant. This 
may reflect the strong homeostatic regulation of circu-
lating glucose in ruminants, where increased fetal glu-
cose demand is often compensated by enhanced mater-
nal gluconeogenesis.

Hepatic metabolic response

Serum AST activity showed mild increases during 
late pregnancy and the immediate postpartum period 
but remained within physiological reference ranges. 
This suggests that hepatic metabolic capacity was  
largely maintained despite the increased metabolic  
demands associated with gestation. The postpartum rise 
in AST activity may be related to physiological stress 
associated with parturition and the onset of lactation 
rather than to pathological liver damage, as reported  
in previous studies in small ruminants (Lubojacka et al. 
2005, Onasanya et al. 2015, Singh et al. 2022).

The absence of a significant effect of litter size on 
AST activity further suggests that, in clinically healthy 
ewes receiving adequate nutritional support, hepatic  
adaptation to pregnancy-associated metabolic demands 
is generally well regulated.

Progesterone dynamics and reproductive status

Progesterone dynamics clearly differentiated PR 
from NPR ewes from D35 onward, supporting its role 
in pregnancy maintenance rather than early diagnosis. 
Consistent with previous reports, P4 concentrations  
remain lower in non-pregnant ewes than in pregnant  
animals (Al Mousawe et al. 2024, Ozturan et al. 2025), 
while the progressive increase during gestation reflects 
sustained luteal activity and placental steroidogenesis 
(Ranilla et al. 1994, Al-Gubory et al. 1999, Rosales- 
Nieto et al. 2021).

Higher P4 concentrations observed in multiple 
pregnancies are consistent with the increased placental 
mass and endocrine activity associated with larger fetal 
numbers. Similar patterns have been reported in small 
ruminants Ranilla et al. (1994) and Rosales-Nieto et al. 
(2021), with differences becoming more pronounced  
at Days 40, 60, and 80 of gestation (Gur et al. 2011, 
Ozturan et al. 2025). However, variability in NPR ewes 
likely reflects physiological luteal activity rather than 
pregnancy-specific endocrine patterns. This finding  
underscores the limited diagnostic value of isolated P4 
measurements for early pregnancy diagnosis and high-
lights the importance of ultrasonographic confirmation 
(Kaçar et al. 2021). 

Progesterone metabolism is also influenced by nu-
tritional status and hepatic blood flow. Increased feed 
intake may enhance hepatic blood flow and accelerate 
steroid metabolism, thereby affecting circulating P4 
concentrations (Sangsritavong et al. 2002).

Metabolic reproductive interactions

Overall, the present findings indicate that metabolic 
and hormonal regulation from estrus synchronization 
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through gestation and the immediate postpartum period 
are closely interconnected in ewes. While clinically 
healthy animals appear capable of adapting to the meta- 
bolic demands of pregnancy, late gestation – particular-
ly in multiple pregnancies – represents a period  
of increased metabolic load characterized by enhanced 
lipid mobilization, elevated ketone body concentra-
tions, and sustained endocrine activity.

The observed associations between litter size and 
several metabolic parameters are consistent with fetal 
number being an important factor associated with  
maternal metabolic adaptation during gestation. Increa- 
sed fetal demand associated with multiple pregnancies 
may amplify maternal energy requirements and pro-
mote metabolic adjustments aimed at maintaining fetal 
growth and pregnancy maintenance.

An additional strength of the present study is the 
longitudinal design spanning estrus synchronization, 
pregnancy, and the immediate postpartum period,  
allowing metabolic and hormonal adaptations to be 
evaluated across multiple reproductive stages under 
field conditions.

Despite these strengths, we acknowledge several 
limitations. First, we analyzed repeated measurements 
using separate non-parametric tests rather than linear 
mixed-effects models that explicitly account for within- 
-animal correlations. Consequently, our analyses may 
not have fully accommodated correlations among  
repeated observations, and readers should consider this 
limitation when interpreting the results. Second,  
although we randomly selected the longitudinal sub-
group from the eligible study population, it represented 
only a subset of the original cohort, which may have 
reduced the statistical power of some longitudinal com-
parisons. Third, we included animals from different 
breeds in the study population but could not evaluate 
potential breed-related variation in the statistical analy-
sis. Although we maintained all animals under identical 
management and feeding conditions and selected ani-
mals of similar age and parity, we did not record body 
condition score or individual feed intake. We therefore 
could not include these variables in the analyses.  
Accordingly, we cannot completely exclude residual 
confounding related to breed or individual nutritional 
status. Finally, although we analyzed several metabolic 
parameters, we did not apply adjustments for multiple 
comparisons. Therefore, readers should interpret our 
findings within the context of these methodological 
considerations and the observational design of the 
study, which precludes conclusions regarding causality 
or predictive performance.

Conclusion

This study demonstrates pronounced longitudinal 
changes in metabolic and hormonal parameters from 
estrus synchronization through pregnancy and the  
immediate postpartum period in ewes. In particular,  
the progressive elevation of NEFA and BHB concentra-
tions during late gestation – especially in ewes carrying 
multiple fetuses – reflects the substantial metabolic  
demands associated with advanced pregnancy.

The observation that ewes with higher pre-mating 
glucose concentrations had higher pregnancy rates indi-
cates an association between pre-breeding metabolic 
status and subsequent pregnancy establishment. Howe- 
ver, given the observational design of the present study, 
these findings should not be interpreted as evidence  
of causality or predictive performance. Progesterone 
dynamics clearly differentiated PR from NPR ewes 
during gestation and were influenced by litter size, con-
sistent with greater endocrine activity associated with 
multiple pregnancies.

Collectively, these findings support the potential 
value of optimized nutritional management before 
breeding and metabolic monitoring during late gesta-
tion and may provide useful information for reproduc-
tive management in sheep production systems.
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