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Resumen

RESUMEN

Esta Tesis Doctoral se propuso evaluar el efecto de la administracion de
melatonina exdgena durante diferentes etapas fisiolégicas de las madres sobre su
produccion y calidad de leche, y el rendimiento de sus crias, en pequefios rumiantes
lecheros y de carne (ovejas y cabras), examinando también el impacto de la
melatonina exdégena en corderos durante su etapa pre-destete a lo largo de su
desarrollo. Para alcanzar este objetivo general, se propusieron cinco experimentos (tres
bajo condiciones comerciales y dos bajo condiciones experimentales).

En el primer experimento, 92 cabras lecheras Murciano Granadina recibieron un
implante de melatonina treinta dias antes del parto (grupo MEL), y las 177 cabras
restantes (grupo CON) no lo recibieron. Se realizaron tres evaluaciones mensuales de la
leche, incluyendo la produccién de leche (kg/d) y su calidad (%Grasa=G, %Proteina=P,
% Lactosa=L, Recuento Células Soméaticas=RCS). Se recolecté una muestra de calostro
de 165 cabras, de la cual se midid6 su composicion y la concentracion de IgG. Los
resultados indicaron que MEL tuvo una produccidn de leche significativamente mayor
(P<0,01) en el segundo mes que CON. En los tres muestreos de leche, las
concentraciones de G fueron significativamente mayores (P<0,05) en las cabras MEL
gue en las CON.

En el segundo experimento, cuarenta dias antes del parto, 246 ovejas lecheras
Assaf recibieron un implante de melatonina (1M); otras 137 ovejas recibieron dos
implantes (2M), y las 332 ovejas restantes no recibieron ningun implante (C). Se analizd
la produccién y composicion lactea en base a muestreos mensuales individuales. Se
recogié una muestra de calostro de 303 ovejas y se midieron las concentraciones de
IgG. De media, las ovejas 1M produjeron mas leche (P<0,05) que las ovejas de los otros
dos grupos, y las ovejas 2M produjeron significativamente (P < 0,05) mas leche que las
ovejas C. En el primer y tercer control, las ovejas que recibieron dos implantes de
melatonina tuvieron un SCC menor (P < 0,05) que las ovejas C y 1M, y en el segundo
muestreo, las ovejas 1M y 2M tuvieron un SCC menor (P<0,01) que las ovejas C. Las ovejas
gue recibieron implantes de melatonina tuvieron una concentracion de IgG mas alta
(P<0,01) que las ovejas C; las ovejas 2M tuvieron los niveles mas altos de IgG.

En el tercer experimento, cuarenta dias antes del parto, 457 ovejas gestantes
Rasa Aragonesa recibieron o no un implante de melatonina. Posteriormente, los
corderos se dividieron en dos grupos: corderos cuyas madres recibieron melatonina
(MEL), y corderos cuyas madres no fueron tratadas (CTR). Los corderos fueron pesados
al nacer (PVO, kg) y al destete (PVD). Ademas, se registraron los dias hasta el destete
(DD, d), lo que permitié calcular la ganancia media diaria de crecimiento (g/d) (GMD).
Los corderos MEL tuvieron una media PVD significativamente (P<0,05) superior a la de los

corderos CTR. En particular, los corderos MEL machos tuvieron un PVD y una GMD
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significativamente mayores (P<0,05) que los corderos CTR machos. Los corderos MEL
machos de parto Unico tuvieron mayor PV0, PVD y GMD que los demas corderos. El PVO,
el PVD y la GMD se correlacionaron negativamente (P<0,05) con el intervalo
implantacion-destete (IID). Los corderos con el IID mas corto tuvieron el mayor PVD
(P<0,05) y GMD (P<0,01), y el menor DD (P<0,01).

En el cuarto experimento, cincuenta ovejas Rasa Aragonesa gestantes,
recibieron un implante subcutdneo de melatonina treinta dias antes del parto (M-0), en
el parto (0-M), en ambos periodos (M-M), o no recibieron implante (0-0). En el
experimento se midié la calidad del calostro (°Brix e IgG) y de la leche (recogida cada
dos semanas). El peso de los corderos (PV) se registrdé al nacimiento (PV0) y cada dos
semanas hasta el destete. Al nacimiento, se midié temperatura rectal (TR) y se tomaron
imagenes termograficas de los corderos (0jo=TO; hombro=TH; mitad del lomo=TM,;
caderas=TC). Las concentraciones de P y L en el calostro fueron significativamente
mayores (P<0,05) en el grupo M-0 que en el grupo M-M. Al destete, los corderos machos
criados por ovejas 0-M tuvieron significativamente (P<0,05) mayor PV que los corderos
machos criados por ovejas M-0 o 0-0. Los corderos de ovejas M-0 y M-M tuvieron los
mayores TM y TC, y los efectos fueron mas pronunciados en los corderos machos.

En el quinto experimento, sesenta corderos se dividieron en dos grupos, uno
recibié 2 implantes de melatonina a los 30 dias de edad (MEL) y el otro grupo fue control
(CTR). Los corderos fueron cebados desde el destete (45 d de edad) hasta su sacrificio
(85 d). La tasa de conversion alimenticia (TCA) se calculé a partir del peso vivo
incrementado y la cantidad de concentrado consumido. La actividad locomotora (AL)
se midié semanalmente mediante actigrafia. En la dltima semana de cebo, se
registraron el TR y la temperatura superficial (Tsur). El tratamiento no afecté a la TCA,
aunque las hembras MEL consumieron significativamente (P<0,001) menos concentrado
que las CTR. La AL fue significativamente (P<0.001) menor en los corderos MEL que en los
corderos CTR. Los corderos MEL tuvieron un TR y Tsur significativamente (P<0.01) mas
bajos para todas las regiones corporales evaluadas que los corderos CTR.

En conclusién, la administracion de melatonina exdgena durante diferentes
etapas fisiolégicas tanto en pequefios rumiantes lecheros como de carne mejora los
resultados productivos. En cabras y ovejas lecheras, los implantes de melatonina
administrados al final de la gestacién mejoran la produccién y composicion de la leche.
En las ovejas de carne, la administracion de melatonina antes del parto influyd
positivamente en la temperatura superficial del cordero y en su crecimiento. Ademas,
el tratamiento con melatonina durante la fase previa al destete en corderos, aumentd
la eficiencia alimentaria en corderos de engorde, probablemente, al reducir la
temperatura corporal y la actividad locomotora. Los resultados del rendimiento de los

corderos estuvieron condicionados por el tamafio de la camada y el sexo de las crias.
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SUMMARY

This Doctoral Thesis was proposed to evaluate the effect of exogenous melatonin
administration during different physiological stages in dams on their milk production and
quality, and the performance of their offspring in dairy and meat small ruminants (sheep
and goats), while also examining the impact of exogenous melatonin in lambs during
their preweaning stage on their life. To achieve this general objective, five experiments
were proposed (three under commercial conditions and two under experimental
conditions).

In first experiment, thirty days before kidding, 92 Murciano Granadina dairy goats
(group MEL) received one melatonin implant, and the remaining 177 goats (group CON)
did not. Three monthly milk evaluations included milk yield (kg/d) and quality (%Fat=F,
%Protein=P, % Lactose=L, Somatic Cell Count=SCC). A sample of colostrum was obtained
from 165 goats, from which its composition, IgG concentration were measured. Results
indicated that MEL had a significantly (P<0.01) higher milk yield in the second month than
CON . In the three milk samplings, F concentrations were significantly higher (P<0.05) in
the MEL than in the CON does.

In the second experiment, forty days before lambing, 246 dairy Assaf ewes (1M)
received a melatonin implant; another 137 ewes (2M) received two implants, and the
remaining 332 ewes (C) did not receive an implant. Milk analysis was based on individual
monthly milk samplings. A colostrum sample was collected from 303 ewes, and IgG
concentrations were measured. Ewes implanted with melatonin had higher (P<0.01) daily
milk yield in the three samplings than the C ewes. On average, 1M ewes produced more
milk (P<0.05) than ewes in the other two groups, and 2M ewes produced significantly
(P<0.05) more milk than C ewes. In the first and third controls, ewes that received two
melatonin implants had a lower (P<0.05) SCC than C and 1M ewes, and in the second
sampling, 1M and 2M ewes had a lower (P<0.01) SCC than C ewes. Ewes that received
melatonin implants had a higher (P<0.01) IgG concentration than non-implanted ewes;
2M ewes had the highest IgG levels.

In third experiment, forty d before lambing, 457 pregnant ewes either did or did
not receive a melatonin implant. Subsequently, lambs were divided into two groups:
lambs whose mothers received melatonin (MEL), and lambs whose mothers were non-
treated (CTR). Lambs were weighed (kg) at birth (LW0) and at weaning (LWW). The age
at weaning (AW, d) was recorded, which allowed to calculate the average daily growth
rate (g/d) (AGR). MEL lambs had a mean LWW significantly (P<0.05) higher than CTR
lambs. In particular, male MEL lambs had a significantly (P<0.05) higher LWW and AGR
than male CTR lambs. Singleton male MEL lambs had higher LWO0, LWW, and AGR than

the other lambs, and differences with singleton male CTR lambs were significant (P<0.05).
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LWO, LWW, and AGR were negatively correlated (P<0.05) with the implanting- weaning
interval (IWI). Lambs with the shortest IWI had the highest LWW (P<0.05) and AGR (P<0.01),
and the lowest AW (P<0.01).

In the fourth experiment, fifty pregnant Rasa Aragonesa ewes, received a
subcutaneous melatonin implant thirty days before lambing (M-0), at lambing (0-M), at
both periods (M-M), or did not receive an implant (0-0). The experiment measured
colostrum (°Brix and IgG) and milk (collected every two weeks) quality were measured.
Lamb weight (LW) was recorded at birth (LWO0) and every two weeks until weaning. At
birth, lamb rectal temperature (RT) and thermography images were taken (Eye=ET;
shoulder=ST; mid loin=MT; hips=HT). P and L concentrations in colostrum were significantly
(P<0.05) higher in the M-0 than they were in the M-M group. No significant differences
were found for LWO among groups, as well as considering litter size. However, at weaning,
male lambs reared by 0-M ewes had significantly (P<0.05) higher LW than did male lambs
reared by M-0 or 0-0 ewes. Lambs from M-0 and M-M ewes had the highest MT and HT,
and the effects were most pronounced in male lambs.

In fifth experiment, sixty lambs were divided into two groups, one of which
received 2 melatonin implants at 30 days of age (MEL) and a control group (CTR). Lambs
were fattened from weaning (45 d of age) to slaughter (85 d). Feed conversion rate (FCR)
was calculated based on live weight and the amount of concentrate consumed.
Locomotor activity (LA) was measured weekly by actigraphy. RT and surface
temperatures (Tsur) were recorded in the last week of fattening, and subcutaneous fat
thickness (FT) over the longissimus dorsi muscle was measured by ultrasound scanning.
Treatment did not affect FCR, although MEL female lambs consumed significantly
(P<0.001) less concentrate than CTR lambs. Treatment and sex had a significant (P<0.05)
interaction effect on FT; specifically, FT was significantly (P<0.05) higher in female MEL
lambs than in female CTR lambs. Overall activity was significantly (P<0.001) lower in the
MEL lambs than in the CTR lambs. MEL lambs had a significantly (P<0.01) lower RT and
Tsur for all body regions evaluated than the CTR lambs.

In conclusion, the administration of exogenous melatonin during different
physiological stages in both dairy and meat small ruminants enhances production
outcomes. In dairy goats and ewes, melatonin implants administered in late pregnancy
improve milk yield and composition. In meat ewes, pre-lambing melatonin administration
positively influenced lamb surface temperature and growth performance. Furthermore,
melatonin treatment during pre-weaning stage in lambs, increased food efficiency in
fattening lambs, probably, by reducing body temperature and locomotor activity. The

results of lamb performance were conditioned by litter size and the sex of the offspring.
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1. INTRODUCTION

1.1. Biosynthesis and role of melatonin

Melatonin (N-acetyl-5-methoxy-triptamine) is a neuroendocrine hormone
derivative of tryptophan, an amino acid primarily generated in the pineal gland
(Brainard et al., 1982; Cozzi et al., 1991). Tryptophan taken from the bloodstream is
metabolized through four successive well-defined intracellular steps enzymatically
catalyzed by tryptophan hydroxylase, aromatic amino acid decarboxylase,
arylalkylamine-N- acetyltransferase and hydroxyindole-0-methyltransferase (Axelrod &
Weissbach, 1960; Lovenberg et al., 1967).

This hormone was first isolated in 1958 from the bovine pineal gland (Lerner et al.,
1958). Over time, it has also been proven that it is secreted in other organs, tissues and
cells. They stand out among them, gastrointestinal tract (Mufioz-Pérez et al., 2016;
Huether, 1993), retina (Zawilska, 1992), bone marrow (Conti et al., 2000), skin (Slominski
et al., 2018) and oocytes (He et al., 2016). The main sites of melatonin synthesis at the
cellular level are the mitochondria (Reiter et al., 2018), and thus, actually, all cells appear

to have the ability to synthesis melatonin.

Circadian variations in the secretion of melatonin from the pineal gland are
mediated by the photoperiod (Bittman et al., 1983). Considering that, at night (the dark
phase), melatonin is synthesized and released, while during the day, the pineal gland's
secretory activity is decreased (Arendt, 1988). The fetal pineal gland does not produce
melatonin, and therefore, fetal circulating melatonin is from maternal origin (Serén-Ferré
et al.,, 2013). In rats, sheep, and humans, the pineal gland starts producing melatonin

postnatally (Deguchi, 1975; Nowak et al., 1990; Kennaway et al., 1992).

Over the past 60 years, melatonin actions in organisms have been extensively
studied (Olescuck et al., 2019). It modulates circadian and seasonal timing (Gillette &
Tischkau, 1999; Reiter et al., 2010; Yawno et al., 2017); oxidative stress (Tan et al., 1993; Tan
et al, 2002); immunological (Guerrero & Reiter, 2002) and cardiovascular systems
(Cardinali & Pévet, 1998); fetal system nervous center (Seron-Ferré etal., 2013);
neuroendocrine (Cardinali & Pévet, 1998); reproduction (Reiter, 1991, Reiter et al., 2010);
pregnancy and parturition (Tamura et al., 2008; Verteramo et al., 2022) and corpus

luteum function (Tamura et al., 1998), among others.

Melatonin is a multitasking molecule, showing a remarkable versatility by
exhibiting diverse physiological actions in animals (Garcia-Ispierto et al., 2013). For this

reason, its effects on domestic animals have been the topic of several bibliographic
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reviews. Thus describing the actions of melatonin on: immune system (Liebmann et al.,
1997; Carrillo-Vico et al., 2005, 2013), cardiovascular (Sewerynek, 2002), brown adipose
tissue (Olescuck et al., 2019), hair follicle (Fischer et al., 2008), physiology and behavior of
ungulates (Correa & Fernandez, 2017), lamb neonatal mortality (Flinn et al., 2020a), male
reproduction (Yu et al., 2018; Bhattacharya et al., 2019), sperm in farm animals (Ofosu
et al., 2021), seasonality in sheep (Matthews et al., 1993; Wiliams & Helliwell, 1993), ovary
activity (Abecia et al., 2008; Tamura et al., 2009); control of goat and sheep reproduction
(Chemineau et al., 1992; Kennaway & Rowe, 1995; Abecia et al., 2011; Younis et al., 2019)
and farm animals (Paterson & Foldes, 1994; Chemineau & Malpaux, 1998; Talpur et al.,
2018; Vivid & Bentley, 2018), embryo establishment and viability in sheep (Abecia et al.,
2008; Abecia et al., 2019), and production and preservation of mammalian gametes and

embryos (Cruz et al., 2014).

As it can be observed, most of the research and review articles on melatonin over
the 30 years after the hormone's discovery were focused on the ability to control
reproduction in species sensitive to photoperiod changes (Abecia et al., 2011). In these
photoperiod-dependent animals, melatonin mediates the transduction of photoperiodic
information to the endocrine system inducing ovulatory activity, which leads to the
precise timing of reproduction (Abecia et al., 2005; Abecia et al., 2023). Despite the
deep development research of the wide range of actions of melatonin, there is still no
bibliography compilation on its effects in other disciplines of animal science. lItis crucial
to understand the effects of exogenous melatonin supplementation in ruminants across
different management scenarios, as it reveals potential implications of this hormone on
productive practices. Thus, by analyzing the results in a variety of contexts, the viability
and relevance of its application in various livestock farming systems can be determined.
Consequently, in this section, we describe the main effects of exogenous melatonin
linked to lactation, colostrogenesis, growth, and thermoregulation in ruminant livestock

(Figure 1).
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Figure 1. Diagram outlining the structure of the introduction for the influence of

exogenous melatonin in lactation, colostrogenesis, growth, and thermoregulation in

ruminants.

1.2. Lactation

1.2.1. Milk yield

While melatonin is primarily known for its role in regulating reproductive processes,
it also plays a role in the regulation of mammary gland development and subsequent
milk production in ruminants. Furthermore, there is an immunohistochemical and
molecular evidence of melatonin membrane receptors MT1 and MT2 in the epithelial
cells of the mammary gland in lactating dairy goats (Zhang et al., 2019); therefore, at the
level of mammary tissue, melatonin can have a regulatory effect on cell proliferation
(mammogenesis) and milk production (galactopoiesis). However, it is still unknown the
actual role in the mammary gland as a target tissue (Dahl et al., 2000; Zhang et al., 2019),
and its effects can even be contradictory in ruminant species (Abecia et al., 2005). These
different melatonin responses in milk production on animals could be attributed to a wide
range of factors, including significant species differences (Asher et al., 1994; Avilés et al.,
2019), dosage variations (Cosso et al., 2021), or melatonin release characteristics (Yang

et al., 2020).

On the one hand, several studies investigating the association between
melatonin and milk production revealed that higher melatonin circulations were linked

to lower milk production in dairy ruminants (Yang et al., 2020). Melatonin administration
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causes a decrease in prolactin secretion, and this reason could lead to a reduction in
milk yield (Lacasse et al., 2019). The majority of research demonstrating a decline in milk
yield has focused on the Longwool Poland ewes, which are not typical dairy animals and
with a clearly preserved seasonality of reproduction. Molik et al. (2013) demonstrated
that the subcutaneous implantation of exogenous melatonin twice (57 and 147 d before
lambing) under long day conditions significantly decreased (15.6%) milk yields in the
milking period. Two other studies showed that implanting sheep with melatonin twice (18
mg; six weeks before and after lambing, in spring and autumn, resp.) decreased milk
yield. This decline was observed under long photoperiod conditions, both in the lamb-
nursing period and after lamb weaning (from day 57 until the end of lactation) (Misztal
et al., 2018; Molik et al., 2020). In other ruminants, Cashmere goats and dairy cows
exhibited similar responses to administering one (18 mg) or six (108 mg) melatonin
implants, resp., with repeated dosing during lactation (19, 23 and 27 weeks; 7 and 16

weeks, resp) (Auldist et al., 2007; Yang et al., 2020).

On the other hand, melatonin implantation during the dry period produced a
stimulatory effect on milk production in the subsequent lactation in small ruminants. In
nursing creole Mexican goats, two melatonin implants (36 mg) inserted seven weeks
before kidding (summer solstice) increased milk production by more than 20% during the
suckling and the milking period (short day) (Avilés et al., 2019). Similarly, Karagouniko
ewes that received their last melatonin administration six weeks before lambing showed
an increase in milk production in early lactation (40 d) (Bouroutzika et al., 2020).
Concerning dairy cows, Wang et al. (2019) observed that administering subcutaneous
melatonin (4.64 mg of melatonin/cow) in mid-lactation for four days in a row enhanced

milk production.

Studies on the use of melatonin without modifying the milk yield have also been
conducted. This lack of effect has been reported mainly with the implantation of ewes
specialized in milk production during lactation and in cows that received melatonin orally
throughout the dry period. Elhadi et al. (2022) and Cosso et al. (2021) reported that
melatonin implants (18 mg) in early lactation (35 d or 60 d after lambing) under short-day
conditions did not modify milk yield in Manchega, Lacaune and Sarda ewes. In the same
manner, melatonin treatment in late lactation (fourth - seventh month) in spring (long
days) did not affect the total milk and the pattern of milk production in Lacaune and
Assaf ewes lambed in autumn and winter, resp. (Abecia et al., 2005). In pregnant cows
and heifers, the subcutaneous melatonin administration in increasing photoperiod
conditions (heifers: 162 mg, cows: 54-216 mg), and in winter or summer conditions (dairy
cows: 216 mg), did not affect milk yield (Garcia-Ispierto et al., 2013; Morini et al., 2018).

The absence of effects on milk production was also observed with oral administration of
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melatonin. Thus, when feeding cows with melatonin (22.5 mg as an oral bolus) eight
weeks during the latter phases of lactation, they exhibited no effect on the amount of
milk produced (Dahl et al., 2000). The lack of effects of melatonin on milk yield was also
found by Petitclerc et al. (1998), Lacasse et al. (2014), and Ponchon et al. (2017) when
administering melatonin orally in the dry period (25 mg/d; 25 mg in capsule/8 week; 4
mg/100 kg of LW/28 d, resp.).

1.2.2. Milk quality

The dairy industry has established a differential payment structure based on
particular commercial and health factors to incentivize dairy farmers to produce high-
quality milk. This payment structure involves rewards for high fat and protein content and
penalties for elevated somatic cell counts (SCC) and bulk milk total bacterial count
(Corrales et al., 2004). Although lactose is not included in this payment guideline because
in the past it was considered a low-value component of milk, in recent years, it has
gained economic interest at the international level (Costa et al.,, 2020). Certainly,
evaluating the potential effects of melatonin on these milk parameters has been an area
of research interest. However, there is still limited information available on the effect of
melatonin administration on milk components and the studies conducted have not

always provided homogeneous results (Cosso et al., 2021; Elhadi et al., 2022).

1.2.2.1. Milk Fat

Lipids are the most significant components of milk in terms of cost, nutrition, and
physical and sensory characteristics that they impart to dairy products (Park et al., 2007).
For this reason, milk fat content is an important criterion for assessing milk quality and is
one of the main target traits of dairy breeding (Wang et al., 2019). Research has
indicated that melatonin is a key modulator of fat synthesis and adipose differentiation
(Acufa-Castroviejo et al., 2014; Yang etal., 2017a). A recent analysis of the dairy
metabolome revealed that melatonin treatment reduced most metabolites linked to
lipid oxidation, implying increased fat accumulation in cows. This fat accumulation might
alter the concentration of fat in the milk (Fu et al., 2023). Nevertheless, the regulatory
role of melatonin in fat synthesis remains unclear and needs to be further studied (Wang
et al., 2019; Abecia et al., 2021).

Most of the information regarding the impact of exogenous melatonin on raising
milk fat in dairy cows originates from animals that received repeated oral or
subcutaneous treatment during lactation. In lactating cows, rumen bypass melatonin
feeding (RBMF) at a dosage of 40 mg/d for 14 and 21 d improved milk fat content. This

effect persisted even after the cessation of RBMF, the beneficial effects of this approach
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on milk quality have lasted, at least, for 3 d to one wk (Yao et al., 2020). However, when
using unprotected melatonin at a dose of 5 g/d for 24 d, the positive effects on milk fat
were only evident after the third wk (Fu et al., 2023). Auldist et al. (2007) reported that
repeating subcutaneous doses of melatonin (108 mg at 19, 23 and 27 wk of lactation)

increased milk fat content in spring-calving cows.

Subcutaneous melatonin implantation appears to be a promising approach for
enhancing milk fat gain in ewes, offering consistent benefits across different breeds and
physiological stages. Increases in milk fat concentration were achieved at the beginning
of lactation by implanting dairy ewes in gestation. Meanwhile, in Rasa Aragonesa dams
receiving subcutaneous melatonin treatment (18 mg) at lambing showed an increase in
milk fat content, particularly near the end of lactation (Abecia et al., 2021). In addition,
in Polish Longwool ewes that were implanted in lactation, or by repeated dosage in
pregnancy and lactation, exhibit an increase in milk fat concentration (Molik et al., 2011,
2020).

While melatonin use in ewes has been associated with a consistent increase in
milk fat concentration, the effects of decreasing milk fat have been linked only in heifers
and cows. Heifers exposed to along day and fed melatonin (25 mg; eight weeks) during
the dry period produced less fat in the milk (Lacasse et al., 2014). Moreover, in mid-
lactation dairy cows, the administration of subcutaneous injections of melatonin (4.64 or
9.3 mg/cow/day; four consecutive days) decreased milk fat synthesis (Wang et al., 2019;
Wu et al., 2021).

1.2.2.2. Milk Protein

Total protein is one of the main quality criteria applied to cows, sheep, and goat
milk payments in many countries (Pirisi et al., 2007; Popescu & Angel, 2019) . Variation of
total protein content depends on genetics and non-individual factors such as stage of
lactation, season, age, and feeding (Raynal-Ljutovac et al., 2008). However, studies
demonstrated that exogenous melatonin can affect the synthesis of milk proteins and
thus the quality and technological suitability of mik. The effects of melatonin
administration reported in ruminants have only caused an increase in milk protein,

particularly in dairy cows and sheep.

Milk protein increase has been achieved mainly in melatonin applications (oral or
subcutaneous) during lactation of cows and sheep. In mid-lactation, cows (19 and 22 wk
of lactation), subcutaneous melatonin implants (108 mg/cow) that were applied on
three occasions, and oral melatonin (15 g/d for 24 d) increased milk protein (Auldist

et al., 2007; Fu et al., 2023). Additionally, when rumen bypass feeding (RBMF) was given
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to dairy cows for 7, 14, and 21 days, the protein concentration in the milk increased. Even
after the RBMF was stopped, the impact of increased milk protein persisted for a few
days, particularly in the groups that received 40 mg/d (Yao et al., 2020). Concerning
sheep, Molik et al. (2020) reported that milk protein content increased by 15% in Polish

Longwool ewes given melatonin implants (18 mg) during mid-lactation in the spring.

1.2.2.3. Milk Lactose

The main carbohydrate in cow, sheep, and goat milk is lactose. It is synthesized
from glucose in the mammary gland. Lactose is of major importance in maintaining
osmotic balance between the bloodstream and the alveolar cells of the mammary
gland during milk synthesis, and secretion into the alveolar lumen and the duct system of
the udder (Larson & Smith, 1974). As lactose is the main compound that determines milk
osmolality, its percentage presents a low variability (Costa et al., 2020). Thus, most of the
research conducted on ruminants have not reported significant effects on the
percentage of lactose in milk following melatonin supplementation. Despite this stability,
it has been reported that exogenous melatonin can decrease milk lactose in cows and

sheep.

Coherent studies have suggested that melatonin does not affect the lactose
content of milk in cows, sheep, and goats. Among these ruminant species, sheep and
goats exhibit a more consistent lack of response to melatonin in terms of lactose content.
This consistency has been observed by implanting melatonin across various physiological
states, dosing regimens and breeds. Bouroutzika et al. (2021) detected that melatonin
does not significantly modify lactose in the milk of dual-purpose sheep by repeating
melatonin implantations (18 mg/each) every 40 days during gestation. After lambing,
single implantation in early (1 d) and mid-lactation (30 or 35 d) of meat and dairy ewes
did not cause any modifications in milk lactose content (Abecia et al., 2021;Cosso et al.,
2021; Elhadi et al., 2022). This lack of effect was also observed in goats, when melatonin
(18 mg ) was implanted into Creole dams 49 d before kidding (Avilés et al., 2019); and
during lactation by single (18 mg; 3 d) or repeated (2 mg/kg; 50 and 110 d) implantation
into Verata and Cashmere dams (Jiménez et al., 2009; Yang et al., 2020). Meanwhile, the
absence of effects in dairy cattle was demonstrated only by oral administration of
melatonin (4 mg/100 kg LW) around drying off (Ponchon et al., 2017). As previously
mentioned, these results underline the stability of lactose as a component of milk

composition in these species.

In spite of the low variability of lactose in milk, a decrease in this component was
observed when melatonin was administered subcutaneously via implants and orally

through rumen- by-pass granules in lactating dairy cows and sheep. The reduction in
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cows was accomplished by administering six implants (108 mg) three times during
lactation, as well as by giving ruminal bypass melatonin (40 mg/d) for 14 and 21 days
(Auldist et al., 2007; Yao et al., 2020). Similar results demonstrated that administering a
single implant to Polish Longwool ewes at day 57 of lactation reduced the lactose

content of the milk (Molik et al., 2011).

An absence of effects of exogenous melatonin on milk components (fat, protein
and lactose) has been reported in dairy ewes and goats. In different dairy breeds of
sheep (Manchega, Lacaune and Sarda) and goats (Creole and Verata) with various
levels of milk production, the use of exogenous melatonin as a subcutaneous implant
combined with naturally occurring endogenous melatonin under short-day photoperiod
conditions did not affect milk components (Elhadi et al., 2022; Cosso et al., 2021; Avilés
et al., 2019; Jiménez et al., 2009).

1.2.2.4. Milk Somatic Cell Counts

Another parameter to evaluate the quality of the milk is the SCC. The SCC in
ruminants measures the different cells types present in milk, including immune-related
lymphocytes (white blood cells) and mammary epithelial cells (Souza et al., 2012; Yao
etal., 2020). Although there are marked differences between dairy ruminants
concerning SCC, it is an important indicator of udder health and the raw milk quality
(Gonzalo, 2018; Halasa & Kirkeby, 2020). In dairy animals, an increased in SCC, often
referred as a subclinical mastitis, may be a sign of inflammation or infection in the udder

(Sharma et al., 2011).

Studies have revealed the potential effects of melatonin reducing the
inflammatory process in multiple ways. It suppresses the oxidative stress eliminating the
highly toxic hydroxyl radical (-OH), peroxynitrite anion (ONOO-), and hypochlorous acid
(HOCI) (Reiter et al., 2000). It also reduces the content of TNF-a, TNF-y, IL-6 and increases
the expression of IL-10 and TGF-p (Huang et al., 2019). In addition, according to Xia et al.
(2012), melatonin has the ability to increase gene expression of anti-infammatory
enzymes and decrease gene expression of proinflammatory enzymes. Regarding to its
capacity against bacterial infections, melatonin supplementation reduced elevated
milk SCC induced by Staphylococcus aureus or Escherichia coli infections (Yao et al.,
2020; Wu et al., 2021). The antibacterial effect of melatonin might relate to its ability to
reduce intracellular substrates, lipid levels, and metal binding which are required for
bacteria growth (Tekbas et al., 2008; Srinivasan et al.,, 2012). Considering these anti-
inflammatory and antibacterial properties of melatonin, several studies have been

conducted to evaluate its impact on SCC in the main dairy species.
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The positive impact of melatonin (subcutaneous and oral) in reducing SCC in
cows have been reported in experimental trials. In lactating dairy cows with subclinical
mastitis (milk SCC greater than 3 x 105 cells/mL), the administration of subcutaneous
melatonin (4.64 mg/cow/day or 9.3 mg/cow/day for 4 consecutive days) led to a
decrease in SCC (Yang etal, 2017b; Wu et al.,, 2021). Meanwhile, Yao et al. (2020)
reported that after 14 and 21 days of RBMF, milk SCC significantly reduced in both
melatonin treated groups (40 or 80 mg/d). It is likely that even five to seven days after
stopping melatonin administration, the residual effects on the decline of SCC will still be

there.

In sheep, the beneficial effects of melatonin on mammary health by lowering
SCC have been reported with melatonin implantation in lactation and pregnancy. The
first observation on the effect of melatonin on the number of SCC in sheep milk has been
reported by Cosso et al. (2021). They reported that implanting Sardinian sheep in the
second month of lactation reduced SCC. This effect began to be evident a month and

a half after implantation and was persistent in the following samplings.

In goats, there is a single study conducted in the Verata breed (dual purpose)
that reveals the reduction of SCC in milk following melatonin implantation. Jiménez et al.
(2009) observed that the application of melatonin implants in the beginning of lactation
decreases SCC at 60 and 90 days in milk (DIM) in goats. Furthermore, they reported
changes in the antioxidant activity after melatonin application, revealing significant

changes in blood GSHPx activity 100,120 and 150 days after melatonin was given.

1.3. Colostrogenesis

Colostrum is the first substance secreted by the mammary gland before
parturition. Its formation is through colostrogenesis, which is a complex process that can
be defined as the pre-partum transfer of substances, primarily immunoglobulin G (IgG),
from maternal bloodstream into mammary secretions during a specific and limited
period (Barrington et al.,, 2001). Colostrum differs from milk in physic and chemical
aspects, including density, color, and composition (Molik et al., 2012; Pecka-Kietb, et al.,
2018). It contains a source of passive immunity of newborns due to the concentration of
immunoglobulins, which in cattle, sheep and goats do not get into the embryo’s
bloodstream (Hernandez-Castellano et al., 2015). In addition to Ig for passive immunity,
colostrum is also the first source of nutrition, containing proteins, fats, lactose and minerals

(Grizard et al., 1995; Hernandez-Castellano et al., 2014; Puppel et al., 2019).

Thus, in ruminant species, colostrum quality has a significant role in supporting the

passive immune transfer of the newborn, and further determines the normal growth and
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muscle development effectiveness of rearing offspring (Nowak & Poindron, 2006). The
quality of colostrum depends on many factors, such as breed, lactation period, length of
lactation, health, and management, but predominantly on their nutrition (Moreno-Rojas
et al.,, 1993; Nowak et al., 2012; Hyrslova et al.,, 2016; Agenbag et al., 2021). Beyond
nutrition, hormonal factors such as melatonin may also infuence immune function and
colostrum quality in ruminants. Thus, there is emerging evidence suggesting that

melatonin may also play a role in immune function and colostrum composition.

Several studies reviewed by Carrillo-Vico etal. (2005), demonstrate that
melatonin regulate the immune system (innate and adaptive) and that it directly
influences the synthesis of IgG. In ruminants, evaluations of the effects of melatonin on
IgG and colostrum composition have focused on the ovine species. As the transfer of
prepartum components from the maternal circulation into colostrum occurs during the
last third of gestation, some studies have focused in applying melatonin during this

period.
1.3.1. Colostrum IgG

On the one hand, one report indicate that IgG is positively impacted by the
melatonin implantation (18 mg/implant). The study was in Rasa Aragonesa ewes,
reporting that treating with one melatonin implant (18 mg/ewe) at the fourth month of
pregnancy increases IgG concentrations (Abecia et al., 2021). However, on the other
hand, when melatonin was implanted in pregnant ewes three times during their
gestation (20, 60 and 100 d), no effect on colostral IgG concentrations was found
(Bouroutzika et al., 2021).

1.3.2. Colostrum components

Apart from IgG, colostrum also provides fat, protein and lactose. In these
components, the effects of melatonin administration are less predictable. Ewes that
received melatonin implants at 90 d of pregnancy or that received their last melatonin
implant as near as 100 d (two doses before) produced a colostrum that had higher fat
concentrations (Abecia etal.,, 2020; Bouroutzika et al., 2021). Meanwhile, through
implantation at gestation (20, 60 and 100 d gestation), an increase in protein

concentration was reached (Bouroutzika et al., 2021)

1.3.3. Serum IgG in newborns

To achieve successful passive transfer, neonates must consume a sufficient mass
of IgG in colostrum, and then successfully absorb a sufficient portion of IgG into their

circulation. This, coupled with the beneficial effects of melatonin on colostral IgG
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concentrations, prompted researchers to evaluate the effects of melatonin on serum
concentrations in lambs. However, supplementing pregnant twin-bearing Merino ewes
with melatonin implants during the second half of pregnancy does not affect the serum
IgG concentrations of lambs (Flinn et al., 2020 b, c). Moreover, repeating three times the
application of melatonin throughout the gestation of ewes under heat stress caused a

decrease in serum IgG levels of their lambs (Bouroutzika et al., 2021).

1.4. Growth

Animal growth is defined as an increase in tissue mass or an accretion of muscle,
fat, and bone over time. In domestic ruminants, the rate of gain usually is calculated as
the change in weight during a specified time interval (Owens et al.,, 1993, 1995).
Additionally, the evaluation of body or linear dimensions is used to characterize size and
shape, and has been shown to complement body weight as a measure of productivity
(Afolayan et al., 2006). These performance parameters are influenced by genetic
factors, as well as intrinsic factors like gender, age, and physiological status, and extrinsic
factors such as environment, climate, nutrition, management, and maternal effects
(Arango & Van Vleck, 2002). Within the extrinsic factors, responses to exogenous
melatonin administration may alter the growth and body measurements in ruminants.
Due to its precise determination and relevance to livestock farming, the majority of
melatonin research has focused on the potential effects on body weight and weight
gain. However, as in milk yield, research results on theirimpact on fetal development and

postnatal growth in ruminants remain diverse and sometimes contradictory.

Melatonin has been shown to potentially enhance growth in small ruminants by
the capacity to regulate hormone activity, oxidative stress, and ruminal function. The
administration of exogenous melatonin caused an increase in hormones associated with
muscle growth and body structural formations, including growth hormone, estradiol and
testosterone plasma concentration (Molik et al., 2010; Ma et al., 2022). Additionally, as
demonstrated by Bantounou et al. (2022), the antioxidative properties of melatonin may
prevent muscle degradation under oxidative stress. Possibly, the mechanism used to
remove aged and damaged cells during development and protect cells may involve
the enrichment of genes in expressions of the apoptosis pathway, including CytC, PARP1,
and IL1-B genes (Ma et al., 2022). Furthermore, Ma et al. (2022) observed that melatonin
affected the rumen microbiota of lambs, potentially altering the proportion of different

microflora and consequently impacting nutrient absorption.
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1.4.1 Liveweight

In small ruminants, increases in body weight and growth of lambs and kids have
been achieved through the subcutaneous administration of melatonin to their dams or
directly to the offspring. Apparently, the effects of melatonin treatment on fetal and
postnatal growth differed according to litter size and sex of the offspring. As fetal growth
primarily occurs during the last third of gestation in ewes and goats, the dams were
implanted at the beginning of this period to assess the effects on fetal and birth weights
of the offspring. The observed increase in fetal and birth weights may be attributed to
factors such as increased umbilical arterial blood flow (Lemley etal., 2012), and
improved fetal oxygenation status (Sales et al.,, 2019). In single and twin Corriedale
fetuses, the melatonin treatment (2 implants; 36 mg) of ewes at late pregnancy (100 d)
increased their weight (Sales et al., 2017). Research conducted under comparable
experimental conditions revealed that the highest fetal weight was found in twin male
fetuses (Sales et al., 2019). Similarly, implanted Beetal goats 40 d before kidding increase

in birth weight of triplets or quadruplets kids (Afzaal et al., 2023).

In pre-weaning offspring, the increased daily weight gain might have been
mediated by the effects of melatonin on milk production and composition of their
mothers. Melatonin administration (2 implants, 36 mg) to Creole Mexican does during
the dry period resulted in an increase of milk production in the subsequent lactation. This
effect improved the mean daily weight gain of their suckling kids, observed only in male
(Avilés et al., 2019). Meanwhile, in Rasa Aragonesa ewes implanted (1 implant, 18 mg)
at lambing increased the milk fat content (Abecia et al., 2021). This increase in total milk
solids could have contributed to the higher growth rates of male lambs reared by
implanted dams at parturition (Abecia etal.,, 2021). The improvement of growth
performance was also evidenced in post-weaning male lambs by Ma et al. (2022), who
showed that melatonin enhanced growth performance by the increased cross-sectional
area of muscle fiber and adipose tissue cells. These structural and growth responses were
achieved through melatonin implantation at weaning (2- months of age), with a dosage

of 4.5 mg/kg.

Contrary to the above, the effects of melatonin on cardiovascular or insulin-like
growth factor (IGF)-related pathways under chronic hypoxia gestation has been
associated with lower birthweight and intrauterine growth restriction (Gonzalez-Candia
et al., 2016). According to Kim et al. (2002), hypotension is one of the possible effects of
maternal melatonin supplementation, which can lead to uteroplacental reduced
perfusion, and ultimately restrict the supply of oxygen and nutrients to the fetus. Further,

it has been shown that hypoxic lambs show a decreased messenger RNA expression for
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IGF that is associated with a marked decrease in fetal growth (Gentili et al.,, 2009).
Gonzalez-Candia et al. (2016), and Candia et al. (2022), found evidence supporting this
hypothesis, showing that sheep supplemented with oral melatonin (10 mg/kg/day)
during the last third of gestation at high altitudes (3,600 m a.s.l.), decreased birth weight

of their lambs.

On the other hand, studies have suggested that melatonin has no adverse effects
on fetal, birth, and prepubertal body weight. In small ruminants, the lack of effect of
melatonin administration on the body weight of lambs and kids has not shown a
consistent pattern, involving different stages and methods of administration. Thus, when
melatonin was administered to mothers in pregnant ewes (s.c: Abecia et al., 2020;
Bouroutzika et al., 2020; Flinn et al., 2020b; Bouroutzika et al., 2021) (oral: Lemley et al.,
2012; Seron-Ferre et al., 2015; Flinn et al., 2020c) and lactational ewes (s.c: Elhadi et al.,
2022), and goats (s.c: Yang et al., 2020), no effects were found on the weights of their
offspring. Similarly, when melatonin was administered to lambs at birth (s.c: Abecia et al.,
2021); kids in early postnatal (s.c: Yang et al., 2019; Diao et al., 2023); ewe lambs (s.c:
Kennaway & Gilmore, 1984; Peclaris et al., 1997) (oral: Lemley et al., 2012), weight of the
offspring remained unchanged. In cattle, the effects on live weight were evaluated with
oral melatonin administration in growing heifers. In prepubertal Holstein Friesian (154 kg)
and puberty Angus (318 kg) heifers, oral melatonin added to the concentrate (4 mg/100
kg LW/d) for two months did not affect body weight gain (Zinn et al., 1988; Sanchez-
Barcel6 et al., 1991). The lack of impact on live weight was similarly observed in pregnant
heifers, which received oral melatonin capsules (25 mg/d) two months before calving

(Lacasse et al., 2014).

1.4.2. Morphometric measurements

Body measurements have been used to describe changes in size and shape and
give information on differences in body proportions as well as short-term fluctuations that
could be caused by weight loss and gut fill (Arthur & Ahunu, 1989). Thus, to complement
weight assessments, some experiments have evaluated the effects of maternal
melatonin administration during pregnancy and at lambing on biometric measurements.
In models of intrauterine growth restriction induced by nutrient restriction, oral maternal
melatonin supplementation (5 mg/d, from day 50 to 130 of pregnancy) increased
abdominal girth, biparietal distance and kidney size (Lemley et al., 2012). The application
of two melatonin implants (36 mg) on the 100th day of pregnancy caused an increased
fetal thorax diameter (Sales et al., 2017). However, in gestations affected by chronic
hypoxia at high altitudes (3,600 m a.s.l.), melatonin caused a decreased biparietal

diameter, crown-rump length, and abdominal diameter (Gonzalez-Candia et al., 2016).
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1.4.3. Body condition score

The measurement of body condition score (BCS) in ruminants is considered as an
indicator of fat reserves and it reflects the metabolic status of the animal (Russel et al.,
1969; Fernandes et al., 2016). The BCS of an animal can be assessed in cattle visually
(Moloney & McGee, 2017), or in ewes and goats by palpation of the lumbar and sternal
region, respectively (Russel et al., 1969; Hervieu et al., 1991). Due to its usefulness in
monitoring the different physiological states of livestock animals, this measurement has
been included in the experiments performed with melatonin. A few studies have shown
that the treatment with melatonin of the ewes during pregnancy or lactation did not
have a significant effect on their BCS. The absence of effects could be attributed to the
timing and duration of melatonin administration may not have been sufficient to elicit
measurable changes in BCS. Maternal daily oral supplementation with melatonin to ewe
lambs from day 50 of gestation did not affect BCS of the dams (Lemley et al., 2012). Sales
et al. (2017, 2019) and Afzaal et al. (2023) did not observe differences in the BCS of the
ewes and goats treated with melatonin implants (18 mg or 36 mg/ewe; 18 mg/goat) from
day 100 of pregnancy. Similar results were described when administering a melatonin

implant (18 mg/ewe) to ewes with 35 d of lactation (Elhadi et al., 2022).

1.5. Thermoregulation

The neonatal period is crucial for ruminants due to a high mortality rate, often
attributable to hypothermia resulting from exposure or starvation (Eales & Small, 1984;
Rowan, 1992). Thus, the development of thermoregulatory mechanisms that allow
animals to maintain homeothermy in many environments is vital in determining neonatal
survival. After birth, these mechanisms that regulate body temperature are activated by
the presence of relatively large amounts of functional brown adipose tissue (BAT) that
are capable of rapidly generating heat (Clarke et al., 1997; Basse et al., 2015). Several
factors can influence the development and functionality of BAT, and body temperature
in newborn ruminants, most of them associated with maternal husbandry practices
during pregnancy. Therefore, studies have been carried out to evaluate the effect of
melatonin on aspects related to the mechanism of neonatal thermogenesis through
melatonin supplementation (oral or subcutaneous) of ewes during gestation, under

various climatic conditions.

Maternal melatonin during gestation may play an important role in BAT
development and newborn thermoregulation. Oral melatonin (12 mg/d) to ewes during
late gestation enhances BAT thermogenesis in lambs. This was reflected in an increase

of body temperature (central, perirenal and skin) under thermal neutrality conditions
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(24°C), and under exposure to 4°C (Seron-Ferre et al., 2015). Similarly, Sales et al. (2017)
reported that melatonin implants (18 mg) administered at day 100 of gestation increased
BAT in Corriedale ewes, and that this increase in BAT varies according to litter size. Single
fetuses of ewes that received two melatonin implants had 18% more BAT than did single
fetuses whose mothers received one implant, or did not receive an implant. In ewes that
had twin fetuses, BAT was 35% higher in fetuses from ewes that had received a single

melatonin implant than it was in those from non-implanted ewes.

At present, in addition to the traditional tools to measure body temperature,
infrared thermography (IRT) is a non-invasive method that allows measuring and
monitoring the thermoregulation responses, such as body temperature patterns of heat
generation and loss in newborn lambs (McCoard et al., 2014). In newborn lambs, the
evaluation of lumbar region by IRT may also provide useful data, which indicates that
measurements at regions such as ‘Hips’ and “‘Mid loin” may be more sensitive to changes
in thermoregulatory capacity (Labeur et al., 2017). Additionally, supporting the increase
in BAT, studies conducted by Freitas-de-Melo et al. (2021) found that newborn lambs from
ewes implanted with melatonin (18 mg) during gestation (at 100 and 120 d) exhibited

higher hip and mid-loin body surface temperatures measured by thermography.

Birth rectal temperature is a strong indicator of the thermoregulation process in
newborn ruminants. However, supplementing pregnant singleton and twin-bearing
Merino ewes with melatonin implants (18 mg implant at day 70-90 of pregnancy; or at
day 80 and 125) or capsules (2 mg capsule fed daily from day 80 of pregnancy until
lambing) under extensive conditions does not affect birth temperature (Flinn et al., 2020
b, c). The absence of a melatonin effect was also observed when ewes were kept indoor
and implanted at 100 or 120 d of gestation (Freitas-de-Melo et al., 2021; Abecia et al.,
2020).

These results show that exogenous melatonin, administered orally or
subcutaneously at different doses during various physiological stages, can impact milk
production, milk quality, colostrum quality, growth, and thermoregulation in cows, sheep,

and goats. However, the effects remain diverse and sometimes contradictory.
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Table 1. Experimental studies of productive responses to exogenous melatonin administration in bovine models

Publication

Cattle

Methods

Melatonin dose/timing

Effect of melatonin in animal production
parameters

Zinn et al., 1988

Sanchéz-Barcelo et al., 1991

Petitclerc et al., 1998

18

Angus heifers exposed to 16 h light (L):8 h dark (D).

Exp 1. 16 post puberal heifers were blocked by initial body
weight (318 kg).

Exp 2. 24 heifers were blocked by initial body weight (348 kg).

LW: every two wks.

Slaughtered: 59 d of treatment.

16 prepubertal Holstein heifers (154 + 6 kg LW) exposed to
long days (16 L: 8 D) were divided into two groups.

LW: 2-week intervals.
Blood sample 1 h interval: Day 67-68.

Slaughtered: Day 70 -72.

Cows were exposed to different photoperiod conditions
during the dry period and then exposed to long day
photoperiod (LDPP) after calving.

Exp 1. Oral melatonin (4 mg/100 kg
body weight) daily for 58 d.

Treatments:

Four killed initially.

Six received vehicle (95% ethanol).
Six were melatonin fed.

Exp 2. Oral melatonin (4 mg/100 kg
body weight) daily for 63 d.

Treatments:

Eight killed initially.

Eight received vehicle (95% ethanol).
Six were melatonin fed.

Oral Melatonin (4 mg/100 kg body
weight/daily) for 70 d.

Treatments:
Melatonin: melatonin-fed.

Control: vehicle fed controls.

Oral melatonin (25 mg/d) to cows
during the dry period.

Treatments:

SDPP: Short day photoperiod.

LDPP: Long day photoperiod.

Exp 1.
- No difference in LW.

-Increased fat (%) in rib, longissimus
muscle, carcass fat.

- Reduced protein (%) and carcass
protein accretion.

Exp 2.

- No difference in LW gain or carcass
measures.

- No changesin LW.

- Decreased Mammary parenchymal
DNA content and concentration

-Decreased serum prolactin.

- No changed in milk yield
- Decreased prolactin
concentration

circulating



Dahl et al., 2000

Auldist et al., 2007

Garcia-Ispierto et al., 2013

26 cows in late lactation (average 217 + 27 DIM) divided in
two groups.

Cows were exposed to 18 h of L:6 h of D.

12 sets of identical twin spring lactating Friesian cows divided
in two groups at 19 wk of lactation.

Melatonin, IGF-1 and Prolactin: Daylight blood sampling in
two occasions one week before and in seven occasions
after the first implantation.

Milk sampling: 6, 8, 11 and 12 weeks.

after the first melatonin implantation.

Exp 1.

20 multiparous lactating pregnant dairy cows selected
in increasing photoperiod length.

Milk production: daily.

Exp. 2.

25 heifers and 114 pregnant dairy cows and heifers treated
during the warm season.

Postpartum checks: daily.

Blood samples: d 120, 127, 134, 141, 148, 155, 162 and 169 of
gestation.

Milk production: daily.

Milk for SCC: two milk samples before the dry-off period and
three samples after parturition.

LDPP+Melatonin: Long day
photoperiod + melatonin.

Cows received a daily oral bolus of 22.5
mg melatonin in the middle of the
photo phase for 8 weeks.

Treatments:
MEL: cows received melatonin.

CON: cows received a vehicle bolus.

Cows received 6 subcutaneous
melatonin  implants (108 mg/cow)
applied in three occasions (19, 23 and
27 week of lactation).

Treatments:

Treatment group: implanted.

Control group: non-implanted.

Exp 1.
Subcutaneous implants on d 120 of
gestation (18 mg/implant).

Treatments:

Untreated, three, six, nine and 12
implants.

Exp. 2.

Subcutaneous implant d
gestation (18 mg/implant).
Treatments:

Control (C): Untreated.
Melatonin (M): nine implants (heifers) or
12 (cows).

220 of

Introduction

- Suppressed prolactin secretion.

- Not change the mik vyield and
composition.

- Reduced milk yield.

- Decreased lactose concentration and
plasma prolactin.

- Increased milk fat, protein and casein
content.

Exp.1.
- No difference in milk production.

Exp. 2.

- No significant effects on placenta
retention or metritis.

- Not difference in milk production and
SCC postpartum.
- Suppressed
concentrations.

prepartum  prolactin

19
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Lacasse et al., 2014

Ponchon et al., 2017

Yang et al.,, 2017 b

20

Prepartum 29 cows and 33 heifers. Animals were allocated
into three groups 8 weeks before calving.

Factorial 2x3 (main effects were parity and photoperiod-
melatonin treatments).

Milk yield daily and milk samples: weekly.
LW: weekly.

Ten cows/treatment according to their milk production,
parity, and SCC.

Before the treatments, cows were exposed to LDPP
(16 h of L:8hof D).

Milk production: during the last 4 wk. before drying off.

Milk composition: before drying-off on d =26 and —19 (before
treatment) and -12, -5, and -1 d (after the start of
treatments).

Series of blood samples: On d -15, just before the beginning
of the treatments, and on d -1, just before drying-off.

120 cows were divided into four groups based on milk SCC.

Milk samples: daily, and were taken for three d before
melatonin treatment, and then sampled for 18 d after.

25 mg of oral melatonin
by gelatin capsule (8-week
prepartum-to calving).

Treatments:

8L:16D:8hL+ 16 hD.

16L:8D16 hL+8hD.

16L:8D + melatonin feeding (16L:8D-
melatonin.

Oral supplementation of
4 mg/100 kg of BW. Each treatment
started 14 d before drying-off and
lasted 14 d after drying-off.

Treatments:

LDPP:16 h of L: 8 h ofD.

SDPP:12 h of D/1 h of L/4 h of D/7
h of L).

LDPP+MEL:

LDPP supplemented with melatonin f
eeding.

Exp. 1.

Subcutaneous injections of melatonin
(4.64mg/cow/d) for 4 consecutive
days. In each group, half of the cows
were treated with melatonin (MT) or not
(NOT-MT) according to their SCC:

- <10 x 104 cells/mL
-1x10s5to 3x 105 cells/mL
-3x105to 5x 105 cells/mL)

-5x 105 to 1 x 106 cells/mL)

- Reduced prolactin in cows and heifers.

- Heifers exposed to a long day
and fed melatonin produced less fat
and tended to produce less ECM.

- No effecton milk production during
late lactation.

- IGF-I tended to be greater in the animals
fed melatonin.

- No affect body weight.

- LDPP+MEL cows compared with LDPP
cows:

- No difference in blood prolactin
concentrations and milk yield and
composition.

- Reduced milk SCC.



Morini et al., 2018

Wang et al., 2019

Yao et al., 2020

120 indoor dairy cows under intensive conditions were
randomly divided into four groups during winter or summer.

Ten mid-lactating Holstein dairy cows with similar parity,
lactating time, milk production, mik fat, and milk protein
were randomly divided into two groups.

Individual milk samples: collected three times per d from d 0
tod8.

35 Holstein cows with high milk SCC (0.4~0.7 million
cells/ml) semi-enclosed with natural L were divided in groups
with two doses of melatonin and three different days of
feeding.

Milk: every two d.

After the end of the melatonin treatment, milk samples were
collected daily for one wk.

12 melatonin implants (18-
mg/each) administered 60 d prior
calving.

Treatments:
Summer: Untreated.
Summer: Melatonin.
Winter: Untreated.
Winter: Melatonin.

Subcutaneous injections of 4.64 mg
melatonin (Sigma) for four consecutive
days at 8:00 am.

Treatments:
Melatonin: (Melatonin).

Control: (NC) cows received the
vehicle (absolute ethyl alcohol) only.

Rumen bypass melatonin granules was
feeding in granules.

Treatments:
- 40 mg/cow/d (feeding 7, 14 or 21 d).
- 80 mg/cow/d (feeding 7, 14 or 21 d).

- Control: untreated.

Introduction

- Not changed on milk yield in winter or
summer.

- Increase prolactin serum concentration.
- Milk yield was slightly increased.
- Milk fat concentration decreased.

- No difference in the concentration of
milk lactose and milk protein.

- Decreased SCC.
- Increased milk fat and protein.

- Decreased milk lactose.
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Wu et al., 2021

Fu et al., 2023
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Holstein cows with SCC 0.3-1 million/mL were selected for the
studies based on the monthly dairy herd improvement.

Milk yield and composition: 15 days before and after
melatonin injection.

Twenty Holstein cows in 152 + 12 d of lactation were divided
into two groups under semi-enclosed conditions.

Milk collected: in the morning on d 0, 7, 14, and 21.

Subcutaneous injections of 9.3
mg/cow/d for 4 consecutive days at
10:00 am in different lactation period
(early, middle and late) season (spring,
summer, autumn, winter) and age (2-7).

Treatments:
MT: Melatonin treated.
Control: Untreated.

Oral 15 g/d for each cow (10-* mol/L x
rumen volume (67 L) x melatonin
molarmass (232 g/molL) = 15g oral
powder melatonin for 24 d.

Treatments:
Control: No melatonin.

MT: Oral melatonin.

- Decreased milk fat and SCC.

- Increased milk protein and lactose.

-Increased fat at d 21.
-Increased protein atd 7, 14 and 21.

-No difference in lactose and urea milk
concentration.



Table 2. Experimental studies of productive responses to exogenous melatonin administration in ovine models

Publication
Sheep

Methods

Melatonin dose/timing

Introduction

Effect of melatonin in animal production
parameters

Kennaway and Gilmore 1984

Plecaris et al., 1997

Abecia et al., 2005

Molik et al 2011

Pinealectomized and unoperated ewes were exposed to
constant light before and after lambing. Ewe lambs born to
pinealectomized ewes were divided into two groups
(Implanted or non-implanted). Ewe lambs born to unoperated
ewes were keptin the same group. Lambs were weaned at 16
weeks.

LW: every 8 wks for 72 wks.

Blood: weekly for 69 wks.

80 Boutziko female lambs from single lambing assigned at
weaning (63.2+0.4 d old, January 5) to 4 groups. Experiment
end (160 d old, April 12).

Low plane nutrition: 70 to 75% of the ad libitum.

High plane nutrition: ad libitum.

Lamb LW: biweekly.

Growth hormone (GH): 3 d blood samples one week before the
end of the experiment.
Mammary gland was
lambs/group.

Exp 1.

188 lactating Lacaune ewes lambed between September and
November (one lambing/year). Artificial rearing.

Exp 2.

124 lactating Assad ewes lambed between November and
January (three lambing/two years). Weaned at 20 d.

Milk records: monthly.

taken from seven slaughtered

60 Polish Longwool ewes mated on September. Lambs were
reared with mothers for 56 days. On day 57 (LDPP) the ewes
were milked twice daily and divided into three group.

Milk yield: every 10 days.

Subcutaneous implants with melatonin
(crystalline) sachets prepared from
Silastic medical-grade sheeting.
Implants release 100-150 ug melatonin
per d. Ewes lambs were implanted at 3-
4 weeks and 13-14 weeks.

Ewes lamb treatments:

Ce: Intact dam and empty sachet.

Pe: Pinealectomized dam and empty
sachet.

Pm:  Pinealectomized
melatonin sachet.
Subcutaneous melatonin implants (18
mg) on January 10 and March 1 to
ewes’ lambs.

Treatments:

HC: High plane nutrition non implanted.
HM: High plane nutrition implanted.

LC: Low plane nutrition non-implanted.
LM: Low plane nutrition implanted.

dam and

Subcutaneous melatonin implant (18
mg of melatonin) to lactating ewes

On march (Exp 1) and February (Exp 2)
ewes divided in two groups with similar
milk production.

Treatments:

M: Implanted group.

C: Non implanted group.

The ewes were implanted s.c with
melatonin (18 mg of
melatonin/implant) at d 57 of lactation.
Treatments:

Group I: natural day length.

- No change in LW and prolactin.

No effect of melatonin treatment on:
- LW.

- GH.

- Mammary gland.

Exp 1 and 2:
- No changes in milk production.

- Increased milk fat concentration.

- Decreased lactose level after only 30 d
of lactation.

- Decreased the content of
monounsaturated fatty acid (MUFA),
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Lemley et al., 2012

Molik et al., 2013

Seron-Ferre et al., 2015

Gonzéalez-Candia et al., 2016

24

Milk composition: every 28 d.
Fatty acid content was determined by gas chromatography.

31singleton Western White Face ewe lambs were allocated into
four groups on d 50 of gestation.

Ewes LW, BCS, back fat thickness and longissimus muscle area :
d 48, 88, and 124 of gestation.

Fetal growth parameters by ultrasound: 50, 60, 70, 80, 90, 100,
and 110 of gestation.

Fetal LW, crown rump length, biparietal
abdominal girth: d 130 of gestation.

distance, and

60 Polish Longwool ewes were divided on three equal groups
(n=20) postweaning (57th d of lactation).

Rearing period: lambs were weaned at 56 d of lactation. Milk
production was estimated based on the lamb’s weight gain
from 2 to 28 d of age.

Milking period: from d 57 of lactation to the dry period (milk yield
was less than 50 ml/ewe/d).

Milk yield: at 10-d intervals.

Blood sampling: every 28 d for prolactin and growth hormone.

18 newborns lambs aged 5-6. The lambs were allocated in
three groups according to the treatment their mothers received
during pregnancy.

Lamb LW: Birth and 5 d old.

Lambs were exposed for 1 h at 24°C (basal period), followed by
1 h at 4°C (cold period) and 1 h at 24°C (recovery period). In
each period: central, skin, and perirrenal fat temperature were
evaluated.

12 singleton ewes maintained under high altitude conditions
were allocated into two groups.

Lambs LW, biparietal diameter, abdominal diameter, and
crown-rump length: birth.

natural day
subcutaneously

length and
with

Group I
implanted
melatonin.
Group llIl: exposed to an artificially short
photoperiod.

5 mg of oral powder melatonin
dissolved in 95% ethanol orally from d 50
to 130 of pregnancy.

Treatments:

- Adequate diet (100% nutrients
requirements).

CON-ADQ: no melatonin.

MEL-ADQ: melatonin.

- Restricted diet (60% nutrients

requirements).

CON-RES: no melatonin.

MEL-RES: melatonin.

Melatonin implants (18 mg

of melatonin) were inserted into each
ewe twice, at 90- d intervals.
Treatments:

LDC: natural long-day

control group.
LDM: natural
treated group.
ASD: artificial short-day with 16 h of D
and 8 hof L.

Ewes received oral daily 12 mg during
from 63% gestational until lambing.
Treatments:

LD ewes: kept under photoperiod 12h
L:12h D.

LL ewes: kept under continuous L from
60% gestation.

LL + Mel ewes: were kept in continuous
L an received an oral melatonin.

10 mg/kg/d of melatonin in 5 mL 1.4%
ethanol orally from d 100 of gestation to
lambing.

Treatments:

MM: melatonin-treated.

MC: vehicle- treated (control).

long-day melatonin-

polyunsaturated fatty acids (PUFA) and
conjugated linoleic acid (CLA).

- No difference in LW, BCS, loin muscle
area, and back fat thickness of the ewes.
- No difference in fetal growth
parameters.

- Increased parietal diameter.

- MEL-ADQ increased abdominal girth.

In LDM compared with the LDC group:
- Shorter length of lactation and milking

days.

- Milking period: decreased milk yield,
prolactin and growth hormone
secretion.

- No difference in LW.

- Increased BAT.

- Increased central, perirenal and skin
temperature.

- Reduced neonatal LW and biometry.



Sales et al., 2017

Misztal et al., 2018

Abd-Allah and Daghash 2019

Sales et al., 2019

Abecia et al., 2020

24 pregnant singleton and 24 twin-bearing Corriedale ewes
were allocated into three groups at 100 d of gestation.

Fetal perirenal fat BAT (weight) and fetal biometrics: at 140 d of
gestation.

Thirty-six Polish  Longwool
September and January.
After weaning (from the 57th d of lactation), all ewes were
milked twice a day.

sheep (rearing twins). Mating

Milk production: every 10 d.
Mammary gland biopsy: 3-4 d before lambing.

34 non-pregnant Ossimi ewes were divided into four groups
after weaning (autumn). The 60-d experimental treatment
period starts at the mating season.

Ewes LW: before mating and after parturition.

Lambs LW: at birth and at weaning (90 d).

24 pregnant singleton and 24 twin-bearing Corriedale ewes
were allocated into three groups at 100 d of gestation.

LW and BCS of ewes: 140 d of gestation.

LW of lambs: 140 d of gestation.

60 pregnant Rasa Aragonesa mated on June were allocated
into three groups.

One (18 mg) or two (36 mg) melatonin
implanted s.c at 100 d of gestation.
Treatments:

Single bearing:

SMO: non implanted.

SM1: one implant.

SM2: two implants.

Twin bearing:

TMO: non implanted.

TM1: one implant.

TM2: Two implants.

Subcutaneous melatonin implant (18
mg of melatonin) in third month of
pregnancy and the second implant
repeated after 90 d.

Treatments:

SD treatment: Lambed in January.

LD treatment: Lambed in June.

LDM treatment: lambed in June and
treated with melatonin implanted.

18 mg/h Melatonin throughout the
mating season for 60 d.

Treatments:

NL: natural daylight.

AR:16-hour artificial lighting.

NL+MEL: natural daylight + 18 mg/h
melatonin.

AL+MEL: 16-hour artificial lighting + 18
mg/h melatonin.

One (18 mg) or two (36 mg) melatonin
implanted s.c at 100 d of gestation.
Treatments:

Single bearing:

S-OMEL: non implanted.

S-18 mg MEL: one implant.

S-36 mg MEL: two implants

Twin bearing:

T-OMEL: non implanted.

T-18 mg MEL: one implant.

T-36 mg MEL: two implants.

Ewes were implanted s.c with
melatonin (18 mg).
Treatments:

Introduction

- Increased BAT
- SM2 and TM2 increased fetal weight
and thorax diameter.

- Decreased milk yield.

- Increases number of milking days.
-Sheep mammary gland is qualitatively
at the same level of preparation.

- Ewes: higher body weights changing
(positive) in NL+ME and AL+MEL.

- Lambs: tended to increase weaning,
net weight, and average daily gain.

- No difference in LW and BCS of the
ewes.

- T-18 mg and T-36 mg increased the
male fetus weight.

- No difference in LW at birth or rectal
temperature of the lambs.
- 4M increased IgG in colostrum
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Bouroutzika et al., 2020

Flinn et al., 2020b

Flinn et al., 2020c

Molik et al., 2020

Abecia et al., 2021

26

LW of lambs, rectal temperature and colostrum quality (IgG,
%Fat, %Protein): immediately after lambing.

68 Karagouniko ewes were allocated into two groups 16 d
before mating. All pregnant ewes were exposed to heat stress
(first 100 d of pregnancy).

Lamb LW: birth.

Milk: 5, 10 and 40 d.

164 twin-bearing Merino ewes were allocated into three groups
at gestational d 70-90.

Lambs LW: Birth, marking (30 d) and weaning (71 d).

Rectal temperature: Birth.

Lambs serum IgG: 24 h of life.

181 pregnant singleton and twin-bearing Merino ewes lambing
in autumn and spring. Ewes were allocated into three groups
after pregnancy scan (65 d after removing CIDR).

LambsLW: 4, 24 and 72 h, 7 d, marking (49 d) and weaning (129
d).
Lambs serum IgG and rectal temperature: 4 and 24 h of life.

Sixty Polish Longwool ewes (rearing twins).

Mating: September and January.

Rearing period: 0-56 d of lactation. Milk production estimated
based on weight gain of the lambs.

Milking period: From d 57 to dry period (milk yield < 50 mL of
milk/d).

Milk yield: every 10 d and milk quality.

F, P, L, Ca, P and milk fatty acids: every 28 d.

Exp. 1: 53 Rasa Aragonesa lambs borned on November reared
by their dams.

Exp. 2: 55 Rasa Aragonesa lambs borned on October reared by
their dams.

Control: non-implanted.

3M: melatonin implant at the third
month of pregnancy.

4M: melatonin implant at the fourth
month of pregnancy.

Ewes were implanted s.c with
melatonin (18 mg): before mating and
during pregnancy every 40 d (in total 4
melatonin implants; 72 mg).
Treatments:

M: implanted.

C: non-implanted.

The ewes were implanted s.c with
melatonin (18 mg of
melatonin/implant) at gestational d 70-
90.

Treatments:

CTL: non-implanted control group.

M1: One melatonin implant.

M2: Two melatonin implants.

Two lambing seasons

Treatments:

CTL: control non-melatonin group.
Mel-FED: oral melatonin via 2-mg
capsule fed daily from gestation d 80
until lambing.

Mel-IMP: subcutaneous melatonin via
18-mg implant at gestation d 80 and
125.

Subcutaneous melatonin implanted (18
mg) in third month of pregnancy
and the second implant repeated after
90 d.

Treatments:

G1: lambing in February.

G2: lambing in June.

G3: lambing in June + one melatonin
implant .

Subcutaneous melatonin (18 mg) in the
base of the ear at 24 h after lambing
(dam or lamb).

Treatments:

Exp 1:

- 3M increased % fat in colostrum.
- No difference in % protein in colostrum.

- No difference in lambs LW.
- Increased milk yield.

- No difference in birth, marking and
weaning liveweight.
- No difference in serum IgG and birth
rectal temperature.

- No difference in LW.
- No difference in serum IgG and rectal
temperature.

- Decreased milk yield in rearing and
milking period.

- Higher content of dry matter, protein,
and fat.

- Increased content of SFAs.

- Reduced MUFA and PUFA and CLAS.

Exp. 1:
- No differences in LW and ADG.
Exp. 2:



Bouroutzika et al., 2021

Cosso et al., 2021

Freitas de Melo et al., 2021

Candia et al., 2022

Elhadi et al., 2022

Milk samples: 15 d, 30 d, and 45 d post-lambing.

Exp. 3: 16 twin lambs borned on October reared by artificial
lactation.

Lamb weight: birth and weekly until weaning (Exp. 1=7 week;
Exp 2= 6 week; Exp 3=5 week).

31 Karagkouniko ewes were allocated into two groups 16 d
before mating. All pregnant ewes were exposed to heat stress
(first 100 d of pregnancy).

Lamb LW: birth, 15 and 40 (weaning) d.

Lamb blood: at birth, 24 and 48 h after lambing.

Colostrum: at lambing, 24 and 48 h after lambing.

Milk: 5, 10 and 40 d.

100 lactating Sarda Dairy sheep lambing between December
and January. On March 1, were allocated to two groups.

Milk yield and composition, and Interleukin 2 and 6: every 15 d.

93 single-bearing ewes were allocated into two groups at d 100
of gestation.

LW, rectal and surface temperature: Birth.
Ewe-lamb behaviours: 6-17 h after lambing.

10 singleton ewes high-altitude pregnant were allocated into
two groups.
Lambs LW and biparietal diameter: 2 and 11 d.

72 dairy ewes of 2 breeds (Manchega; n=36 and Lacaune;
n=36) lambed in autumn (short-day photoperiod). After the
weaning of the lambs (28 d), the ewes were distributed in 12
balanced groups of 6.

Milk yield: daily.

Milk composition: 32, 50, 65, 80, and 110 DIM.

Body weight and BCS: 28, 50, 65, and 80 DIM.

m: implanted lambs.

c: control group.

Exp 2:

cC: control group.

cM: implanted dams.

mC: implanted lambs.

mM: implanted dams and lambs.

Exp 3:

m: implanted lambs.

c: control group.

Ewes were implanted s.c with
melatonin (18 mg): before mating and
during pregancy every 40 d (in total 4
melatonin implants; 72 mg).
Treatments:

MEL: implanted.

CON: non-implanted.

One subcutaneous implant (18 mg) of
melatonin to dairy ewes on March 1
(~two month of lactation).

Treatments:

M: Melatonin implanted.
C: Non-implanted.

Ewes were implanted s.c with

melatonin (18 mg) at d 100 of gestation.
Mel: implanted
Con: non implanted

10 mg/kg/d of melatonin in 5 mL 1.4%
ethanol orally from d 100 of gestation to
lambing (100-150 d).

Treatments:

MM: melatonin-treated.

MC: vehicle- treated (control).

One melatonin implant (18 mg/ewe) at
35 d of lactation (SDPP).

Treatments:

MN CO: non-implanted Manchega.
MN MEL: implanted Manchega.

LA CO: non-implanted Lacaune.

LA MEL: implanted Lacaune.

Introduction

- Lambs: Increased the LW and ADG of
lambs reared by melatonin-implanted
ewes, especially in males.

- Ewes: Increased milk solids and fat
content.

- No difference in mik protein and
lactose.

Exp. 3:

- No differences in LW and ADG.

- No difference in lambs LW.

- Decreased plasma IgG in lambs.
-Increased protein contentin colostrum.
- No difference in colostrum IgG.

- Increased fat content in colostrum (24h
after lambing).

- No effect in milk yield, fat, protein and
lactose concentration.

- Reduced SCC 3rd, 4rd and 5th
samplings.

- No changes in cytokines levels.

- No difference in birth LW and rectal
temperature or ewe-lamb behaviours

- Increased hip minimum surface
temperature

-Reduced LW at 2 and 11 d.
-Reduced biparietal diameter at d 2.

- No changes in
composition

- Decreased prolactin in MN ewes.

- No effects on plasma IGF-l, BW and
BCS.

milk yield and
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Ma et al., 2022
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120 healthy male lambs were allocated into three groups at 2
month of age (19 kg).

Body height, oblique length, chest circumference, chest width,
chest depth, anterior duct and posterior duct: 2, 3 and 4t
month of age.

Longissimus dorsi muscle and back adipose tissue, and intestinal
microbiome sequencing: 4th month.

Lambs were implanted s.c with
melatonin in the neck at 2 months of
age.

Treatments:

Control: 0 mg of melatonin.

3 mg/kg: 3mg/kg of melatonin.

4.5 mg/kg: 4.5 mg/kg of melatonin.

- 45 mg/kg group: Increased body
weight, body length, chest
circumference, chest width and chest
depth.

- Increased the size of the muscle and fat
cells.

- Modified rumen microbiota.



Table 3. Experimental studies of productive responses to exogenous melatonin administration in goat models

Publication
Goats

Methods

Melatonin dose/timing

Introduction

Effect of melatonin in animal production
parameters

Jiménez et al., 2009

Avilés et al., 2019

Yang et al., 2019

Yang et al., 2020

60 Verata breed (dual purpose) goat were allocated into two
groups at the third d after kidding. Kids were separated from
their mothers 72 h after birth.

Blood samples: 3 d after kidding and then 4 times more at
monthly intervals.

Milk samples: 3, 30, 60, 90 and 120 d in milk.

25 Creole does were kept under naturally long day conditions.
At dry period, does were divided into 2 groups.

Suckling period: 21 d postpartum, milk yield was estimated by
suckle-weigh-suckle method. Milking period: 22-91 d
postpartum.

Milk yield: estimated by hand milking each week.

Milk composition: every milk yield evaluation.

Plasma T3: 2, 6, 10, and 14 wk of lactation.

LW of kids: at birth, 1, 2, and 3 wk of life.

16 Inner Mongolian Arbace cashmere goat kids borned in
spring. At 12 d of age, kids were allocated to two groups. The
weaning of the kids was at 124 d.

Cashmere fiber sample: 4th month and at the year of life.

Skin biopsies, blood samples and LW: 2, 6, 10, 14, 18, 22 wk of life.

24 Inner Mongolian cashmere goats and their kids (single-
female) were assigned into two groups at d 50 of lactation
(spring).

Dams:

Milk yield and composition: 0, 2, 4, 6 and 8 weeks of lactation.
Blood samples: 0, 4 and 8 weeks of lactation.

Dam cashmere samples: the following year.

Kids:

Kids LW: 0, 2, 4, 6 and 8 wks of age.

Kids cashmere samples: yearling.

Kids skin biopsies: 0, 8 and 12 wks; and 14 months of age.

Goats were implanted s.c with
melatonin (18 mg/goat) at the third d
after kidding.

Treatments:

Control: non implanted.

Implanted: melatonin implanted.

Two subcutaneous melatonin implants
(36 mg of melatonin/doe) at the dry
period (49 d before kidding). Implants
were removed at kidding.

Treatments:

CONT: non-implanted group.

MEL: melatonin implanted group.

The kids were implanted s.c with
melatonin (2 mg/kg live weight) at first
week and the second month of age.
Treatments:

Control: non-implanted.

Melatonin: implanted.

Ewes were implanted s.c with
melatonin (2 mg/kg live weight) at
days 50 and 110 of lactation.
Treatments:

MEL: implanted.

CON: non-implanted.

- Decreased SCC in milk.
- No difference in milk composition.

- Increased milk yield during the suckling
and the milking period.

- No difference in milk composition.

- Improved the mean daily weight gain
in kids, especially in males.

- No difference in LW.

- Increased cashmere yield and
improves fiber quality of kids (length,
density and fiber).

- Increased the total secondary follicle
population in the skin of early postnatal
kids.

Dams:

- Decreased milk yield.

- Increased fat milk concentration.

- No difference in mik protein (%),
lactose (%) and SCC.

- Decreased serum prolactin.

- Increased cashmere vyield, staple
length and density. - Fine-tuned fiber
diameter.

Kids:

- No difference in LW and cashmere
parameters.

29



Introduction

Afzaal et al., 2023

Diao et al., 2023
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46 pregnant Beetal goats at 100 d of gestation (kidding from
February to march) were divided in two groups. Then, on 7th d
postpartum, goats in each group were subdivided randomly
into two subgroups based on suckling treatment.

LW kids: Birth.

LW and BCS goats: 40 d before and 28 d after kidding.

32 newborn cashmere goats were allocated to two groups.
LW and cashmere fiber sample: 1d of age, at3 and 6 months
of age, and at 1 and 2 years of age.

Skin sample: 1 d of age, at 2, 4, and 6 months of age, and in the
second year.

Goats were implanted s.c with
melatonin (18 mg/goat) at 100 d of
gestation.

Treatments:

MCS: melatonin implanted continuous
suckling.

MRS: melatonin implanted restricted
suckling.

CCSs: control continuous suckling.

CRS: control restricted suckling.

The kids were implanted s.c with
melatonin pellets (2 mg/kg) on d 1 from
birth and at 2 and 4 months of age.
Treatments:

Control: non-implanted.

Melatonin: implanted.

- Increase in birth weight of triplets or
quadruplets kids.

- No difference in LW and BCS of the
goats.

- No difference in LW.

- Increased cashmere yield and
improves fiber quality of kids (length,
density and fiber).

- Increases the number of secondary
hair.
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2. OBJECTIVES

This PhD Thesis was proposed to evaluate the effect of exogenous melatonin
administration during different physiological stages in dams on their milk production and
quality, and the performance of their offspring in dairy and meat small ruminants (sheep
and goats), while also examining the impact of exogenous melatonin in lambs during
their preweaning stage on their life.

To achieve this general objective, the following specific objectives were

proposed:

- Evaluate the effect of melatonin implants during the last third of gestation (30 d before
kidding) on colostrum quality, milk production, and milk quality in Murciano Granadina
dairy goats under commercial farm conditions.

- Evaluate the effect of melatonin implants during the last third of gestation (40 d before
lambing) on colostrum quality, milk production, and milk quality in Assaf dairy ewes
under commercial farm conditions.

- Evaluate the effects of melatonin implants during the last third of gestation (40 d before
lambing) using meat ewes (Rasa Aragonesa) on live weight and daily weight gain of
their lambs from birth to weaning under commercial farm conditions.

- Evaluate the effects of melatonin implants during the last third of gestation (30 d before
lambing), immediately after lambing, or at both moments using meat ewes (Rasa
Aragonesa) on colostrum and milk composition, lamb's live weight from birth to
weaning, daily gain, body dimensions, and rectal and surface temperatures under
indoor conditions.

- Evaluate the effects of melatonin implants before weaning (30 days of age) on
locomotor activity, body temperature, and growth of fattening female and male

lambs under indoor conditions.
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3.1 Animals

For each of the specific objectives, an experiment was proposed. Therefore, five
experiments were designed to analyze the effects of exogenous melatonin
administration at different physiological stages on colostrogenesis, lactation and lamb
performance in small ruminants. The experiments were performed in different areas of
Spain, using small ruminants (sheep and goats) from various breeds and their
corresponding production systems:

Specific objective 1: The experiment 1 involved 269 Murciano Granadina goats from four

commercial dairy farms in Granada.

Specific objective 2: The experiment 2 involved 715 Assaf ewes from five commercial

sheep dairy farms in Castilla 'y Ledn.

Specific objective 3: The experiment 3involved 457 Rasa Aragonesa ewes that gave birth

to 575 lambs (294 males, 281 females; 199 singles, 307 twins, 69 triplets) from two
commercial sheep farms in Zaragoza (Farml, n=354; Farm2, n=221).

Specific objective 4: The experiment 4 involved 50 Rasa Aragonesa ewes that gave birth

to 67 lambs (31 males, 36 females; 27 singles, 40 twins) at the experimental farm of the
University of Zaragoza.

Specific objective 5: The experiment 5 involved 60 Rasa Aragonesa lambs (31 males, 29

females; 40 singles, 20 twins) born at the experimental farm of the University of
Zaragoza.

In experiments 1 - 4, the groups were managed as a single flock. Meanwhile in
experiment 5, the groups were housed separately from weaning until they slaughter.
Throughout each experiment, the experimental groups were subjected to the same
nutritional and husbandry practices, under an intensive system, with permanent stabling.
They were fed to meet their live weight requirements, either during pregnancy, lactation,

growing and fattening, in conformity with the standards of the AFRC (1993).

In experiment 1 and 2, after parturition, offspring were separated from their dams
and reared on an artificial lactation program untii commercialization. Meanwhile, in
experiment 3 and 4, lambs remained with their respective dams until weaning (45 and 42

d postpartum, resp.) and suckled freely.
3.2 Treatments

Animals were assigned to one of the treatments groups, that either did or did not
receive subcutaneous melatonin implant(s) in the base of the ear (18 mg melatonin;
Melovine, CEVA Salud Animal, Barcelona, Spain). The groups were balanced in LW, BCS
and parity number. The specific treatments of each experiment, detailing the timing and

the doses of melatonin implantation were (Table 4).
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3.2.1. Experiment 1

- Group MEL: Goats received a subcutaneous melatonin implant 28.5 + 0.9 d before

kidding (n = 92 goats).
- Group CON: Control, non-implanted goats (n = 177 goats).
3.2.2. Experiment 2

- Group 1M: Ewes received a subcutaneous melatonin implant 45 + 0.6 d before lambing
(n = 246 ewes).

- Group 2M: Ewes received a subcutaneous melatonin implant 40 + 0.7 d before lambing

(n =137 ewes).
- Group C: Control, non-implanted ewes (n = 332 ewes).
3.2.3. Experiment 3

- Group MEL: Ewes received a subcutaneous melatonin implant 39 + 7 d before the

expected time of lambing (n = 248 lambs, 166 males, 161 females).
- Group CTR: Control, non-implanted ewes (n = 327 lambs, 128 males, 120 females).
3.2.4. Experiment 4

- Group M-0: Ewesreceived a subcutaneous melatonin implant 32 + 0.7 d before lambing

(n = 14 ewes; 19 lambs, 7 males, 12 females).

- Group 0-M: Ewes received a subcutaneous melatonin implant immediately after

lambing (n = 14 ewes; 21 lambs, 10 males, 11 females).

- Group M-M: Ewes received a subcutaneous melatonin implant on both occasions (32.8

+ 0.5 d before lambing, and after lambing)(n = 10 ewes; 13 lambs, 6 males, 7 females).
- Group 0-0: Control, non-implanted ewes (n = 12 ewes; 14 lambs, 8 males, 6 females).
3.2.5. Experiment 5

- Group MEL: Lambs received two subcutaneous melatonin implants at 30 + 2 d of age

(14 d pre-weaning) (n = 15 males, 15 females).

- Group CTR: control, non-implanted lambs (n = 16 males, 14 females).
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Table 4. Timing of melatonin implantation relative to different physiological stages
(pregnancy, parturition, lactation/rearing, and fattening) and across different months of

the year for each experiment.

Pregnancy Parturition Lactation*/ Lactation*/ Fattening
Rearing** Rearing**
Experiment 1 Jul./Aug. Aug./Sept. Sept./Oct. Oct./Nov.
MEL
Experiment 2 Apr Jun. Jul. Aug.
1M, 2M
Experiment 3 Apr./May. May./Jun. Jun./Jul. Jul./Aug.
MEL
Experiment 4 Sept. Oct. Nov. Dec.
M-0, M-M 0-M, M-M
Experiment 5 Sept./Oct. Oct./Nov. Nov./Dec. Dec./Jan. Jan./Feb.
MEL

* Experiment 1 and 2.

** Experiments 3 - 5.

3.3. Methodology

3.3.1. Milk records

Experiment 1 and 2: Three monthly milk samplings were performed on
each farm. Milk yield were recorded by volumetric meters integrated in the
milking system such that the milk production of each animal is recorded on a

daily basis, alternating between mornings and afternoons (ICAR 2016).

3.3.2. Milk sampling and analysis

Experiment 1 and 2: Three monthly milk quality analysis included fat (F),
protein (P), and lactose (L) content measurements based on method used by
the International Dairy Federation (IDF, 2010). SCC was analyzed using an
electronic fluorescence-based cell-counter following the guidelines of the
International Dairy Federation (IDF, 2013).

Experiment 4. Milk samples were collected by hand-milking at 2, 4, and 6
wk postpartum for F, P, and L, and analyzed by an automatic milk analyzer
calibrated for sheep following the manufacturer’s instructions (Milkotronic Ltd.,

Tsentar, Nova Zagora, Bulgaria).

39



Material and methods

3.3.3. Colostrum sampling and analysis

Colostrum samples were obtained from goats and ewes immediately after
birth (Experiment 1. CON, n= 88, MEL, n= 77; Experiment 2: 1M, n = 118; 2M, n =
73; and C, n = 112; Experiment 4: M-0, n=,14, 0-M, n=14, M-M, n=10, 0-0, n=12).

Colostrum concentrations of IgG were analyzed using a direct enzyme
immunoassay, sandwich ELISA Calokit-Cabra Test (Experiment 1, ZEULAB,
Zaragoza, Spain) and Calokit-Sheep Test (Experiment 2 and 4, ZEULAB, Zaragoza,
Spain). A digital Brix refractometer (Deltatrak, Pleasanton, CA, USA) was used for
Brix refractometry. Colostrum quality (F, P and L) were measured using a milk
analyzer (Lactoscan SP+) that we calibrated for goat and sheep in accordance
with the manufacturer's instructions (Milkotronic Ltd., Tsentar, Nova Zagora,

Bulgaria).

3.3.4. Liveweight, average daily gain, body measurements and feeding
convertion rate

Experiment 3: Lambs were weighed (kg) at birth (LW0) and at weaning (47
+ 8 d of age) (LWW). Age at weaning (AW, d) was recorded, and the average
daily growth rate (g/d) (AGR) was calculated as [(LWW-LWO0)/AW].

Experiment 4: Lambs were weighed at birth, week 2, week 4, and at
weaning (week 6). Average daily gain (ADG) was based on the intervals
between the sampling days. At birth and at weaning, five features (body
length=BL, chest girth=CG, wither height=WH, rump height=RH and shoulder
width=SW) were measured to define the body size of the animals (Idris et al.,
2011).

Experiment 5: Lambs were weighed at 45 (weaning), 60, 75 and 85
(slaughter) d. Average daily gain (ADG) was based on the intervals between the
sampling days. The feed conversion rate (FCR) was calculated as kilogram

concentrate consumed per kilogram LW gained.

3.3.5. Rectal and surface temperatures
Experiment 4: At birth, the rectal temperature of the lambs was recorded
by a conventional thermometer, and the surface temperature was recorded by

a thermographic camera (Teso 880, Teso SE & Co. KGaA, Titisee- Neustadt,
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Germany). For eye temperature (ET), the camera was positioned 40 cm from the
lamb’s head. The other body surface temperatures were measured 1 m from the
dorsal midline of the lamb. Temperature data were analyzed by Testo IRSoft
software, where three fixed-size equidistant areas were identified: shoulder (ST),
mid-loin (MT), and hips (HT) (Labeur et al., 2017).

Experiment 5: One week before slaughter, rectal temperature was
recorded by a conventional thermometer, and surface temperatures were
recorded by a thermographic camera (Teso 883, Teso SE & Co. KGaA, Titisee-
Neustadt, Germany). In the lateral image, the hotspot surface temperature was
identified, and the mean surface temperatures of specific areas (area 1=leg, ribs,
shoulder; area 2=rump and leg; and area 3=loin) were calculated. In the dorsal
image, the mean surface temperatures of the hind saddle and back area were
calculated.

3.3.6. Longissimus dorsi and back fat thickness scanning

Experiment 5: One week before slaughter, a real-time ultrasound was used
to measure the subcutaneous fat thickness (FT) over the longissimus dorsi muscle
cross-section (between the 12th and 13th ribs on left side). All measurements
were taken using an ExaGo (IMV imaging Angouléme, France) scanner
connected to a 7.5 MHz linear probe. Muscle depth and width were taken at the
same points and the area was calculated.

3.3.7. Locomotor activity and circadian rhythms

Experiment 5: During the five weeks of the experiment, lambs were fitted
with commercially available sensors that record high-resolution raw acceleration
data (ActiGraph wGT3X-BT; ActiGraph, FL, USA) (46 mm x 33 mm x 15 mm in size,
mass = 19 g), which were attached to the dorsal side of a neck collar. At the end
of each week, the activity data were downloaded by the ActiLife software
(ActiGraph, LLC, Pensacola, FL, USA). Actigraph produces three columns of
data, thatis, activity in the x-, y-, and z-axes. The activity counts for the three axes
were used to create minute-by-minute activity (counts per 1-minute intervals)
data values (vector magnitude [VM]), which represent the combined
accelerations from the three axes). Circadian rhythms in VM were graphed by
fitting the time-series measurements of each lamb to the cosine curve of a 24
hour activity rhythm, which was obtained by the cosinor method at the Cosinor

on-line platform (Molcan, 2019). Midline estimating statistic of rhythm (MESOR, or
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the average around which the variable oscillates), amplitude (the difference
between the peak and the mean value of a wave), and acrophase (the time of

peak activity) were calculated for each individual.

The statistical analysis of the results is detailed in each of the corresponding

publications.
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5. General discussion

Domestic small ruminant species are adapted to intensive production systems,
and convert their feed into highly nutritious milk and meat efficiently. However, when
applying any management strategy, including exogenous melatonin administration, it is
necessary to quantify the productive, performance, and quality impact of the products
derived from these farming systems. This PhD thesis aimed to analyze the effects of
exogenous melatonin administration during different physiological states of small
ruminants on several parameters involved in the colostrogenesis, lactation, and the
performance of the offspring. The study involves two representative dairy breeds, the
Murciano Granadina goats and Assaf sheep, and a meat sheep breed, the Rasa

Aragonesa.

The main results and considerations obtained throughout this study were:

5.1. Milk yield

In the dairy experiments (Exp. 1 and 2), melatonin implants increased milk
production in early lactation. Specifically, goats that had received a melatonin implant
30 d before kidding had a significantly (P < 0.01) higher milk yield than did the control,
non-implanted goats in the second month of lactation (44.3 + 9.3 DIM). Similarly, ewes in
the 1M group, which received a melatonin implant 40 days before lambing, produced
significantly (P < 0.05) more milk during the three-months than ewes that received two
implants or were non-implanted. This was in agreement with previous studies (Avilés et
al., 2019), demonstrating that administering two melatonin implants to Creole goats in
the drying-off phase (21 d prepartum) increased milk production throughout lactation,
including the suckling (0 - 21 d postpartum) and milking (22 - 98 d postpartum) periods.
These modulations in milk yield could be attributed to the persistent expression of
melatonin membrane receptors MT1 and MT2 in the mammary glands of dairy goats
throughout lactation (Zhang et al., 2019), which suggests that melatonin has a direct role

in the regulation of mammary physiology.

The timing of melatonin treatment may influence the effects on milk yield. Most of
the evidence on the effects of exogenous melatonin on milk production in sheep has
been derived from studies where the animals were treated during lactation, showing a
decreased in milk yield. In contrast, in this thesis, the animals were treated during the dry
period. Supporting this approach, Wall et al. (2005) found that cows exposed to a short-
day photoperiod (linked to a high endogenous melatonin secretion) during the dry

period underwent more extensive mammary remodeling and cell renewal. They
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proposed that these changes could lead to an increase in mik production in the

subsequent lactation.

5.2. Milk quality

The effects of melatonin on milk fat have varied between dairy-type and meat-
type small ruminants. Providing melatonin to Murciano Granadina goats (Exp. 1) in late
pregnancy increased the concentration of fat in their milk during the first three months of
lactation. Similarly, Assaf ewes (Exp. 2) treated with two melatonin implants in late
pregnancy showed an increase in milk fat concentration during the first and third months
of lactation. This increase in milk fat appears to be more consistent, as it has been
observed in cows with three repeated doses of melatonin during mid-lactation and in
goats with two doses at mid and late lactation (Auldist et al., 2007; Yang et al., 2020).
There is evidence that melatonin affects the gut microbiota in mice through mechanisms
of AMP induction (Kim et al.,, 2020), and the rumen microflora of cows and lambs
(Ouyang et al., 2021; Ma et al. 2022). These alterations in the bacterial biota can affect
the fat content of milk, thereby significantly affecting ruminal lipid metabolism in both
goats and cows (Toral et al., 2016). In addition, research involving bovine intramuscular
preadipocytes demonstrated that melatonin regulates adipose differentiation via the

melatonin receptor MT2 (Yang et al., 2017a).

Meanwhile, in the experiment conducted with Rasa Aragonesa meat-type ewes
implanted before lambing (Exp. 3), at lambing or at both times (Exp. 4), mik fat
concentration was not affected. This heterogeneity of effects on milk fat could be due
to the fact that the modulation of lipid metabolism by melatonin varies across different
species (Le Gouic et al., 1997; Bartness et al., 2002). Furthermore, the specific role of
melatonin in controlling the synthesis of fat in milk remains unclear (Wang et al., 2019;
Abecia et al., 2021).

In both goat and dairy sheep experiments (Exp. 1 and 2), no effects on protein
and lactose concentrations were observed after the application of exogenous
melatonin in late gestation. Similarly, there were no differences in these milk components
when melatonin was implanted in meat ewes either in late pregnancy, at lambing, or at
both times (Exp. 4). The absence of effects of exogenous melatonin on milk protein and
lactose has also been reported in mid lactating cows (s.c injections of 4.64 mg melatonin
for 4 d), mid and late lactating goats (s.c implants; 2 mg/kg live weight at 50 and 110
DIM) and lactating ewes (s.c melatonin implant of 18 mg at 24 h after lambing) (Wang
et al., 2019; Yang et al., 2020; Abecia et al., 2021). These findings suggest a pattern with

low variability in milk protein a lactose content in different species and physiologic stages.

122



General discussion

In small ruminants, under various farming and feeding systems, protein content is more
stable than fat content in milk (Barillet 2007; Morand-Fehr et al., 2007). Likewise, milk
lactose concentrations exhibit minimal variability, as lactose is the primary compound

influencing milk osmolality (Costa et al., 2020).

In addition to the nutritional parameters of the milk, the SCC was also measured
to evaluate the effect of melatonin on the status of udder health in dairy small ruminants.
On the one hand, in the study of goats (Exp. 1), melatonin implants administered 30 d
before kidding did not improve this indicator of mammary health in any of the three
sampling periods (45 -107 d after implantation). Similar results were reported by Yang et
al. (2020) in lactating Mongolian Cashmere Goats implanted with melatonin (2 mg/kg

live weight) at d 50 and 110 of lactation.

On the other hand, in the experiment involving dairy ewes (Exp. 2), exogenous
melatonin provided by melatonin implants 40 d before lambing reduced the SCC in milk.
In the group that received two melatonin implants, low SCC was observed until the third
milk sampling (August), which was 133 d after melatonin implantation. Ewes that
received one melatonin implant, however, presented an effect on SCC in the second
sampling (July), 100 d after implantation. Melatonin implants can release the hormone
for up to 100 d in sheep (Forcada et al., 2002); therefore, apparently, one implant can
have an effect on the mammary gland up until the implant is exhausted. In ewes that
received two implants, the effects of exogenous melatonin persisted for an additional
month. A similar decrease in SCC was observed in Sardinian sheep implanted with
melatonin in the second month of lactation. This effect became evident a month and a
half after implantation, and persisted in the following samplings (Cosso et al., 2021).
Additionally, cows exhibited a decrease in SCC after 14 and 21 d of rumen bypass
melatonin feeding (40 or 80 mg/d). Even five to seven days after stopping melatonin
administration, the residual effects on the decline of SCC are likely to remain (Yao et al.,
2020). These results may be a consequence of the enhancement of the udder immune
system. The mechanisms involved in the reduction in SCC may be mediated either
through the ability of this hormone to reduce neutrophil infiltration and the inflammatory
reaction (Shin et al., 2015) or through the antioxidative effect of melatonin that is more
prepared for protecting leucocytes from oxidative damage (Jiménez et al., 2009; Najafi
et al., 2017). Moreover, it was reported that melatonin suppressed and enhanced anti-
infammatory cytokines under different pathophysiological conditions (Yu et al., 2017),
which in turn may have facilitated the reduction in the SCC observed in the experiment

of dairy ewes.

In experiments with small dairy ruminants, the effects of melatonin on SCC may

reflect species-specific differences (Avilés et al. 2019). The different responses to
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melatonin implantation in the experiment of goats and sheep could be due to factors
associated with the specific characteristics of SCC linked to each species. These species-
specific differences are mainly due to the higher SCC in uninfected goat halves, the
higher apocrine component of goat milk secretion compared to sheep (Paape et al,,
2001; Contreras et al., 2007). Moreover, there is a distinction in SCC profiles reflected in
the predominant cell types present. Polymorphonuclear neutrophilic leukocytes (PMNs)
were the predominant cell type in milk from healthy uninfected goats, comprising 40 to
80% of the SCC. In contrast, milk from healthy uninfected sheep primarily contains
macrophages, accounting for 45-88% of the SCC, while PMNs constitute 10-35%,

lymphocytes 10-17%, and epithelial cells 2-3% (see review Kaskous et al., 2023).
5.3. Colostrum

In the study of dairy goats (Exp. 1) and meat-type ewes (Exp. 4), the immunity
quality of colostrum did not differ significantly between melatonin-treated groups and
control animals. Similarly, Bouroutzika et al. (2021) did not observe differences in the IgG
concentration of the colostrum of pregnant ewes treated or not with melatonin, but they
found a better redox status in lambs born from melatonin-treated ewes, as well as higher
antioxidant capacity in the colostrum of melatonin-treated ewes compared with that of

the untreated ones.

In the dairy ewe experiment (Exp. 2), melatonin implants increased the IgG
concentrations in colostrum, which is consistent with earlier finding that exogenous
melatonin implanted one month before lambing had a positive effect on colostrum
quality as reflected in an increase in IgG concentrations (Abecia et al., 2020). Studies by
Flinn et al. (2020 b,c) on Merino ewes treated with melatonin in the second half of
pregnancy have not directly evaluated the effects on colostrum quality. Furthermore,
although no differences in serum IgG of the lambs were found, exogenous administration
of melatonin produced an increase in the survival rate of second-born twin lambs.
Considering the critical importance of colostrum for newborn survival (Hernandez-
Castellano et al., 2016), this suggests that melatonin may enhance lamb survival by

improving immunological colostrum quality.

Furthermore, the effects of melatonin on humoral immune responses could be
related to the immune status of the animals at the time of melatonin administration. In
particular, the immunomodulatory action of melatonin in vivo was most evident during a
state of immune depression (Bouroutzika et al. 2021). In the present PhD thesis, dairy goats
(Exp. 1) and meat ewes (Exp. 4) appear to have a good immune condition shown by
higher colostrum IgG levels (dairy goat: 51.06-52.27 mg/ml; meat-type ewes: 25.71-28.84

mg/ml), which resulted in an absence of response to melatonin treatment. However, it is
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likely that dairy ewes (Exp. 2) had a low immunity, indicated by their lower colostrum IgG
concentrations (16.99-24.41 mg/ml), and responded to melatonin treatment by

improving the immunological quality of their colostrum.

In relation to the °Brix, which is considered as a tool for assessing colostrum quality,
there are few studies that have evaluated sheep and goat colostrum quality on-farm by
this way (Kessler et al., 2021). In the present thesis, the °Brix of colostrum did not differ
significantly between treated and control animals. It should be mentioned that the °Brix
were within the values reported for goat (21.6 + 5.3 °Brix) and sheep (28.5 + 6.8 °Brix) by
Kessler et al. (2021).

Regarding the effects of melatonin on the nutrient composition of colostrum,
experiments with small dairy ruminants did not show any effect on its components.
However, in the Rasa Aragonesa meat-type experiment (Exp. 4), protein concentrations
of the colostrum were highest in those ewes implanted 30 d before lambing (M-0). In
agreement with these findings, Bouroutzika et al. (2021) observed that sheep receiving
their last melatonin implant similarly toward the end of the third month of gestation (100
d) had higher colostrum protein concentrations. As melatonin plays a role in mediating
ruminal microbes and their metabolic pathway (Fu et al., 2023), itis likely that the increase
in colostrum protein could be attributed to a change in rumen microorganisms.
Additionally, in the same experiment with Rasa Aragonesa ewes (Exp. 4), an increase in
the concentration of lactose in the colostrum was observed in those ewes implanted
during gestation (M-0). Although there are no reports of this effect in ruminant species, it
is likely that the increase of lactose concentration in the colostrum of the group is the
result of a greater energy availability in the form of glucose, a precursor of lactose
(Banchero et al., 2004). Recent research findings have suggested the involvement of
melatonin in glucose metabolism in mammals (Watanabe et al., 2023). Therefore, this
melatonin effect on energetic metabolism could justify the higher levels of lactose

observed in colostrum.
5.4. Growth

Similar to the studies of Flinn et al. (2020b, c), the Rasa Aragonesa breed
experiment conducted at the University of Zaragoza (Exp. 4) did not detect an effect of
melatonin treatment on birth weight. In the study with the same breed under farm
conditions (Exp. 3), however, melatonin treatment increased the birth weight of single
male lambs. The nutritional status of the dams could explain the different effects on birth
weight; thus, in nutrient-restricted rats, oral melatonin enhanced the production of
placental antioxidant enzymes and may improve placental nutrient transfer capacity,

fetal organ development, birth weight and fetal growth (Richter et al., 2009).
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This thesis found that melatonin implants have differential effects on Rasa
Aragonesa lambs, varying across various developmental periods, litter size, sex of the
lamb, and the timing of implantation. In the study conducted during the fattening period
(Exp. 5), subcutaneous melatonin implants inserted at day 30 of age had no significant
effect on the LW, ADG or ultrasound evaluation of the longissiums dorsi in Rasa
Aragonesa lambs. However, in other experiments during the rearing period, the effects
of melatonin implants were significant on lamb LW. The experiment under farm conditions
(Exp. 3) demonstrated that lambs born from ewes that had received a melatonin implant
in the last third of pregnancy had the highest LW during lactation and grew faster than
did lambs born of non-implanted ewes. Additionally, under experimental conditions (Exp.
4), implants inserted before and at lambing increased the LW of lambs. These increasing
effects of melatonin on LW are in accordance with Avilés et al.(2019) and Abecia et al.
(2021), who reported that during suckling period, development was highest in pre-
weaning kids and lambs of dams that had received exogenous melatonin implant in the

dry period or 24 hours after parturition, respectively.

Although in the rearing experiments (Exp. 3 and 4) lambs did not receive a
melatonin implant, they were supplemented indirectly through the maternal circulation
or the milk. The transplacental transfer of melatonin from the maternal circulation to the
fetus has been documented in ewes (Zemdegs et al., 1988). Recently, in vitro experiments
have shown that mechanisms of the efficient transport of melatonin into mik are
mediated by the ovine ATP-binding cassette G2 (ABCG2) (Alvarez-Fernandez et al.,
2023). This indirect melatonin supplementation has been shown to potentially enhance
growth in small ruminants by the capacity to control hormone levels, mitigate oxidative
stress, and regulate ruminal function. Melatonin has been associated with the increased
of growth hormone, estradiol and testosterone plasma concentration, which are crucial
for muscle growth and body structural formations (Molik et al., 2010; Ma et al., 2022). The
antioxidative properties of melatonin may prevent muscle degradation under oxidative
stress (Bantounou et al., 2022). Possibly, the mechanism used to remove aged and
damaged cells during development, and protects cells, is by enriching the expressions
of genes in the apoptosis pathway, especially in CytC, PARP1 and IL1-3 genes (Ma et al.,
2022). Furthermore, melatonin seemed to ameliorate the rumen microflora in lambs by

enhancing nutrient absorption and increasing muscle and fat cell size (Ma et al., 2022).

On the other hand, the improvement of live weight and growth may be through
the beneficial effect of melatonin on colostrum and milk. The effects of melatonin
implants in the mothers on the growth of male lambs might have been because they
consumed more colostrum. In addition to increasing neonate survival, access to

colostrum in the neonatal period can have a positive effect on future production,
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development, and reproductive efficiency of lambs through growth factors that
facilitate neonatal growth and development. Previously, Abecia et al. (2021)
demonstrated that melatonin implant at lambing had a significant effect on milk quality,
specifically, increasing fat content in milk. In another study in goats (Avilés et al., 2019),
melatonin implants inserted seven weeks before kidding had a significant effect on milk
production in the subsequent lactation and improved the daily weight gain of their

suckling kids.

A sex effect of melatonin implants on LW was observed. The effects of treating
with melatonin ewes in pregnancy were strongest in single male (Exp. 3) and female (Exp.
4), while administration at lambing specifically enhanced LW in male lambs (Exp. 4).
Abecia et al. (2021) reported that the effects of melatonin implants in the mothers was
significant in male lambs, only; specifically, male lambs reared by melatonin-treated
ewes had significantly higher LW at weeks 2, 3, and 4 than did male lambs that had been
reared by untreated ewes. In goats, melatonin implants in the dry period increased the
weight gain of male offspring, only (Avilés et al., 2019). Wallace et al. (2014) reported
that, in early postnatal life, lamb sex had a significant effect on adipose tissue gene
expression in favor of male lambs because female lambs had lower IGF1, IGF2, IGF1R,
IGF2R, and hormone-sensitive lipase mRNA expression levels, which are associated with

growth and reflect the sexual dimorphism in body composition.

Our studies indicate that the effects of melatonin on the LW of lambs were
influenced by the pattern of delivery from the implant and its timing of administration.
Specifically, the impact was related to the onset of release and duration of hormone
availability. In the experiment 4, the number of days since implantation of the ewe
influenced the effects of exogenous melatonin on the LW of male and female lambs; i.e.,
in male and female lambs, the effects were apparent at 30 d and 49 d after implantation
of the dam, respectively. Zufiga et al. (2002) showed that melatonin implants in ewes (18
mg melatonin) gradually release the hormone to various tissues, and plasma melatonin
concentrations were highest 37 d after implantation. Meanwhile, under farm conditions
(Exp. 3), the correlations between implantation-weaning interval and the LW and AGR of
lambs, indicated that the efficacy of the melatonin implants in improving lamb
performance was greatest for individuals in which the melatonin implant was inserted
close to parturition. The implants can release melatonin for up to 100 d (Forcada et al.,
2002), therefore, probably, the poorer performances of the lambs from ewes implanted
> 30 d before lambing was due to the earlier absorption of the implant, so that the

beneficial effects of melatonin on milk production diminished earlier in lactation.
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5.5. Body measurements

In experiment 4, the morphometrics measurements demonstrated that male
lambs from melatonin-treated ewes at lambing showed the largest chest girth at
weaning. Supporting this, Ma et al. (2022) found that exogenous melatonin in doses of
3.5 or 4.0 mg/kg increased chest width in two-month-old lambs beginning 30 d after
implantation. In our study, CG, WH, RH, and SW were shortest in the female lambs that
were born from ewes that had received a melatonin implant at lambing. Despite the
melatonin implant, which should not have immediately influenced the lambs at birth due
to the hormone's delayed bioavailability (Zafiga et al., 2002), other factors like genetic
potential, litter size, and environmental conditions likely contributed birth size and

development.
5.6. Feeding convertion rate

To our knowledge, the fattening experiment (Exp. 5) is the first to demonstrate a
direct effect of melatonin implants on FCR in post-weaning lambs, and an interaction
effect between melatonin treatment and animal sex. Specially, this experiment found
that female implanted lambs had a significantly lower FCR (3.47) than non-implanted
female lambs (3.85). In a study designed to determine whether melatonin and light- dark
schedule influence energy metabolism and performance in broiler chicken, Apeldoorn
et al. (1999) found a reduction in energy expenditure for physical activity caused by
melatonin supplements in the diet, which might have caused the improvement in the
FCR in melatonin-supplemented chickens. However, it remains uncertain why itimpacted
adipose tissue development more in females than it did in males. Clearly, melatonin

implants influenced energy balance in growing female lambs.
5.7. Rectal and surface temperatures

In this PhD thesis, different effects of exogenous melatonin on rectal and surface
temperature were observed in experiments 4 and 5. These effects are likely influenced
primarily by the action of melatonin on thermogenic tissues such as BAT. Additionally, the
role of melatonin receptors in the vascular regulation may account for variations in

thermoregulatory responses in lambs.

Melatonin implants in the dam did not affect rectal temperature in newborn
lambs (Exp. 4). Similar results have been reported in sheep reared under extensive
conditions that had received subcutaneous (18 or 36 mg melatonin/ewe) or oral
melatonin (140 mg/ ewe) in gestation (Flinn et al., 2020b, c), and in sheep reared in
permanent housing implanted (18 mg melatonin/ewe) at the third or fourth month of

pregnancy (Abecia et al., 2020). However, in the lambs implanted at 30 d of age (Exp.
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5), the rectal temperature was significantly lower in the MEL lambs than it was in

the CTR lambs.

In our study of melatonin-treated ewes (Exp. 4), thermography indicated that MT
and HT were highest in lambs born of dams that had received a melatonin implant in
pregnancy. Freitas-de-Melo et al. (2021) similarly reported that the surface temperature
of the hip was highest in lambs from ewes that received a melatonin implant at 100 d of
gestation. The improvement in the primary mechanism for neonatal thermogenesis might
be because of an increase in BAT caused by melatonin supplementation of pregnant
sheep (Sales et al., 2017, 2019). In addition, fetal hypoxia increases the concentration of
plasma norepinephrine, which causes peripheral vasoconstriction and a reduction in
surface temperature (Sahni, 2017). Prenatal melatonin supplementation can protect the
fetus against acute hypoxia in sheep (see review by Flinn et al., 2020a); therefore, lambs
from implanted mothers might indirectly display vasodilation in the peripheral blood
system (which increases surface temperature). Furthermore, the interaction between
melatonin treatment and sex indicated that the effects of exogenous melatonin
were most prominent in male lambs, and males from pregnant implanted ewes had
higher surface temperatures in most of the areas measured (RT, ST, MT and HT)
than did control male lambs. Clarke et al. (2012) stated that there is a sexual
dimorphism in the regulation of thermogenesis at the following three levels: 1) direct
effects on peripheral tissues, 2) intrinsic central regulation of sympathetic outflow, and 3)

of metabolic factors such as leptin.

However, in the experiment involving melatonin implantation of lambs at 30 d of
age (Exp. 5), body temperature was lower in melatonin-treated lambs than it was in
untreated lambs. In a study of the effects of exogenous melatonin on rectal and
body surface temperatures in donkeys subjected to packing in the hot-dry season
in Nigeria, Ake et al. (2023) demonstrated that melatonin had hypothermic effects
on the rectal and surface temperatures of the donkeys. In our experiment (Exp. 5),
the effects of melatonin on BAT would be limited, as these older animals do not produce
or have significant amounts of BAT. This is because BAT develops during the fetal stage
(Bienboire-Frosini et al., 2023). Additionally, as lambs mature, thermogenesis decreases
rapidly during the first weeks after birth, and BAT is replaced by white adipose tissue
(Thompson & Jenkinson, 1969). Considering that the temperature to which the animals
were exposed at the time of the experiment, when the thermography was performed,
was low (11 °C), lambs were losing body heat to the environment to compensate cold
temperatures, so thatitis likely that MEL lambs have a higher ability to thermoregulate
their bodies under cold ambient temperatures. When ingested as a supplement in

humans, melatonin blunts the cutaneous vasoconstrictor response during cooling (Aoki
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et al., 2008). As treated lambs presented a lower surface temperature, they likely had
a greater level of vasoconstriction and therefore, a better capacity to retain body
heat. Moreover, a greater level of vasoconstriction may be related to the fact that
MEL lambs consumed less concentrate than CTR lambs, and thus, a lower need to
increase metabolic rate by consuming more food, which in turn can be related to the

lower activity exhibited by MEL lambs.

As observed, in experiment 4, the melatonin effects were vasodilatory, while in
experiment 5, they were vasoconstrictive. These contradictory effects could be
explained by the diverse actions of melatonin on vascular system. Melatonin
predominantly acts through two membrane-bound receptors (MT1 and MT2), whose
opposite effects have been demonstrated: the activation of MT1 elicits vasoconstriction

and MT2 elicits vasodilatation (Doolen et al., 1998).
5.8. Locomotor activity (LA) and circadian rhythms

In our experiment (Exp. 5), melatonin-treated lambs were less active than were
non-treated lambs. The earliest evidence of a direct effect of the pineal hormone on the
locomotor activities of vertebrates was found when the removal of the pineal gland from
house sparrows, maintained in constant darkness, eliminated the free-running circadian
rhythm of LA (Zimmerman & Menaker, 1975), and when a subcutaneous injection of
protein-free pineal extract reduced running wheel activity in rats, and a pinealectomy
increased activity (Ozaki et al., 1976). Furthermore, melatonin reduces pain and anxiety,
which puts rodents into a tranquilization state (Golombek et al., 1996). Although cortisol
levels were not measured in our study, it is plausible that a similar calming effect might
have occurred in our lambs. Despite these effects, all lambs exhibited a circadian rhythm
in activity on every day of the fattening period, and melatonin treatment did not have a

significant effect on mean MESOR or amplitude.
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6.1. CONCLUSIONS

The conclusions derived from the results obtained in the five experiments carried out

during this PhD thesis are presented below:

1) The administering of subcutaneous melatonin implants 30 d before kidding had a
significant effect on milk yield and composition in dairy goats reared under commercial
farm conditions. Specifically, exogenous melatonin increased milk yield and milk daily
components in the second month of lactation and fat milk concentration at the

beginning and at mid-lactation.

2) Ewes that received one or two melatonin implants 40 d before lambing produced
colostrum that had a higher IgG concentration than that produced by non-implanted
dairy ewes, and produced more milk, which had a lower SCC. The effect on SCC was

prolonged if the sheep received two melatonin implants.

3) Melatonin treatment of preghant meat-type ewes before lambing increased lamb
performance until weaning and, in particular, the effects were observed in singleton

male lambs, who had the highest LW at birth and weaning, and the highest growth rate.

4) The administration of melatonin to ewes in late preghancy (30 d before lambing)
increased the concentration of protein and lactose in the colostrum of Rasa Aragonesa,
a meat sheep breed. Implants inserted immediately after lambing, only, tended to
increased lamb performance (especially, the LW of male lambs). The addition of a
melatonin implant in pregnancy and lambing did not add to the effects that exogenous
melatonin had on lamb growth. Thermography indicated that the application of
melatonin in pregnancy might influence thermoregulation in the lamb at birth, which can
increase in the temperatures of the mid-loin and the hip surface, particularly, in male

lambs under intensive conditions.

5) Treatment with exogenous melatonin at 30 days of age in fattening lambs improved
food efficiency rate, especially in females, probably, because of a reduction in the
metabolism of treated lambs, as indicated by the lower body temperature and LA
exhibited by these animals. Furthermore, the reduction in the body temperature in
lambs that received melatonin implants suggests the possibility of improving lamb

performance in the summer fattening period, when lambs are exposed to heat stress.
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6.2. CONCLUSIONES

A continuacion, se presentan las conclusiones derivadas de los resultados obtenidos en

los cinco experimentos realizados durante esta tesis doctoral:

1) La administracion de implantes subcutaneos de melatonina 30 d antes del parto tuvo
un efecto significativo sobre la produccién y composicion de la leche en cabras
lecheras criadas bajo condiciones comerciales. En particular, la melatonina exégena
aumento la produccion de leche y los componentes diarios de la leche en el segundo
mes de lactacion, asi como la concentracion de la grasa lactea al inicio y a mitad de

lactacion.

2) Las ovejas lecheras que recibieron uno o dos implantes de melatonina 40 d antes del
parto produjeron un calostro con mayor concentracion de IgG en comparacion con las
ovejas no implantadas, ademas produjeron mas leche con un menor RCS. El efecto
sobre el RCS fue mas prolongado cuando las ovejas recibieron dos implantes de

melatonina.

3) El tratamiento con melatonina en ovejas de carne gestantes antes del parto aumento
el rendimiento de los corderos hasta el destete. En particular, los efectos fueron mas
evidentes en los corderos machos Unicos, que tuvieron un mayor PV al nacimiento y al

destete, ademas de una mayor tasa de crecimiento.

4) La administracion de melatonina a ovejas al final de la gestacion (30 dias antes del
parto) incrementd la concentracion de proteinay lactosa en el calostro de la raza ovina
de carne Rasa Aragonesa. Los implantes administrados inmediatamente después del
parto, Unicamente, tendieron a aumentar el rendimiento de los corderos
(especialmente, el PV de los corderos machos). Sin embargo, la combinacién de
implantes de melatonina tanto en la gestacidon y en el parto no sumoé a los efectos de la
melatonina exégena sobre el crecimiento de los corderos. La termografia sugiere que
la aplicacion de melatonina en la gestacion podria influir en la termorregulacién del
cordero al nacer, al aumentar las temperaturas superficiales del lomo medio y de la

cadera, en particular en los corderos machos bajo condiciones intensivas.
5) El tratamiento con melatonina exégena a los 30 dias de edad en corderos de cebo

mejoré la eficiencia de conversidn alimentaria, especialmente en las hembras,

probablemente debido a una reduccién en el metabolismo de los corderos tratados,
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como lo indica la menor temperatura corporal y LA observada. Ademas, la disminucion
de la temperatura corporal en los corderos que recibieron implantes de melatonina
sugiere la posibilidad de mejorar el rendimiento de los corderos en el periodo estival de

cebo, cuando estan expuestos a estrés térmico.

6.3. GENERAL CONCLUSION AND FUTURE RESEARCH

The results of these PhD thesis, and our previous findings on the effect of melatonin
at the end of pregnancy, open new possibilities to optimize lactation and the lamb
performances during the rearing period. In addition, melatonin plays an important role
in post-weaning lamb metabolism, and that its effects depend on animal sex, which
suggests that treatments targeting females might be most appropriate in the fattening
period.

The use of exogenous melatonin in small ruminants presents a potential strategy
to enhance the efficiency and competitiveness of animal production systems,
particularly by improving milk, colostrum and lamb growth parameters. However, in terms
of basic science, detailed knowledge of the metabolic pathway of melatonin is essential
to understand the various physiological processes associated with mechanism of actions
on sex, litter size, and effects on different tissues and organs. From an applied animal
science perspective, it remains to be elucidated what is the optimal interval between
implantation in the pregnant dams and parturition that maximizes the lactation
parameters and the growth of the lambs during the rearing period. Additionally,
comprehensive bioeconomic evaluations are necessary to assess the costs of melatonin
administration in relation to its potential benefits.

This represents a challenge for future basic and applied research. Thus, melatonin
should be exploited as sustainable alternative management strategy in animal

production, with multiple potential applications.
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The impact factor of the journals and the thematic areas corresponding to the articles
included in the thesis are presented in brackets below (except for the publication 3). This

information has been obtained from the Journal Citation ReportsTM (JCR) database.

1. Canto F., Pefia-Delgado, V., Noya, A., Manenti, |., José Abecia, J.A. (2024). Using
melatonin implants in late pregnancy increases milk production and improves milk quality
in dairy goats. Article sent to: Canadian Journal of Animal Science el 20/11/2023
(reference number: CJAS-2023-0123). Under review [Journal Impact Factor (2023): 1.2;

Subject areas: Agriculture, Dairy & Animal Science (Q3)].

2. Canto, F., Gonzdalez, E., Abecia, J.A. (2022). Effects of Implanting Exogenous Melatonin
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