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RESUMEN GENERAL

COMPORTAMIENTO PRODUCTIVO, METABOLITOS SANGUINEOS,
CALIDAD DE LA CARNE Y PRODUCCION DE METANO DE CORDEROS
SUPLEMENTADOS CON FITOGENICOS!

Los antibioticos han sido utilizados como promotores del crecimiento en
rumiantes. Sin embargo, el uso excesivo de estos productos ha provocado la
aparicion de cepas bacterianas resistentes, las cuales ponen en peligro la salud
de los animales, la calidad de los productos y la salud de los consumidores. Por
tal motivo, se ha investigado para encontrar alternativas naturales que tengan
efectos similares a los antibioticos. En un primer estudio, se evaluaron los efectos
de la suplementacion dietética con aceites esenciales (AE) sobre el
comportamiento productivo, pardmetros ruminales, metabolitos séricos y calidad
de productos derivados de pequefios rumiantes mediante un metaanalisis (MA).
La suplementacion con aceites esenciales aumentdé (p<0.05) consumo y
digestibilidad de materia seca, ganancia de diaria de peso (GDP) y disminuy6
(p<0.05) la conversion alimenticia y las emisiones de metano. En la carne, la
suplementacion con AE disminuy6 (p<0.05) la pérdida por coccién, el contenido
de malondialdehido y el recuento bacteriano. En un segundo estudio, se
evaluaron los efectos de la suplementacion dietética de un aditivo poliherbal (AP)
sobre el comportamiento productivo, energia dietética, caracteristicas de canal y
carne, y metabolitos sanguineos de corderos en finalizacion. Comparado con el
tratamiento control, los corderos suplementados con una dosis baja de AP (1 g
/kgt MS) tuvieron mayor GDP (p=0.03), eficiencia de utilizacién de energia
dietética (p=0.01) y area del masculo Longissimus dorsi (p=0.01). Sin embargo,
la suplementacion con AP no afecto las caracteristicas de la canal y la carne, ni
la mayoria de los metabolitos sanguineos. En conclusion, es posible utilizar AE
para mejorar la tasa de crecimiento y reducir las emisiones de metano en
pequefios rumiantes. Ademdas, el AP podria utilizarse para mejorar el
comportamiento productivo y la eficiencia de utilizacion de la energia dietética en
corderos.

Palabras clave: aceites esenciales, mezcla poliherbal, ovinos, calidad de
productos.

! Tesis de Maestria en Ciencias en Innovacion Ganadera, Posgrado en Produccion Animal,
Universidad Auténoma Chapingo

Autor: Griselda Dorantes Iturbide

Director: Alejandro Lara Bueno



PRODUCTIVE PERFORMANCE, BLOOD METABOLITES, MEAT QUALITY
AND METHANE PRODUCTION OF LAMBS SUPPLEMENTED WITH
PHYTOGENICS?

Antibiotics have been used as growth promoters in ruminants. However, the
excessive use of these products has caused the appearance of resistant bacterial
strains, which endanger the health of the animals, the quality of the products, and
the health of consumers. For this reason, research has been done to find natural
alternatives with similar effects to antibiotics. In a first study, the effects of dietary
supplementation with essential oils (EO) on productive performance, ruminal
parameters, serum metabolites, and quality of products derived from small
ruminants were evaluated through a meta-analysis. Supplementation with
essential oils increased (p<0.05) dry matter intake and digestibility, daily weight
gain (DWG), and decreased (p<0.05) feed conversion and methane emissions.
EO supplementation decreased (p<0.05) cooking loss, malondialdehyde content,
and bacterial count in meat. In a second study, the effects of dietary
supplementation of a polyherbal additive (PA) on productive performance, dietary
energy, carcass and meat characteristics, and blood metabolites of finishing
lambs were evaluated. Compared with the control treatment, lambs supplemented
with a low dose of PA (1 g /kg' DM) had higher DWG (p=0.03), dietary energy
utilization efficiency (p=0.01), and Longissimus dorsi muscle area (p=0.01).
However, AP supplementation did not affect carcass and meat characteristics and
most blood metabolites. In conclusion, using EO to improve growth rate and
reduce methane emissions in small ruminants is possible. Furthermore, PA could
improve lambs” productive performance and dietary energy utilization efficiency.

Keywords: essential oils, polyherbal additive, sheep, quality of products.

2 Master of Science Thesis in Livestock Innovation, Graduate Program in Animal Production,
Universidad Auténoma Chapingo

Author: Griselda Dorantes Iturbide
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1. INTRODUCCION GENERAL

Los antibioticos se han utilizado ampliamente como promotores del crecimiento
en animales domesticos (Balcells et al., 2012; Razo et al., 2020). Sin embargo,
debido a la aparicion de cepas bacterianas resistentes a antibiéticos y sus efectos
en los animales y en humanos, su uso se ha prohibido en varios paises (Balcells
et al., 2012; Olagaray & Bradford, 2019; Zhang, Jiang, Jin, Li, & Zhong, 2021). Por
lo anterior, es importante investigar plantas con propiedades nutracéuticas como
sustitutos de promotores del crecimiento convencionales (North, Dalle, &
Hoffmane, 2019; Olagaray & Bradford, 2019). La mezcla poliherbal denominada
ImmuPlus® esta constituida de Withania somnifera, Ocimum tenuiflorum,
Tinospora cordifolia y Emblica officinalis, la cual contiene alta concentracion de

aceites esenciales (AE) y flavonoides (Razo et al., 2020).

Los AE y sus metabolitos bioactivos tienen diversos efectos biolégicos, como
antimicrobianos, antiinflamatorios y antioxidantes. Benchar y Greathead (2011)
encontraron que los AE mejoran la eficiencia de la utilizacion de energia y la
ingesta de nutrientes por parte de los rumiantes. Por otra parte, Calsamiglia,
Busquet, Cardozo, Castillejos y Ferret (2007) indican que la adicion de algunos
AE en la dieta puede reducir las emisiones de metano y mejorar la produccién de
acidos grasos volatiles, y el metabolismo de las proteinas en los rumiantes. De
acuerdo con Smeti et al. (2021), la inclusién de aceites esenciales puede ser util
como suplemento en las raciones de pequefios rumiantes, ya que mejora el
estado oxidativo y el color de la carne sin efectos negativos en el perfil de acidos

grasos.

Por otro lado, el efecto de los flavonoides en el comportamiento productivo, asi
como las caracteristicas de calidad de la carne y la canal han sido poco evaluados
en rumiantes, y los resultados aun son inconsistentes (North et al., 2019; Olagaray

1



& Bradford, 2019). En no rumiantes, se ha encontrado que los flavonoides
modifican la cantidad de grasa en la canal (Ouyang, Adeyemi, & Sazili, 2016),
mejoran la composicion de acidos grasos, la estabilidad oxidativa y el color de la
carne (Dabbou et al., 2018; Ouyang et al., 2016; Xiu-Dong et al., 2018). Estudios
recientes (Ahmadipour, Hassanpour, & Khajali, 2018; Hassan et al., 2019; Ouyang
et al., 2016) demostraron que la suplementacion dietética de flavonoides modula
la expresion relativa de genes lipogénicos y antioxidantes, lo cual ha sido asociado
con cambios positivos en la estabilidad oxidativa y deposicion de grasa en la carne

y la canal del ganado.

La suplementacion dietética con un AP que contenga aceites esenciales y
flavonoides puede mejorar la productividad, salud y calidad de la carne de
pequefios rumiantes; ademas, puede reducir la emisibn de metano. Por lo
anterior, el objetivo de este estudio fue evaluar el efecto del AP ImmuPlus® en el
comportamiento productivo, eficiencia de utilizacibn de la energia dietética,
caracteristicas de la canal, calidad de la carne y metabolitos sanguineos de

corderos en finalizacion.
Estructura de la tesis

El Capitulo 2 es un metaandlisis que sintetiza cuantitativamente la informacién
publicada en revistas cientificas revisadas por pares, desde enero de 2010 hasta
mayo de 2022, sobre los efectos de la suplementacion dietética con aceites
esenciales en el comportamiento productivo, metabolitos sanguineos,

parametros ruminales y calidad de la carne y leche de pequefios rumiantes.

En el Capitulo 3 se presentan los resultados de un trabajo experimental en el que
se evaluaron los efectos de diferentes niveles de un AP, el cual contiene aceites

esenciales y flavonoides, sobre el comportamiento productivo, eficiencia de



utilizacion de la energia dietética, caracteristicas de la canal, calidad de la carne

y metabolitos sanguineos de corderos en finalizacion.
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Simple Summary: Essential oils can be used to improve animal performance as well as the health
and quality of livestock products. The aim of this study was to evaluate the effects of essential
oil supplementation on animal performance, ruminal fermentation, blood metabolites, and meat
and milk quality of small ruminants through a meta-analysis. Supplementation with essential oils
improved weight gain, milk production and composition, oxidative stability of meat, and blood
serum antioxidant enzyme activity. Additionally, essential oils decreased methane emissions. This
suggests that the inclusion of essential oils in the diets of small ruminants could be used to improve
animal performance and the quality of meat and milk, in addition to reducing the environmental
impact and oxidative stress of the animals.

Abstract: There is an increasing pressure to identify natural feed additives that improve the pro-
ductivity and health of livestock, without affecting the quality of derived products. The objective
of this study was to evaluate the effects of dietary supplementation with essential oils (EOs) on
productive performance, rumen parameters, serum metabolites, and quality of products (meat and
milk) derived from small ruminants by means of a meta-analysis. Seventy-four peer-reviewed
publications were included in the data set. Weighted mean differences (WMD) between the EOs
treatments and the control treatment were used to assess the magnitude of effect. Dietary inclu-
sion of EOs increased (p <0.05) dry matter intake (WMD = 0.021 kg/d), dry matter digestibility
(WMD = 14.11 g/kg of DM), daily weight gain (WMD = 0.008 kg/d), and feed conversion ratio
(WMBD = —0.111). The inclusion of EOs in small ruminants’ diets decreased (p < 0.05) ruminal am-
monia nitrogen concentration (WMD = —0.310 mg/dL), total protozoa (WMD = —1.426 x 105/mL),
methanogens (WMD = —0.60 x 107 /mL), and enteric methane emissions (WMD = —3.93 L/d) and
increased ruminal propionate concentration (WMD = 0.726 mol/100 mol, p < 0.001). The serum urea
concentration was lower (WMD = —0.688 mg/dL; p = 0.009), but serum catalase (WMD = 0.204 ng/mL),
superoxide dismutase (WMD = 0.037 ng/mL), and total antioxidant capacity (WMD = 0.749 U/mL) were
higher (p < 0.05) in response to EOs supplementation. In meat, EOs supplementation decreased (p < 0.05)
the cooking loss (WMD = —0.617 g/100 g), malondialdehyde content (WMD = —0.029 mg /kg of meat),
yellowness (WMD = —0.316), and total viable bacterial count (WMD = —0.780 CFU/g of meat). There
was higher (p < 0.05) milk production (WMD = 0.113 kg /d), feed efficiency (WMD = 0.039 kg/kg),
protein (WMD = 0.059 g /100 g), and lactose content in the milk (WMD = 0.100 g/100 g), as well as
lower somatic cell counts in milk (WMD = —0.910 x 10° cells/mL) in response to EOs supplementa-
tion. In conclusion, dietary supplementation with EOs improves productive performance as well
as meat and milk quality of small ruminants. In addition, EOs improve antioxidant status in blood
serum and rumen fermentation and decrease environmental impact.
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1. Introduction

In ruminants, antibiotics have been used for several years to prevent and cure diseases,
as well as to improve growth and the efficiency of conversion of ingested feed into products
for human consumption, such as meat and milk [1]. However, due to the inappropriate
use of antibiotics, the emergence of bacteria with resistance to their effects is currently
among the main threats to global health [2]. In addition, the extensive use of antibiotics in
ruminants can generate antibiotic residues in meat and milk, which when consumed by
humans can affect their health [3]. Therefore, in recent years, the interest in the use of natural
products to improve the health and productivity of livestock has increased [4]. Among
these, EOs are plant-derived products that have gained greater economic relevance [5].
EOs extracted from plants are obtained by distillation and are composed of mixtures of
low-weight molecules, such as terpenes (monoterpenes and sesquiterpenes), terpenoids,
ketones, aldehydes, and alcohols [6].

It has been reported that EOs and their bioactive metabolites have diverse biological
effects, such as antimicrobial, anti-inflammatory, antioxidant, and antiparasitic, among
others [6,7]. In previous studies, the effects of EOs as dietary additives have been evaluated
mainly in non-ruminants [8-10]. Therefore, information on the effects of dietary inclusion
of EOs in ruminants is still limited. However, there is evidence that EOs can improve the
efficiency of energy utilization and nutrient intake by ruminants [11]. Moreover, moder-
ate doses of some EOs in a diet can improve volatile fatty acid production and protein
metabolism in ruminants [12], while, at high doses, some EOs can decrease methane pro-
duction [13]. In contrast, EOs have been reported to have no positive effects on productive
performance and nutrient utilization efficiency in ruminants [1]. Furthermore, a large part
of the positive effects of EOs on ruminal fermentation have been obtained from in vitro
studies and using high doses [11], which, when applied to in vivo studies in ruminants,
are likely to negatively affect feed intake [14] and ruminal fermentation [11].

Particularly in small ruminants, some studies have evaluated the effect of dietary
inclusion of EOs on animal performance [15,16], nutrient digestibility, ruminal fermenta-
tion [17,18], blood biochemistry [19,20], and meat quality [21,22], as well as milk production
and composition [23,24]. However, no conclusive results have been obtained until now,
perhaps due to the variability that exists among these studies regarding the experimental
periods, primary bioactive compounds, and the doses of EOs used [25]. Thus, identifying
and controlling this variability could help to obtain EOs that can be used in small ruminants
to improve animal performance, rumen fermentation, health, and product quality.

Several review articles have been published to date [1,5,12-14] concluding that dietary
supplementation with EOs can be used to improve animal productive performance, rumen
parameters, animal health, and product quality (meat and milk) in ruminants. These
positive effects of EOs have been confirmed in beef cattle and dairy cows using meta-
analytical methods [25,26]. In a previous meta-analysis (MA), Khiaosa-ard and Zebeli [27]
evaluated the effects of dietary inclusion of EOs on rumen fermentation in small ruminants.
However, that study [27] only included six references applied to small ruminants in their
database and did not evaluate productive performance, blood metabolites, or meat and milk
quality. Although the meta-analytical approach has been used mainly in research related to
human health, its application in research on natural food additives in domestic animals
is still limited [28,29]. MA allows to combine and quantitatively synthesize previously
published results from multiple independent studies [30]. In addition, with the use of MA,
it is possible to identify sources of heterogeneity among studies performed on the same
subject [31].

Considering the mentioned antecedents, the hypothesis of the present study proposes
that the addition of EOs in diets for small ruminants will benefit productive performance,
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rumen parameters, and meat and milk quality without affecting animal health. For this
reason, the objective of this meta-analysis was to evaluate the effects of dietary supple-
mentation with essential oils on productive performance, carcass characteristics, nutri-
ent digestibility, ruminal parameters, serum metabolites, and meat and milk quality of
small ruminants.

2. Materials and Methods
2.1. Literature Search and Study Selection

For this meta-analysis, PRISMA guidelines [32] were followed during the identifi-
cation, selection, and inclusion of previous studies, as shown in Figure A1. To identify
previous studies that evaluated the effects of dietary inclusion of EOs on animal perfor-
mance, carcass characteristics, nutrient digestibility, ruminal parameters, serum metabolites,
as well as meat and milk quality of small ruminants, a systematic search for information
was performed in the PubMed, Web of Science, ScienceDirect, and Scopus databases. The
keywords used were essential oils, finishing lamb, growing lamb, finishing goat, growing
goat, lactating goat, lactating sheep, digestibility, carcass, ruminal fermentation, blood
metabolites, milk production, and meat quality. The search results were restricted to studies
published between January 2010 and May 2022. In Appendix A, Figure A1 shows the
1184 scientific publications identified. When a publication was reported in more than
one database, the duplicate was excluded. Subsequently, a two-step publication selection
process was applied [25,30,31]. First, the titles and abstracts of each publication were
reviewed to exclude studies that were not conducted in small ruminants, studies that did
not measure any of the variables of interest, studies that used infected small ruminants,
reviews, simulation articles, and in vitro experiments.

Second, to be included in the final database, the articles analyzed had to meet some
inclusion criteria, similar to those previously reported by Orzuna-Orzuna et al. [25,30,31]:
(1) studies that used small ruminants (sheep and goats) housed under confinement condi-
tions; (2) data on nutrient digestibility, animal performance, carcass characteristics, serum
metabolites, ruminal parameters, and milk quality and/or meat quality are available;
(3) studies that had control and experimental treatments with similar feeding, except for
the presence of EOs in the diets; (4) studies that indicated the dose of EOs used or have
sufficient information to estimate the dose of EOs included in the diets; (5) studies that were
written in English and published in peer-reviewed scientific journals; and (6) studies that
reported the means of the control and experimental treatments with standard deviation or
standard error and the number of replicates.

2.2. Data Extraction

Based on the inclusion criteria, only 74 articles were included in the database for
the final analysis (Table A1). Only response variables that were reported in at least three
studies were included in the database [25,30,31]. Therefore, among the variables included
in the present meta-analysis were the following: dry matter intake, dry matter and nutrient
digestibility (protein and ethereal extract, among others), daily weight gain, feed conver-
sion ratio, carcass characteristics (hot carcass weight and yield, among others), ruminal
parameters (volatile fatty acids, protozoa and bacteria, and pH and ammonia nitrogen),
serum metabolites (urea, glucose and cholesterol, among others), antioxidant enzymes in
blood serum (superoxide dismutase and catalase, among others), characteristics related
to meat quality (color, chemical composition, pH, and malondialdehyde content, among
others), as well as milk production and composition (protein and fat and lactose content).

Finally, when available, from the 74 selected publications, the publication reference
(author and year), the country where the study was conducted, the amount of forage and
concentrate in the diet (g/kg DM), the nutritional composition of the diet (g/kg DM),
the period of supplementation with EOs (days), the dose of EOs in the diet (mg/kg DM),
and the primary bioactive metabolite of the Eos were obtained. From these publications,
the number of replicates means and standard deviations (SD) for each of the control and
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experimental treatments were extracted. In articles where the SD was not reported, it
was calculated using the standard errors of the means (SEM), using the equation [33]:
SD = SEM x /n, where n = number of replicates.

2.3. Calculations and Statistical Analysis

To perform the meta-analysis, as well as for heterogeneity, publication bias, and meta-
regression analyses, the metaphor package [34] in the statistical software R (version 4.1.2)
was used. The effects of EOs as an additive in small ruminant diets were evaluated by
weighted mean differences (WMD) between treatments with EOs (diets with EOs) and
control treatments (diets without EOs). Treatment means were weighted with the inverse
of the variance, following methods previously proposed by DerSimonian and Laird [35] for
random effects models. WMD was used because it allows interpretation of the results in
the original units of measurement [28].

On the other hand, the MEANS procedure of the statistical software SAS [36] was
used to obtain descriptive statistical values of the nutritional composition of the diets.
In addition, the MIXED procedure of SAS was used to evaluate the differences in the
nutritional composition of the diets of the EOs treatments and the control treatments. For
this, random effect studies were used, as well as the Tukey test to detect differences between
treatments, as previously reported by Orzuna-Orzuna et al [25,30,31].

2.4. Heterogeneity and Publication Bias

In the meta-analysis, the heterogeneity of treatment effect was assessed with the chi-
square (Q) test, in which, due to its relatively low power, a significance level of p < 0.10
was used [37]. In addition, the I? statistic was used to measure the percentage of variation
due to heterogeneity [29]. Negative values of I (percent variation) were assigned as zero,
while values less than 25, 25 to 50, and greater than 50% indicated low, moderate, and high
heterogeneity, respectively [28,29].

On the other hand, publication bias was assessed using Egger’s regression asymmetry
test [38], which was considered significant (publication bias) when p < 0.05 was observed.
In addition, when Egger’s test was statistically significant (p < 0.05), the “trim and fill”
method of Duval and Tweedie [39] was used with the aim of estimating the possible number
of missing observations.

2.5. Meta-Regression and Subgroup Analysis

A meta-regression analysis was performed to identify sources of heterogeneity in
the variables evaluated. The meta-regression criteria were (1) p < 0.10 for the Q test [37]
or I? greater than 50% [28]; (2) p > 0.05 for Egger’s test [38]; and (3) response variables
reported in at least 10 studies [40]. In all cases, meta-regression was performed using the
method of moments of DerSimonian and Laird [35], which is well-established to estimate
the variance between studies. When covariates were significant, with p < 0.05, WMD was
evaluated by subgroup analysis. The primary bioactive compound (carvacrol, eugenol,
thymol, limonene, and linalool, among others) was used as a categorical covariate, whereas
the duration of the experimental phase (days) and the dose of EOs (mg/kg DM) were
used as continuous covariates. When covariates were significant, with p < 0.10; these were
evaluated by subgroup analysis [25,30,31]. Each of the primary bioactive metabolites was
considered a single category. Moreover, when meta-regression was significant (p < 0.05) for
each Eos supplementation period (days) and dietary dose of Eos (mg/kg DM), these two
covariates were evaluated by the subgroups: supplementation period (<70 and >70 days)
and dietary dose of Eos (<500, 501-1000 and >1000 mg/kg DM).

3. Results

3.1. Study Attributes and Excluded Studies

Table 1 shows that there were no differences (p < 0.05) between the control treatment
and the different treatments with Eos for forage, concentrate, nutrients, and metabolizable
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energy content of the diets. This suggests that, for the data set analyzed, it is possible
to exclude the effects of these components on the response of small ruminants to dietary
inclusion of Eos.

Table 1. Descriptive statistics of the complete data set for the effect of Eos supplementation on beef
cattle diets.

Parameter Mean Median Minimum Maximum SD
Dietary Features NC Control Eos Control Eos Control Eos Control Eos Control Eos
Concentrate, g/kg DM 140 4799 479.9 5000  500.0 210.0 210.0 790.0 790.0 1723 172.3
Forage, g/kg DM 140 5201 520.1 5000 5000  100.0 1000 900.0 900.0 1723 172.3
DM, g/kg DM 131 863.1 864.1 8960  896.0  455.0 4550  973.0 989.0 105.5 106.9
OM, g/kg DM 62 913.1 914.8 912.0 912.0 808.0 808.0 949.0 972.0 241 26.2
CP, g/kg DM 106 1484 147.4 1495  150.0 80.0 80.0 259.0 253.0 33.1 30.7
EE, g/kg DM 93 29.1 294 30.0 30.1 26 2.6 63.0 63.0 12.1 122
NDF, g/kg DM 102 400.8 400.8 397.3 397.3 118.2 1182 594.0 594.0 99.6 9.7
ADE g/kg DM 105 220.8 2209 2250 225.0 50.4 50.4 382.3 382.3 62.2 62.2
Starch, g/kg DM 21 2251 2251 1930  193.0 33.0 33.0 405.0 405.0 110.9 110.9
Ca, g/kg DM 79 9.46 9.49 8.0 8.0 1.0 1.0 243 24.3 4.93 4.91
P, g/kg DM 79 524 5.23 42 42 1.0 1.0 145 145 2.83 2.82
ME, Mcal/kg DM 64 277 274 251 251 1.48 148 4.59 454 1.02 1.03
Eos, mg/kg DM 164 - 1452 - 500 - 10 - 40,000 - 3844

Duration, days 162 71 69 14 288 42

NC =number of comparisons; Eos = essential 0ils; SD = standard deviation; DM = dry matter; OM = organic
matter; CP = crude protein; EE = ether extract; NDF = neutral detergent fiber; ADF = acid detergent fiber;
Ca = calcium; P = phosphorus; ME: metabolizable energy. In the same row, means followed by different letters
differ significantly by the Tukey test (p < 0.05).

In the present meta-analysis, the studies included were performed in 17 different
countries, mainly in Egypt (16.2%), China (13.5%), Spain (12.2%), Iran (9.5%), Turkey
(8.1%), and Tunisia (8.1%). Regarding the animal species, sheep were used in 75.7% of the
studies, and goats were used in the rest (24.3%). Table Al shows that the experimental
periods ranged from 14 to 288 days, while the experimental doses of Eos ranged from 10
to 40,000 mg/kg DM. The Eos were grouped based on the primary bioactive metabolite,
and in total, 20 different types of primary bioactive metabolites were observed. EOs with
mixtures of primary bioactive metabolites in similar proportions were the most commonly
used in the treatments (44.8%). Moreover, a significant proportion of the treatments used
EOs with carnosic acid (11.6%), carvacrol (6.1%), thymol (4.9%), and limonene (4.9%) as
a primary bioactive metabolite, while, in the remaining treatments (27.7%), EOs with 15
other different primary bioactive metabolites were used (Table A1).

3.2. Dry Matter Intake and Digestibility

Table 2 shows that dry matter intake increased (p < 0.001) in response to dietary
supplementation of EOs. Similarly, dietary inclusion of EOs increased (p < 0.05) dry matter
digestibility (DMD), organic matter digestibility (OMD), crude protein digestibility (CPD),
neutral detergent fiber digestibility (NDFD), and acid detergent fiber digestibility (ADFD).
However, ether extract (EE) digestibility was similar among treatments (p > 0.05).

3.3. Growth Performance and Carcass Characteristics

Table 3 shows that daily weight gain (DWG), hot carcass yield (HCY), and Longissimus
dorsi muscle area (LMA) increased in response to dietary supplementation with EOs
(p <0.05). On the other hand, dietary inclusion of EOs decreased the feed conversion ratio
(FCR; p = 0.045). However, hot carcass weight (HCW), cold carcass weight (CCW), and
backfat thickness (BFT) were similar among treatments (p > 0.05).
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Table 2. Dry matter intake and nutrient digestibility of small ruminants supplemented with essential oils.

Ttem N (NC) Hetemgeneity Egger Test 1
Control @ 35 276 =
Means (SD) WMD (95 % CI) p-Value p-Value 12 (%) p-Value
DML, kg/d 35 (76) 1.146 (0.302) 0.021 (0.013; 0.030) <0.001 0.115 17.27 0.245
Digestibility, g /kg of DM
DMD 23 (46) 652.4 (78.8) 14.11 (9.50; 18.72) <0.001 <0.001 99.24 0.073
OMD 20 (35) 662.5 (81.4) 8.81 (0.08;17.54) 0.048 <0.001 99.31 0.080
CPD 26 (49) 662.8 (93.1) 12.93 (6.64;19.21) <0.001 <0.001 99.64 0.092
EED 9 (18) 631.6 (108.5) 3.13(—21.32;27.58 0.802 <0.001 99.86 0.775
NDFD 25 (48) 504.2 (118.6) 13.00 (3.72; 22.28) 0.006 <0.001 99.87 0.116
ADFD 17 (34) 4095 (123.2) 31.04 (16.51; 45.57) <0.001 <0.001 99.74 0.066
N: number of studies; NC: number of comparisons; SD: standard deviation; WMD: weighted means differences
between control and treatments with essential oils; CI: confidence interval of WMD; p-Value to x2 (Q) test of
heterogeneity; I?: proportion of total variation of size effect estimates that is due to heterogeneity; ': Egger’s
regression asymmetry test; DML dry matter intake; DMD: dry matter digestibility; OMD: organic matter digestibil-
ity; CPD: crude protein digestibility; EE: ether extract digestibility; NDFD: neutral detergent fiber digestibility;
ADFD: acid detergent fiber digestibility.
Table 3. Growth performance and carcass characteristics of small ruminants supplemented with
essential oils.
Item N (NC) Heterogeneity Egger Test !
Control o 2 (o
Means (SD) WMD (95 % CI) p-Value p-Value I# (%) p-Value
ADG, kg/d 21 (51) 0.224 (0.08) 0.008 (0.000; 0.016) 0.037 <0.001 62.34 0.537
FCR, kg/kg 13 (33) 6.54 (3.61) —0.111 (-0.220; —0.008) 0.045 0.129 22.26 0.075
Carcass characteristics
HCW, kg 12 (24) 19.68 (5.17) —0.001 (—0.294; 0.292) 0.996 0.113 28.87 0.906
HCY, % 11 (23) 48.30 (4.51) 0.552 (—0.022; 1.126) 0.049 0.110 27.83 0.306
CCW, kg 8(17) 17.80 (5.81) —0.160 (—0.433; 0.113) 0.248 0.184 23.88 0.619
BFT, mm 6(12) 2.27 (1.11) —0.033 (—0.152; 0.085) 0.583 0412 3.39 0.062
LMA, cm? 6 (11) 15.07 (4.70) 2.074 (0.674; 3.474) 0.004 <0.001 85.01 0.839

N: number of studies; NC: number of comparisons; SD: standard deviation; WMD: weighted means differences
between control and treatments with essential oils; CI: confidence interval of WMD; p-Value to x2 (Q) test of
heterogeneity; I%: proportion of total variation of size effect estimates that is due to heterogeneity; ': Egger’s
regression asymmetry test; ADG: average daily gain; FCR: feed conversion ratio; HCW: hot carcass weight; HCY:
hot carcass yield; CCW: cold carcass weight; BFT: backfat thickness; LMA: Longissimus dorsi muscle area.

3.4. Ruminal Parameters and Ruminal Microorganisms

Table 4 shows that ruminal pH was similar between treatments (p > 0.05). Moreover,
dietary supplementation with EOs did not affect (p > 0.05) the rumen concentration of
acetate, butyrate, and the count of Entodinium, Diplodinium, Isotrichae, total bacteria, Ru-
minococcus albus (R. albus) and Fibrobacter succinogenes (F. succinogenes). However, dietary
inclusion of EOs reduced (p < 0.05) ruminal ammonia nitrogen (NH3-N) concentration,
total protozoan populations, Epidinium, methanogens, and daily enteric methane (CHy)
emissions. On the other hand, ruminal propionate concentration and relative amount of
Ruminococcus flavefaciens (R. flavefaciens) increased in response to EOs supplementation.

3.5. Blood Metabolites

Table 5 shows that dietary supplementation with EOs decreased (p < 0.05) the serum
concentration of urea, cholesterol, triglycerides, non-esterified fatty acids (NEFA), and
beta-hydroxybutyrate (BHB). On the other hand, dietary supplementation with EOs did
not affect (p > 0.05) the serum concentration of glucose, albumin, globulin, total protein,
malondialdehyde (MDA), and glutathione peroxidase (GPx). However, higher serum con-
centrations of thyroxine, catalase (CAT), superoxide dismutase (SOD), and total antioxidant
capacity (TAC) were observed in response to the dietary inclusion of EOs (p < 0.05).
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Table 4. Ruminal fermentation and ruminal microorganisms of small ruminants supplemented with
essential oils.

Item N (NO) Heterogeneity Egger Test !
M::::sting) WMD (95 % CI) p-Value p-Value % (%) p-Value
pH 31(78) 6.25 (0.33) 0.00 (—0.037; —0.038) 0.985 <0.001 71.86 0.839
NH3-N, mg/dL 29 (69) 19.40 (8.25) —0.310 (- 0.60; —0.02) 0.038 <0.001 62.58 0.241
SCFA, mol/100 mol
Acetate 30 (73) 5.04 (11.80) 0.165 (—0.71; 1.04) 0.713 <0.001 94.90 0.212
Propionate 30 (73) 21.96 (6.28) 0.726 (0.20; 1.25) 0.006 <0.001 85.88 0223
Butyrate 30 (73) 11.53 (3.68) 0.050 (—0.24; 0.34) 0.743 <0.001 83.46 0.412
Protozoa, x 10° /mL
Total 14 (34) 7.59 (3.62) —1.426 (—1.85; —1.00) <0.001 <0.001 97.91 0.268
Entodinium 6 (16) 5.51(3.14) —0.008 (—0.05; 0.03) 0.687 <0.001 80.97 0.522
Diplodidium 4(11) 0.49 (0.33) —0.107 (-0.23; 0.02) 0.094 0.086 40.772 0.177
Isotrichae 4(11) 0.31 (0.08) 0.021 (—0.05; 0.09) 0.574 0.240 21.31 0.074
Epidinium 3(7) 0.85 (0.36) —0.12 (-0.17; —0.08) <0.001 0474 0.00 NA
Microbial population, per mL of ruminal fluid
Total bacteria, x 10 8(17) 6.61 (3.24) 0.046 (—0.12; 0.21) 0.579 <0.001 71.65 0.353
R. flavefaciens, x 108 6 (11) 9.99 (6.46) 0.43 (0.013; 0.86) 0.043 <0.001 81.33 0.741
R. albus, x107 4(8) 7.70 (1.55) 0.34 (—0.32; 0.99) 0.311 <0.001 93.94 NA
F. succinogenes, x 10° 6(11) 4.99 (2.51) —042 (-0.96; 0.12) 0.129 <0.001 94.18 0.082
Methanogens, x 107 6(12) 6.319 (2.77) —0.60 (—0.88; —0.33) <0.001 <0.001 83.88 0.065
CHy, L/d 7 (13) 32.66 (11.71) —3.93 (—4.68; —3.19) <0.001 0.352 9.34 0.789
N: number of studies; NC: number of comparisons; SD: standard deviation; WMD: weighted mean differences
between control and treatments with essential oils; CI: confidence interval of WMD; p-Value to x2 (Q) test of
heterogeneity; I?: proportion of total variation of size effect estimates that is due to heterogeneity; ': Egger’s
regression asymmetry test; NA: variables with n < 10 observations, the test does not apply; NH3-N: nitrogen
ammonia; SCFA: short-chain fatty acids; CH: enteric methane; R.: Ruminococcus; F.: Fibrobacter.
Table 5. Blood metabolites and antioxidant enzymes in blood serum of small ruminants supplemented
with essential oils.
Item N (NO) Heterogeneity Egger Test !
MeC::sting) WMD (95 % CI) p-Value  p-Value P (%) p-Value
Blood metabolites, mg/dL
Urea 21 (44) 39.07(15.32) —0.688 (—1.206; —0.170) 0.009 0.103 2191 0.978
Glucose 24 (52) 62.52 (18.91) 0.587 (—0.266; 1.440) 0.178 <0.001 79.74 0.306
NEFA, mmol /L 6(12) 0.361 (0.16) —0.027 (—0.053; —0.002) 0.034 <0.001 73.76 0.616
BHB, mmol/L 3(8) 0.446 (0.15) —0.020 (—0.033; —0.007) 0.003 0.189 29.98 NA
Albumin 17 (32) 4.94 (1.05) 0.029 (—0.003; 0.061) 0.078 0.280 11.70 0.063
Globulin 13 (24) 5.99 (1.81) 0.003 (—0.088; 0.093) 0.953 0.119 29.28 0.253
Protein total 19 (28) 13.31 (2.71) —0.104 (—0.220; 0.012) 0.080 0.138 48.41 0.305
Cholesterol 20 (45) 114.30 30.6)  —5.789 (—8.651; —2.926) <0.001 <0.001 86.83 0.936
Triglycerides 16 (37)  29.90(10.18)  —2.310 (—3.667; —0.954) <0.001 <0.001 98.70 0.073
Thyroxine, ng/mL 3(6) 79.05 (4.33) 7.06 (5.51;8.61) <0.001 0.678 0.00 NA
Antioxidant status
MDA, ng/mL 5(9) 164.40 (92.50) —3.88 (—8.48;0.718) 0.098 0.521 0.00 NA
CAT, ng/mL 4(7) 1.27 (0.42) 0.204 (0.13; 0.28) <0.001 0.699 0.00 NA
SOD, ng/mL 6(12) 1.12 (0.76) 0.037 (0.004; 0.07) 0.028 0.149 31.26 0.642
GPx, nmol/mL 7 (14) 57.20 (39.30) 2.65(—17.85;23.15) 0.800 <0.001 99.98 0.346
TAC, U/mL 4(10) 6.01 (2.45) 0.749 (0.183; 1.31) 0.009 <0.001 85.01 0.811

N: number of studies; NC: number of comparisons; SD: standard deviation; WMD: weighted mean differences
between control and treatments with essential oils; CI: confidence interval of WMD; p-Value to x2 (Q) test of
heterogeneity; I?: proportion of total variation of size effect estimates that is due to heterogeneity; ': Egger’s
regression asymmetry test; NA: variables with 17 < 10 observations, the test does not apply; NEFA: non-esterified
fatty acids; BHB: beta-hydroxybutyrate; MDA: malondialdehyde; CAT: catalase; SOD: superoxide dismutase; GPx:
glutathione peroxidase; TAC: total antioxidant capacity.
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3.6. Meat Quality

Dietary supplementation with EOs decreased (p < 0.05) cooking loss (CL), shear force
(ShF), yellowness (b*), and malondialdehyde (MDA) content from day 1 to day 14 of
meat storage (Table 6). Similarly, dietary inclusion of EOs decreased (p < 0.05) the total
viable count (TVC) of bacteria, total psychrophilic bacteria (PSY), molds and yeasts (MY),
and Enterobacteriaceae bacteria (ENT) in meat. On the other hand, no significant impact
(p > 0.05) of dietary supplementation with EOs on pH, water holding capacity (WHC),
lightness (L*), redness (a*), and chemical composition (protein, fat, moisture, and ash) of
meat was observed (Table 6).

Table 6. Meat quality of small ruminants supplemented with essential oils.

Item N (NO Heterogeneity Egger Test !
C°“"(‘;1Dh;[e‘“5 WMD (95 % CI) p-Value p-Value 12(%)  p-Value
pH24h 15 (26) 5.824 (0.37) ~0.012 (—0.056; 0.033) 0.604 <0001 7713 0.080
CL,g/100g 8(17) 25.48 (9.02) —0.617 (—1.174; —0.061) 0.030 0.760 0.00 0.369
ShE, kgf/cm? 4(8) 4.027 (0.20) —0.171 (- 0.337; —0.009) 0.038 0.993 0.00 NA
Meat color
Lightness (L¥) 17 (31) 40.808 (4.69) ~0.207 (—0.505; 0.091) 0.173 0159 2061 0.240
Redness (a*) 17 (31) 16.701 (12.29) 0.123 (—0.133; 0.378) 0.347 0.132 22.57 0.359
Yellowness (b*) 15 (29) 6.445 (4.33) —0.316 (—0.481; —0.151) <0.001 0.453 0.75 0.860
Lipid oxidation (mg MDA /kg of meat)
Day 1 12 (24) 0435 (0.38) —0.029 (—0.045; —0.014) <0.001 0.493 0.26 0.069
Day 3 5(8) 1591 (1.12) ~0.368 (—0.650; —0.085)  0.011 0005 6545 NA
Day 6 9 (20) 2.887 (1.37) —0.551 (—0.816; —0.286) <0.001 <0.001 75.02 0..278
Day 9 3(9) 2.180 (0.76) —0.189 (—0.337; —0.041)  0.012 0.727 0.00 NA
Day 14 8 (16) 5.888 (2.19) —1.607 (—2.354; —0.859) <0.001 <0.001 89.24 0.094
Chemical composition, g /100 g of DM
Moisture 9(18) 74.141 (1.48) 0.042 (—0.168; 0.251) 0.696 0.406 415 0.288
Protein 9(18) 25.28 (13.78) —0.780 (—1.050; —0.509) 0.061 0.198 31.55 0.112
Fat 11 (20) 5.72 (4.70) 0.055 (—0.140; 0.251) 0.578 0.110 30.07 0.223
Ash 8 (16) 1.797 (1.59) —0.001 (—0.006; 0.004) 0.645 0.702 0.00 0.740
Bacterial counts of raw lamb meat after 7 days of storage, expressed as log CFU/g
TVC 8(11) 3.957 (1.98) —0.605 (—0.857; —0.353) <0.001 <0.001 68.03 0.480
ENT 6(9) 1.079 (1.52) —0.139 (—0.233; —0.045) 0.004 0.805 0.00 NA
PSY 4(7) 3.084 (0.91) —0.600 (—0.867; —0.332) <0.001 0.941 0.00 NA
MY 4(7) 1411 (045) —0275(—0.537; —0.014)  0.039 0.697 0.00 NA

N: number of studies; NC: number of comparisons; SD: standard deviation; WMD: weighted mean differences
between control and treatments with essential oils; CI: confidence interval of WMD; p-Value to x2 (Q) test of
heterogeneity; I?: proportion of total variation of size effect estimates that is due to heterogeneity; ': Egger’s
regression asymmetry test; NA: variables with n < 10 observations, the test does not apply; WHC: water holding
capacity; CL: cook loss; ShF: shear force; TVC: total viable count of bacteria; PSY: total psychrophilic bacteria;
MY: molds and yeast; ENT: Enterobacteriaceae bacteria.

3.7. Milk Yield and Quality

Dietary supplementation with EOs increased (p < 0.05) milk yield, feed efficiency
(FE), and protein and lactose content in milk (Table 7). On the other hand, dietary supple-
mentation with EOs decreased somatic cell count (SCC) and milk urea content (p < 0.001).
However, there was no significant impact (p > 0.05) of dietary inclusion of EOs on milk fat
content and milk pH (Table 7).
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Table 7. Milk yield and quality of small ruminants supplemented with essential oils.

Item N (NO) Heterogeneity Egger Test 1
ME:::(‘;ID) WMD (95 % CI) p-Value  p-Value 12(%)  p-Value

Milk yield, kg/d 18 (37) 1.18 (0.76) 0.113 (0.077; 0.148) <0.001 <0.001 87.35 0.067

FE, kg /kg 10 (21) 0.776 (0.39) 0.039 (0.022; 0.056) <0.001 0.119 29.56 0.522
Milk composition, g /100 g

Fat 19 (40) 4.426 (1.33) —0.003 (—0.099; 0.09) 0.959 <0.001 93.47 0.079
Protein 19 (40) 3.947 (1.15) 0.059 (0.005; 0.113) 0.031 <0.001 91.08 0.424
Lactose 17 (36) 4.811 (0.96) 0.100 (0.048; 0.152) <0.001 <0.001 86.74 0.269
SCC, x10° cell /mL 6(14) 3.081 (1.50) —0.916 (—1.37; —0.46) <0.001 <0.001 97.05 0.480
Urea, mg/dL 3(6) 40.74 (5.46) —-7.73 (-11.77; -3.70) <0.001 0.043 56.33 NA
pH 3(6) 6.62 (0.0465) 0.003 (—0.028; 0.034) 0.845 0.989 0.00 NA

N: number of studies; NC: number of comparisons; SD: standard deviation; WMD: weighted mean differences
between control and treatments with essential oils; CI: confidence interval of WMD; p-Value to x2 (Q) test of
heterogeneity; 12 proportion of total variation of size effect estimates that is due to heterogeneity; 1. Egger’s
regression asymmetry test; NA: variables with n < 10 observations, the test does not apply; FE: feed efficiency (kg
of milk yield/kg of dry matter intake); SCC: somatic cell count.

3.8. Publication Bias and Meta-Regression

Tables 2-7 show that Egger’s asymmetry regression test was non-significant (p > 0.05)
for all variables evaluated, which indicates that there was no publication bias.

On the other hand, Tables 2-7 show significant (p < 0.10) heterogeneity (Q) for DMD,
OMD, CPD, EED, NDFD, ADFD, ADG, LMA, ruminal pH, NH3-N, acetate, propionate,
butyrate, total protozoa, Entodinium protozoa, total bacteria, R. flavefaciens, R. albus, F.
succinogenes, methanogens, glucose, cholesterol, triglycerides, NEFA, GPx, TAC, meat
pH, MDA content in meat on days 3, 6 and 14 of storage, TVC, milk yield, and protein,
fat, lactose, SCC, and urea content in milk. However, to obtain reliable results, it is
recommended to use meta-regression only when the variable of interest is reported in at
least 10 studies [40]. Consequently, meta-regression was only performed for the variables:
DMD, OMD, CPD, NDFD, ADFD, ADG, LMA, rumen pH, NH3-N, acetate, propionate,
butyrate, total protozoa, glucose, cholesterol, triglycerides, meat pH, and milk yield, as
well as protein, fat, and lactose content in milk.

Table 8 shows that EOs dose explained (p = 0.004) 16.39% of the observed hetero-
geneity for ruminal NH3-N concentration. Similarly, EOs dose explained (p < 0.001) 2.65
and 28.20% of the observed heterogeneity for serum triglyceride concentration and milk
yield, respectively (Table A2). On the other hand, the experimental period only explained
(p =0.003) 3.52 and 7.30% of the heterogeneity observed for rumen pH and total rumen
protozoa (Table 8). Moreover, Table A2 shows that the experimental period explained
(p = 0.011) 10.41% of the heterogeneity observed for milk protein content. Table 8 shows
that the primary bioactive metabolite explained (p < 0.05) between 7.63 and 62.55% of the
observed heterogeneity for DMD, NDFD, ADFD, ruminal pH, NH3-N, acetate, propionate,
butyrate, and total protozoa. Likewise, the primary bioactive metabolite of the EOs ex-
plained (p <0.05) 30.28, 80.30, 47.17, and 32.38% of the observed heterogeneity for serum
glucose concentration, triglycerides, milk yield, and milk protein content, respectively
(Table A2). Moreover, Table 8 shows that there was no significant relationship (p > 0.05)
between the covariates used and the response variables ADG, OMD, and CPD. In addition,
serum cholesterol concentration and milk lactose content had no significant relationship
(p > 0.05) with any of the covariates used (Table A2).
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Table 8. Meta-regression comparing the associations between covariates and measured outcomes.

Covariates oM Df p-Value R2 (%)
; : Essential oils dose 0.002 1 0.968 0.0
Aversgedaily gain (ADGC) Supplementation period 0.824 1 0.364 0.0
Primary Bioactive Compound 6.56 11 0.834 0.0
. e Essential oils dose 1.44 1 0.230 0.0
il L Supplementation period 3.31 1 0.069 3.23
Primary bioactive compound 36.01 10 <0.001 17.16
. Lo Essential oils dose 1.99 1 0.158 5.86
Giganicmaties digestibllin (OMD) Supplementation period 0.258 1 0.612 0.0
Primary bioactive compound 6.63 8 0577 0.0
Crude protein digestibility (CPD) Essential oils dose 0.039 1 0.842 6.61
Supplementation period 0479 1 0.489 0.0
Primary bioactive compound 19.281 1 0.066 0.0
Neutral detergent fiber digestibility Essential oils dose 323 1 0072 715
Supplementation period 2.35 1 0.125 0.0
Primary bioactive compound 26.55 11 0.005 7.97
Acid detergent fiber digestibility (ADFD) Essential oils dose 244 1 0.118 4.27
Supplementation period 0.38 1 0.541 9.29
Primary bioactive compound 38.50 9 <0.001 62.55
Ruminal pH Essential oils dose 0.15 1 0.696 0.0
Supplementation period 8.55 1 0.003 3:52
Primary bioactive compound 56.31 16 <0.001 56.20
Ammonia nitrogen (NH3-N) Essential oils dose 8.30 1 0.004 16.39
Supplementation period 219 1 0.139 0.0
Primary bioactive compound 48.30 15 <0.001 4093
Essential oils dose 0.03 1 0.853 0.0
Supplementation period 3.26 1 0.071 5.78
Primary bioactive compound 44.27 16 <0.001 7.63
Propionate Essential oils dose 0.56 1 0452 299
Supplementation period 172 1 0.189 0.0
Primary bioactive compound 28.69 16 0.026 18.77
Essential oils dose 115 1 0.284 3.98
Supplementation period 0.002 1 0.962 8.65
Primary bioactive compound 32.71 16 0.008 4095
Total ruminal protozoa Essential oils dose 243 1 0.119 0.0
Supplementation period 8.89 1 0.003 73
Primary bioactive compound 3143 8 <0.001 42.04

QM: coefficient of moderators; QM is considered significant at p < 0.05; R the amount of heterogeneity accounted
for; Df: degree of freedom.

3.9. Subgroup Analysis

Figure 1a shows that ruminal NH3-N concentration decreased (WMD = —2.065 mg/dL;
p =0.005) when moderate doses of EOs (501-1000 mg/kg DM) were used. However, low
(<500 mg/kg DM) and high (>1000 mg/kg DM) doses of EOs did not affect ruminal NH;-
N concentration. Dietary inclusion of EOs at low (501-1000 mg/kg DM) and moderate
(501-1000 mg/kg DM) doses did not affect serum triglyceride concentration (Figure 1b;
p > 0.05). However, serum triglyceride concentration decreased (WMD = —4.793 mg/dL;
p < 0.001) when doses of EOs greater than 1000 mg/kg DM were used (Figure 1b). Figure 1c
shows that milk yield increased (p < 0.001) regardless of the dose of EOs used. However,
the effect was greater (WMD = 0.226 kg/d) when low doses of EOs (< 500 mg/kg DM)
were used compared with doses between 501 and 1000 mg/kg DM (WMD = 0.080 kg/d)
and doses greater than 1000 mg/kg DM (WMD = 0.083 kg/d).
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(a) Ammonia nitrogen (NH;3-N), mg/dL (b) Triglycerides, mg/dL

-0.078 (p =0.662) > 1000 mg/kg DM (11 =27) =4.793 (p<0.001) >1000 mg/kg DM (1 =17)

2065 (p=0.005) 501-1000 mg/kg DM (1 =7) 0.194 (p=0822) 501-1000 mg/kg DM (12 =6)

-0.125 (p=0.684) =300 mgrkg DM (n =35) -0.5385 (p=0.386) <300 mg/kg DM (12 =14)
T T T T T T T T t 1
-3 -2 -1 0 1 -8 -8 -4 -2 0 2

WMD (essential oils - control) and 95% CI WMD (essential oils - control) and 95% CI
() Milk yield, kg/d

0.080 (p <0.001) > 1000 mg/kg DM (1 =22)

0.083 (p <0.001) 501-1000 mg/kg DM (n = 5)

J—| 0226 (p<0.001) <500 mg/kg DM (1 = 10)

0.0

0.1 0.2 0.3

WMD (essential oils - control) and 95% CI

Figure 1. Subgroup analysis (subgroup = essential oils dose (mg/kg DM)) of the effect of essential
oils on the diet of the small ruminants; WMD = weighted mean differences between essential oil
treatments and control.

Figure 2a shows that ruminal pH decreased when dietary supplementation with EOs
lasted up to 70 days (WMD = 0.054; p = 0.050); however, pH was not affected when EOs were
offered for more than 70 days (WMD = —0.054; p > 0.05). Rumen protozoa concentration in-
creased (p < 0.001) regardless of the EO supplementation period used (Figure 2b); although,
the effect was greater (WMD = —2.410 x 10°/mL) when EOs were offered for longer
periods (>70 days) compared with periods up to 70 days (WMD = —0.640 x 10°/mL). On
the other hand, milk protein content increased (WMD = 0.128 g /100 g; p = 0.002) when
EOs were offered for more than 70 days (Figure 2c). However, milk protein content was
not affected (WMD = —0.036 g/100 g; p = 0.254) when EOs were offered for periods up to
70 days.

Figure 3a shows that DMD increased (p < 0.05) when the primary bioactive metabo-
lites of the EOs were mixtures (WMD = 9.74 g/kg DM), carvacrol (WMD = 23.50 g/kg
DM), limonene (WMD = 39.44 g/kg DM), linalool (WMD = 51.00 g/kg DM), eugenol
(WMD = 36.23 g/kg DM), and anethole (WMD = 26.83 g/kg DM). However, when EOs
were used with other different bioactive metabolites, DMD was not affected (p > 0.05). On
the other hand, Figure 3b shows that NDFD increased only when the primary bioactive
metabolites of the EOs were linalool (WMD = 50.00 g/kg DM; p < 0.001) and anethole
(WMD = 3141 g/kg DM; p = 0.002). NDFD decreased when EOs contained citral as
the primary bioactive metabolite (WMD = —48.33 g/kg DM; p = 0.010) and was not af-
fected when EOs with other bioactive metabolites were used (p > 0.05). ADFD decreased
(WMD = —39.00 g/kg DM; p < 0.001) when EOs with diallyl disulfide as the primary
bioactive metabolite were used (Figure 3c). However, ADFD increased (p < 0.05) when
the primary bioactive metabolites of the EOs were carnosic acid (WMD = 61.67 g/kg
DM), linalool (WMD = 37.50 g/kg DM), thymol (WMD = 28.55 g/kg DM), and anethole
(WMD = 18.41 g/kg DM), but ADFD was not affected when EOs with other bioactive
metabolites were used (p > 0.05).
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(a) Ruminal pH (b) Total protozoa, x10°/mL

0.050 (p=0.067) >70days (n=40) 2.410 (p<0001) >70days (n1=12)
% 0.054 (2=0.050) <70days (n=38) 0640 (p<0.001) <70days (n=22)
) L) T 1 r T T T
-0.10 -0.05 0.00 0.05 0.10 4 -3 -2 -1 0
WMD (essential oils - control) and 95% Cl WMD (essential oils - control) and 95% CT

(c) Milk protein, g/100 g

0.128 (= 0.002) >70days (n=26)

<0360 (p=0.254) <70days (n=14)

-0.10 ~0.l05 0.‘00 0.‘05 D.EIO 0.:|5 0.‘20
WMD (essential oils - control) and 95% CI
Figure 2. Subgroup analysis (subgroup = supplementation period (days)) of the effect of essential

oils on the diet of the small ruminants; WMD = weighted mean differences between essential oil
treatments and control.

(a) Dry matter digestibility (DMD), g/kg DM (b) Neutral detergent fiber digestibility (NDFD), g/lkg DM
532 (p=0.115) Allicin (n = 3) ; _ 1 s e s
23.50 (p < 0.001) Carvacrol (1= 2) 34939(2;) :){)7;9)[2:y:;g::lu(l'flsc;)(n K
667 (p = 0.599) Carnosic acid (n = 3) 11.67 (p=0.411) Carnosic acid (11=3)
39.44 (p = 0.050) Limonene (n = 4) 2274 (p = 0.508) Limonene (1 = 3)
51.00 (p < 0.001) Linalool (n = 2) 50.00 (p < 0.001) Linalool (11 =2)
1219 (p = 0.277) Thymol (n = 4) 3.96 (p = 0.798) Thymol (n = 3)
36.23 (p = 0.007) Eugenol (n = 2) 41.45 (p=0.798) Eugenol (n = 3)
26.83 (p <0.001) Anethole (n=2) 31.41 (p=0.002) Anethole (1 =2)
3.33 (p=0.072) Citral (n=3) 4833 (p=0.010) Citral (1 =3)
9.74 (p = 0.005) Blend (n = 20) 12.74 (p=0.100) Blend (n=19)
Ll \J T \J T
20 0 2 40 6 80 400 60 0 50 100
WMD (essential oils - control) and 95% CI WMD (essential oils - control) and 95% CI

(c) Acid detergent fiber digestibility (ADFD), g/lkg DM

-39.00 (p < 0.001) Diallyl disulfide (1 =2)
47.72 (p =0.056) Carvacrol (1 = 5)
61.67 (p =0.011) Carnosic acid (1 = 3)
47.50 (p =0.219) Limonene (1 = 3)
37.50 (p = 0.001) Linalool (1 = 2)
28.55 (p <0.001) Thymol (n =3)
40.37 (p =0.194) Eugenol (11 =2)
18.41 (p <0.001) Anethole (1 = 2)
9.53 (p =0.096) Blend (1 = 11)
400 50 0 s 100
WMD (essential oils - control) and 95% CI

Figure 3. Subgroup analysis (subgroup = primary bioactive compound) of the effect of essential oils
supplementation to small ruminants’ diets on their digestibility; WMD = weighted mean differences
between essential oil treatments and control.
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Figure 4a shows that ruminal pH decreased (p < 0.05) when the primary bioactive
metabolites of the EOs were linalool (WMD = —0.375) and citral (WMD = —0.050). However,
ruminal pH increased when EOs contained rosmarinic acid (WMD = 0.199), eucalyptol
(WMD = 0.125), and carvacrol (WMD = 0.179) but was not affected when EOs with other
bioactive metabolites were used (p > 0.05). Figure 4b shows that ruminal NH3-N con-
centration decreased (p < 0.05) only when the primary bioactive metabolites of the EOs
were mixtures (WMD = —0.590 mg/dL), diallyl disulfide (WMD = —4.100 mg/dL), and
limonene (WMD = —1.248 mg/dL). However, ruminal NH3-N concentration increased
when EOs contained cinnamaldehyde (WMD = 8.400 mg/dL; p = 0.009) and carvacrol
(WMD =1.952 mg/dL; p = 0.003) as primary bioactive metabolites but was not affected
when EOs with other bioactive metabolites were used (p > 0.05). The ruminal concentra-
tion of acetate decreased when EOs with diallyl disulfide (WMD = —2.705 mol /100 mol;
p<0.001) and alpha-pinene (WMD = —2.809 mol/100 mol; p = 0.043) were used as
primary bioactive metabolites (Figure 4c). However, ruminal acetate concentration in-
creased (p <0.05) when EOs contained linalool (WMD = 5.900 mol/100 mol), thymol
(WMD =9.169 mol/100 mol), and carvacrol (WMD = 2.555 mol /100 mol) as primary bioac-
tive metabolites but was not affected when EOs with other bioactive metabolites were used
(p >0.05).

The ruminal concentration of propionate increased (p < 0.05) when using EOs with
diallyl disulfide (WMD = 1.639 mol/100 mol), limonene (WMD = 4.064 mol/100 mol),
linalool (WMD = 3.200 mol/100 mol), rosmarinic acid (WMD = 2.686 mol/100 mol), al-
licin (WMD = 1.523 mol /100 mol), and eucalyptol (WMD = 3.550 mol /100 mol) as pri-
mary bioactive metabolites (Figure 4d). The use of EOs with other primary bioactive
metabolites did not affect rumen propionate concentration (p > 0.05). Figure 4e shows
that ruminal butyrate concentration increased only when the primary bioactive metabo-
lites of the EOs were diallyl disulfide (WMD = 0.890 mol/100 mol; p < 0.001) and cit-
ral (WMD = 1.377 mol/100 mol; p = 0.008). Nevertheless, ruminal butyrate concentration
decreased when EOs contained eucalyptol as the primary bioactive metabolite
(WMD = —2.300 mol /100 mol; p < 0.001) and was not affected when EOs with other bioac-
tive metabolites were used (p > 0.05). Additionally, Figure 4f shows that total rumen
protozoa decreased (p < 0.05) when the primary bioactive metabolites of the EOs were
mixtures (WMD = —2.330 x 105/mL), diallyl disulfide (WMD = —1.905 x 105/mL), linalool
(WMD = —1.380 x 10°/mL), and alpha-pinene (WMD = —2.775 x 105/mL). In contrast,
total protozoa increased when EOs contained rosmarinic acid as the primary bioactive
metabolite (WMD =1.623 x 10°/mL; p <0.001) and were not affected when EOs with other
bioactive metabolites were used (p > 0.05).

Figure 5a shows that serum glucose concentration increased (p < 0.001) only when the
primary bioactive metabolites of the EOs were linalool (WMD = 1.950 mg/dL) and euca-
lyptol (WMD = 7.750 mg/dL), although serum glucose concentration decreased when EOs
contained menthol as the primary bioactive metabolite (WMD = —1.350 mg/dL; p = 0.038)
and was not affected when EOs with other different bioactive metabolites were used
(p >0.05). Serum triglyceride concentration decreased (p < 0.001) only when EOs contained
carvacrol as the primary bioactive metabolite (WMD = —23.190 mg/dL; Figure 5b) but was
not affected when EOs with other bioactive metabolites were used (p > 0.05).

Figure 6a shows that milk yield increased (p < 0.001) only when the primary bioactive
metabolites of the EOs offered were mixtures (WMD = 0.185 kg/d), limonene
(WMD = 0.126 kg/d) and linalool (WMD = 0.065 kg/d). By contrast, milk yield was not
affected when EOs contained other primary bioactive metabolites (p > 0.05). Milk protein
content increased (p < 0.001) when EOs contained mixtures of primary bioactive metabolites
(WMD = 0.186 kg/d; Figure 6b) but was not affected when EOs contained other types of
bioactive metabolites (p > 0.05).
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Figure 4. Subgroup analysis (subgroup = primary bioactive compound) of the effect of essential oils
supplementation on small ruminants’ diets on their rumen parameters; WMD = weighted mean
differences between essential oil treatments and control.
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Figure 5. Subgroup analysis (subgroup = primary bioactive compound) of the effect of essential
oils supplementation to small ruminants’ diets on their blood metabolites; WMD = weighted mean
differences between essential oil treatments and control.

(b) Milk protein, g/100 g

-0.043 (p = 0.229) Limonene (n = 8)
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Figure 6. Subgroup analysis (subgroup = primary bioactive compound) of the effect of essential oils
supplementation to small ruminants’ diets on their milk yield and composition; WMD = weighted
mean differences between essential oil treatments and control.

4. Discussion
4.1. Dry Matter Intake and Digestibility

Supplementation with EOs increased DMI. Similar responses were previously reported
by Orzuna-Orzuna et al. [25] in a meta-analysis with beef cattle supplemented with EOs. It
has been reported that EOs can improve the taste and palatability of livestock foods [14],
which could result in increased DMI. Furthermore, in small ruminants, various EOs have
been shown to increase the relative abundance of fungi and ruminal bacteria (R. flavefaciens,
R. albus, and F. succinogenes) that are related to fiber degradation in the rumen [41,42].
This could result in a higher rate of feed particle passage in the rumen and higher DML
Consequently, similar effects of EO consumption in the present meta-analysis would partly
explain the observed increase in DMI.

According to Clouard and Val-Laillet [43], the first stimulus perceived by animals
when exposed to feed is its aroma. Therefore, EOs should be carefully dosed because some
of them have primary bioactive compounds with strong aroma [14], which could limit
DMI in ruminants. In addition, a meta-analysis conducted by Orzuna-Orzuna et al. [25]
showed that, in beef cattle, the effects of dietary inclusion of EOs on DMI depend on
the dose and experimental period used. Nevertheless, in the present meta-analysis, the
heterogeneity test for DMI was not significant. This suggests that EOs could be used to
stimulate DMI in small ruminants independently of the primary bioactive metabolite, dose,
and supplementation period used.
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It has been reported that there is a close relationship between the relative abundance
of some ruminal microorganisms and the digestibility of dietary nutrients [44]. Thus,
one of the objectives of dietary inclusion of EOs is to increase the relative abundance of
ruminal microbial populations that utilize efficient fermentation pathways [45], which could
improve the efficiency of nutrient utilization. In the present study, dietary supplementation
of EOs increased the relative abundance of R. flavefaciens, which would explain the increase
in DMD, NDFD, and ADFD. Zhou et al. [41] and Kim et al. [46] observed that, in sheep
and cattle, dietary supplementation of EOs increased the presence of rumen fungi. These
produce high levels of hemicellulases and cellulases [46] and have the ability to penetrate
the cell wall to enhance cellulose degradation [47]. Likewise, Zhang et al. [48] reported a
higher ruminal concentration of cellulase, lipase, and 3-glucosidase in the ruminal fluid of
beef cattle supplemented with EOs. In vitro studies [49,50] have shown that EOs increase
the relative abundance of Succinivibrio bacteria, which have a positive correlation with
DMD, NDFD, and ADFD in dairy cows [51]. Furthermore, Cobellis et al [52] reported that,
in lambs, dietary supplementation of plants high in EOs decreases the ruminal abundance
of Prevotella bacteria, which are negatively correlated with CPD in cattle [51]. In the present
meta-analysis, similar effects of EO consumption would partially explain the increases
observed for DMD, OMD, NDFD, ADFD, and CPD.

4.2. Growth Performance and Carcass Characteristics

In the present meta-analysis, dietary inclusion of EOs increased DMI, DMD, OMD,
CPD, NDFD, and ADFD, which would partially explain the increase and decrease in ADG
and FCR, respectively. In vitro studies [49,50] have reported that EOs increase the relative
abundance of bacterial families (Lachnospiraceae, Rikenellaceae, and Christensenellaceae) that
are positively and negatively correlated with ADG and FCR, respectively [44,53]. Likewise,
some EOs reduce the relative abundance of Veillonellaceae bacteria [49], which are negatively
correlated with ruminal production of TVFA and ADG in sheep [54,55]. Other additives
containing EOs can increase up to 17 and 23% the efficiency of dietary energy utilization for
maintenance and weight gain in lambs, respectively [4,16]. Ann et al. [56] and Wu et al. [57]
reported that dietary supplementation with EOs in sheep increases the serum concentration
of immunoglobulins IgA, IgG, and IgM. This could improve the health status of the
animals and consequently increase their productive performance. In addition, previous
studies [56,58] have shown that in lambs the dietary inclusion of low doses (50, 80, and
250 mg/ kg DM) of EOs increases serum levels of IGF-1 (insulin-like growth factor 1), which
is positively correlated with ADG in sheep [59]. For this reason, similar effects of EO
consumption in the present study would partially explain the observed improvements in
ADG and FCR [59].

Dietary supplementation of EOs increases the relative abundance of Lachnospiraceae
bacteria in bovine rumen fluid [49], which correlates positively with the length of ruminal
papillae in sheep [53,55]. Similar effects of EO consumption used in the present meta-
analysis could increase ruminal absorption of TVFA and result in higher ADG and lower
FCR. Moreover, dietary inclusion of EOs (150 and 300 mg/kg DM) has been reported to
increase villus length in the duodenum, jejunum, and ileum of lambs by 37-75% [60]. This
could increase the intestinal absorption of amino acids and other nutrients by the animal,
which would explain the observed improvements in ADG and FCR.

Dietary inclusion of EOs did not affect HCW, CCW, and BFT but increased HCY
and LMA. Similar to our results, a meta-analysis conducted by Orzuna-Orzuna et al. [25]
reported that dietary supplementation with EOs increased HCW and LMA in beef cattle,
without negatively affecting other carcass characteristics. The increase in HCY observed in
the present meta-analysis could be associated with the increase in LMA because there is
a positive correlation between these carcass characteristics [61]. Furthermore, according
to Laliotis et al. [62], ruminal acetate is the main lipogenic precursor in ruminant adipose
tissue. In the present study, the dietary inclusion of EOs did not affect the ruminal acetate
concentration, which would explain the absence of significant changes in BFT.
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Many of the EOs used in livestock feed are high in terpenoids [5]. It has been reported
that terpenoids can promote muscle stem cell differentiation as well as muscle tissue
synthesis in mammals [63]. Although there is little information on the mechanisms of
action of EOs and their bioactive metabolites on muscle development in ruminants, there is
evidence that terpenoids reduce proteolytic degradation in muscle tissue in rats [64] and
increase hypertrophy in skeletal muscle cells [65]. Likewise, in beef cattle supplemented
with EO mixtures, Monteschio et al. [66] observed increases of 7 and 16% in the diameter
and fiber area of Longissimus dorsi muscle, respectively. Consequently, similar effects of EO
consumption in the present study would partially explain the higher LMA observed.

4.3. Ruminal Fermentation and Ruminal Microorganisms

In the present study, dietary supplementation with EOs did not affect rumen pH
but reduced rumen NH3-N concentration. Like our results, a meta-analysis conducted
by Orzuna-Orzuna et al. [25] reported that, in beef cattle, dietary supplementation with
EOs reduced rumen NH3-N concentration without affecting rumen pH. In the present
meta-analysis, the results observed for ruminal pH suggest that ruminal functions of
small ruminants were performed under stable conditions because rumen pH serves as an
indicator of the internal homeostasis of the ruminal environment [25]. On the other hand,
the lower rumen NH3-N concentration observed suggests that EOs reduced rumen protein
degradation. It has been reported that EOs can reduce the rate of amino acid deamination
in the rumen and inhibit the ruminal growth of some hyper ammonia-producing bacteria
(Clostridium sticklandii and Peptostreptococcus anaerobius) [67]. This could reduce rumen
ammonia production, which would explain the observed reduction in the ruminal NH3-N.

Dietary supplementation with EOs increased the rumen concentration of propionate
and reduced the total rumen protozoa population but did not affect the concentration
of acetate and butyrate. Like our results, a meta-analysis conducted by Orzuna-Orzuna
et al. [25] reported that, in beef cattle, dietary inclusion of EOs reduced the number of
protozoa in the rumen and increased the ruminal concentration of propionate, without
negatively affecting the other ruminal parameters. The observed increase in ruminal propi-
onate concentration suggests that EOs may increase the availability of energy for growth
and production because propionate serves as an energy source for some anabolic functions
in ruminants [68]. It has been reported that, under in vitro conditions, dietary inclusion of
EOs decreases the relative abundance of Succiniclasticum bacteria [49], which are negatively
correlated with propionate concentration in rumen fluid [69]. Zhang et al. [48] reported
that, in beef cattle, dietary supplementation with EOs increased the relative abundance of
Parabacteroides distasonis and Bacteroides thetaiotaomicron bacteria, which increased ruminal
propionate concentration. Similar effects of EO consumption in the present meta-analysis
would partially explain the higher rumen propionate concentration observed.

The reduction in the number of total protozoa in the rumen could be favorable because
an increase in the population of ruminal protozoa increases ruminal protein degrada-
tion [70] and CHy4 emissions [71]. This results in lower utilization efficiency of protein and
energy consumed and, consequently, limits the productivity of small ruminants. According
to Franzolin and Dehority [72], ruminal pH plays an important role in the survival of
rumen protozoa. In the present study, ruminal pH was not affected by the dietary inclusion
of EOs. This suggests that the reduction in total protozoa and rumen Epidinium might be
associated with antimicrobial effects of EOs rather than rumen pH. However, Benchaar
et al. [13] mentioned that it is possible that ruminal microorganisms adapt to the effects of
EOs when they are used for long periods, which could diminish their positive effects. In the
present study, subgroup analysis revealed that total rumen protozoa decreased regardless
of the supplementation period used.
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In a review article, Cobellis et al. [73] mentioned that, although EOs appear to be
effective in reducing the rumen abundance of methanogens, they could also negatively
affect the relative abundance of R. flavefaciens, R. albus, and F. succinogenes. However, in the
present meta-analysis, EOs increased the abundance of R. flavefaciens without affecting the
abundance of R. albus and F. succinogenes. This could be associated with the observed re-
duction in the total rumen protozoan population, which has been reported to be negatively
correlated with the rumen abundance of R. flavefaciens in dairy goats [74].

Supplementation of EOs in beef cattle has been reported to increase the relative
rumen abundance of the bacterial family Succinivibrionaceae [49,50], which has a strong
negative correlation with the relative abundance of Methanobacteriaceae microorganisms [75].
Similar effects of EO consumption in the present meta-analysis would partially explain
the reduction observed for rumen abundance of methanogens. On the other hand, dietary
supplementation of EOs reduced enteric CH, emissions in small ruminants. Like our results,
a meta-analysis conducted by Belanche et al. [26] reports lower CHy production in dairy
cows supplemented with EOs. Wallace et al. [76] demonstrated that, in beef cattle, there is
a strong positive correlation between enteric CHy emissions and the relative abundance of
rumen methanogens and protozoa. In the present study, EOs reduced the rumen abundance
of protozoa and methanogens, which would explain the observed reduction in CHy.

4.4. Blood Metabolites

In the present meta-analysis, the lower serum urea concentration was observed in
response to EOs supplementation. In a previous meta-analysis, Orzuna-Orzuna et al. [25]
also reported lower serum urea concentration in beef cattle supplemented with EOs. Addi-
tionally, it has been demonstrated that under in vitro conditions, EOs increase the relative
abundance of the bacterial family Lachnospiraceae [49], which has a negative correlation
with serum urea concentration in beef cattle [69]. Similar effects of EO consumption in the
present meta-analysis would partially explain the reduction in serum urea concentration.
In addition, the lower serum concentration of urea in the present study could be related to
the reduction observed in the ruminal concentration of NH3-N, because in ruminants these
two parameters are positively correlated [77].

According to Ran et al. [78], serum concentrations of glucose, NEFA, and BHB can be
used as reliable indicators of energy status in ruminants. In the present meta-analysis, EOs
did not affect serum glucose concentration but reduced serum NEFA and BHB concentra-
tion. This suggests that dietary supplementation with EOs improves energy balance in small
ruminants. Similar responses were previously reported by Orzuna-Orzuna et al. [25] in a
meta-analysis with beef cattle supplemented with EOs. The absence of significant changes
in serum glucose concentration was not expected because EOs increased the ruminal
concentration of propionate, which is the main glucose precursor in ruminants [79]. Addi-
tionally, it has been reported that EOs increase the relative abundance of Lachnospiraceae
and Bifidobacterium bacteria [49], which are negatively correlated with serum levels of
NEFA [69] and BHB [53] in beef cattle and sheep, respectively. Therefore, similar effects
of EO consumption in the present meta-analysis would partially explain the reduction in
serum NEFA and BHB concentration.

EOs supplemented in the diet did not affect the serum concentration of albumin,
globulin, and total protein, suggesting that supplementation with EOs has no negative
effects on protein catabolism and nutritional status of small ruminants [25]. The serum con-
centration of cholesterol and triglycerides decreased in response to EOs supplementation.
There is limited information on the mechanisms of action of EOs on lipid metabolism in
small ruminants. However, it has been reported in mice that terpenoids from EOs inhibit
hepatic cholesterol biosynthesis and decrease the expression of genes (Fas, Scdl, and Accl)
that are involved in fatty acid synthesis [80]. Similar effects of EO consumption in small
ruminants would explain the lower serum cholesterol and triglyceride concentrations in
the present study.
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In ruminants, excessive accumulation of prooxidant substances such as reactive oxygen
species (ROS) can cause oxidative stress [81]. According to Vasta and Luciano [82], it is
possible to use EOs as natural antioxidants in the diet of small ruminants because they
contain bioactive metabolites (terpenes and terpenoids) with antioxidant properties. In
the present study, dietary supplementation with EOs increased TAC. This indicates that
EOs reduce ROS in blood serum due to the negative correlation between TAC and ROS
in blood [83]. On the other hand, Gessner et al. [84] reported that CAT, SOD, and GPx are
antioxidant enzymes that can reduce oxidative stress because they convert ROS into other
compounds less harmful to biological macromolecules in the organism. Therefore, in the
present meta-analysis, the observed increase in CAT and SOD indicates that EOs reduce
oxidative stress in small ruminants.

4.5. Meat Quality

Dietary supplementation with EOs did not affect meat pH but reduced CL and ShE. In
a previous meta-analysis, Orzuna-Orzuna et al. [25] also found that supplementation with
EOs in beef cattle reduced CL and ShF without affecting meat pH. It has been stated that CL
can be used as an indicator of water holding capacity (WHC) in ruminant meat [61]. Ablikim
etal. [85] reported that CL was negatively correlated (r = —0.894) with WHC in sheep meat.
Consequently, the lower CL observed in the present study suggests that supplementation
with EOs improves WHC in small ruminant meat. The lower ShF observed in the present
meta-analysis suggests that EOs improve tenderness in small ruminant meat [86]. Likewise,
the lower ShF observed in response to EOs supplementation could be associated with
reduced CL, because in small ruminant meat there is a positive correlation (r = 0.42)
between ShF and CL [87].

In the present meta-analysis, EOs reduced b* and MDA in small ruminant meat but
did not affect other color parameters (L*, a*) or the chemical composition of meat. Similar
responses were previously reported by Orzuna-Orzuna et al. [25] in a meta-analysis with
beef cattle supplemented with EOs. Meat color can be used to evaluate the quality of
ruminant meat because the color is the first characteristic considered by consumers when
choosing fresh meat [88,89]. It has been reported that in lamb meat L* values are associated
with the fat content of the meat [90]. Likewise, in beef, Weglarz [91] reported that color
parameters (L* and a*) are negatively correlated with meat pH. In the present study, EOs
did not affect pH or fat content in small ruminant meat, which would partially explain
the absence of changes observed for L* and a*. Furthermore, the observed reduction in b*
suggests that EOs improve the quality of fresh small ruminant meat, because consumers
generally do not expect to find b* too high in fresh meat [89].

The reduction in MDA in stored meat (ondays 1, 3, 6,9, and 14) suggests that EOs
reduce lipid peroxidation of small ruminant meat [92]. According to Pateiro et al. [93],
oxidation reactions that occur in meat during storage can cause physicochemical changes
and unpleasant odors, which negatively affect meat quality and shelf life. Therefore,
the reduction observed for MDA in the present study suggests that EOs can be used as a
nutritional strategy to improve the quality and shelf life of small ruminant meat. In addition,
previous studies in non-ruminants [94,95] have reported that dietary supplementation with
EOs increases antioxidant activity in smooth and skeletal muscle due to increased mRNA for
SOD, CAT, and GPx. Likewise, the antioxidant capacity of EOs has been attributed mainly
to the terpenoids they contain [5], which after consumption by sheep can be absorbed and
deposited in muscle tissues [96]. Similar effects of EO consumption in the present study
partially explain the reduction in MDA.

The values observed for the chemical composition of meat suggest that supplemen-
tation with EOs does not affect the nutritional value of meat in small ruminants because
the nutritional value of meat is related to the content of minerals, fats, and proteins [86].
Thus, the composition of small ruminant meat can be modified by changes in dietary
components [61]. In the present study, the dietary inclusion of EOs did not significantly
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affect the chemical composition of the diets, which would partially explain the observed
similarity in the chemical composition of the meat.

According to Dave and Ghaly [97], microbial spoilage of meat can affect its quality
and shelf life by negatively affecting pH and appearance, as well as causing off-odors
and degradation of structural components. In the present study, supplementation with
EOs reduced TVC, ENT, PSY, and MY in meat, suggesting that EOs improve the quality
and shelf life of small ruminant meat. Some natural additives have bacteriostatic effects
on lamb meat because they reduce its pH [88]. However, in the present meta-analysis,
supplementation with EOs did not affect the pH of the meat. It has been shown that
terpenoids can be absorbed and deposited in muscle tissues when administered through
feed [96]. Terpenoids are known to cause cell lysis and cell death in pathogenic bacteria,
as well as inhibit the growth of yeasts and molds [98]. Similar effects of EO consumption
in the present study would partially explain the reduction observed for TVC, ENT, PSY,
and MY.

4.6. Milk Production and Quality

According to Kholif et al. [99], to increase milk yield and FE in small ruminants it is
necessary to reduce protein and energy losses during ruminal fermentation, in addition
to improving the efficiency of utilization of consumed nutrients. In the present meta-
analysis, EOs reduced ruminal NH3-N concentration and CHy emissions but increased
OMD, CPD, and NDFD. This suggests lower energy and protein loss during ruminal
fermentation and higher utilization efficiency of ingested nutrients, which explains the
observed increase in milk yield and FE. In addition, under in vitro conditions, EOs increase
the relative abundance of microorganisms of the genus Ruminococcus [49], which are
positively correlated with milk yield in dairy goats [74,100]. It has also been reported that
EOs reduce the ruminal abundance of Clostridium bacteria in goats [101], which has been
negatively correlated with FE in dairy cows [102]. Hence, similar effects of EO consumption
in the present study partially explain the observed increases in milk yield and FE [102].

Milk fat content was not affected by supplementation with EOs. In the mammary gland
of ruminants, the main precursor for de novo fatty acid synthesis is rumen acetate [103].
Seymour et al. [104] showed that there is a positive correlation (r = 0.31) between milk
fat content and ruminal acetate concentration. In the present study, EOs did not affect
rumen acetate concentration, which explains the absence of significant effects on milk fat
content. On the other hand, higher milk lactose content was observed in response to dietary
supplementation with EOs. This could be associated with the observed increase in ruminal
propionate concentration because propionate is the main rumen volatile fatty acid required
for lactose biosynthesis [99]. Furthermore, in vivo studies with sheep [52] and goats [101]
have reported that dietary supplementation with EOs reduces the ruminal concentration of
Prevotella, which has been negatively correlated with the percentage of lactose in the milk
of dairy cows [102]. Zhou et al. [49] observed that in bovine rumen fluid, EOs decrease the
relative abundance of Eubacterium and methanogens, which is also negatively correlated
with the protein content in milk of dairy goats [100]. Consequently, similar effects of EO
consumption in the present meta-analysis partially explain the increases observed in lactose
and protein content in milk.

SCC can be used as an indicator of udder health and milk quality in ruminants [105].
According to Malik et al. [106], in the milk of healthy ruminants, SCC includes 75-85%
immune cells and 15-25% epithelial cells. It has been reported that an increase in SCC is
associated with poorer udder health [107] and lower milk quality in ruminants [108]. In
the present study, supplementation with EOs reduced SCC, suggesting that EOs could
be used to improve udder health and milk quality in small ruminants. In addition, it has
been reported that there is a negative correlation between the concentration of antioxidant
enzymes and SCC in ruminant milk [106]. In the present meta-analysis, a higher serum
concentration of CAT and SOD was observed in small ruminants supplemented with EOs,
which would partially explain the observed reduction in SCC.
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5. Conclusions

The results of the present study indicate that EOs can be used as natural growth
promoters in small ruminants and, at the same time, improve feed intake and feed efficiency.
Furthermore, dietary supplementation with EOs improves nutrient digestibility, meat
quality, and shelf life, as well as milk production and quality. The best result for milk
production is obtained with EOs doses lower than 500 mg/kg DM and when the primary
bioactive metabolite of the EOs is linalool, limonene, or mixtures of metabolites. Likewise,
the best protein content in milk is obtained with supplementation periods longer than
70 days and with the use of EOs that have mixtures of bioactive metabolites.

Dietary supplementation with EOs improves fermentation and reduces environmental
impact by increasing ruminal propionate concentration and by reducing methane emis-
sions, ruminal ammonia nitrogen concentration, and the number of total protozoa and
methanogens. The best ruminal propionate concentration is obtained when using EOs
containing limonene, linalool, or eucalyptol as primary bioactive metabolites. The best
result for rumen ammonia nitrogen is obtained with moderate doses (501-1000 mg/kg
DM) of EOs and when the primary bioactive metabolite of the EOs is limonene, diallyl
disulfide, or mixtures of metabolites. The best results for total protozoa were obtained
with supplementation periods longer than 70 days and with the use of EOs having linaloo],
alpha-pinene, diallyl disulfide, or mixtures of bioactive metabolites. Finally, the results
of serum metabolites indicate that EOs improve the antioxidant status in the blood of
small ruminants.
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Figure Al. A PRISMA flow diagram detailing the literature search strategy and study selection for
the meta-analysis.
Table Al. Summary of the studies included in the meta-analysis.
. . Primary Bioactive
Author Country Specie  Duration, d Compound Dose, mg/kg DM
Abd El Tawab et al. [109] Egypt Sheep 90 Limonene, thymol 1195, 1272
Abdalla et al. [110] Brazil Sheep 28 Blend (n =2) 8333, 15,384
Ahmed et al. [111] Japan Sheep 84 Allicin (1 = 3) 10, 50, 100
Anetal. [55] China Sheep 60 Blend (n=2) 50, 80
Anasoori et al. [112] Iran Sheep 28 Diallyl disulfide (n = 2) 500, 750
Anasoori et al. [113] Iran Sheep 28 Diallyl disulfide (n = 2) 500, 750
Aouadi et al. [114] Tunisia Sheep 90 Eucalyptol, Camphor 400, 400
Arteaga-Wences et al. [15] Mexico Sheep 56 Blend 129
Banon et al. [115] Spain Sheep 21 Blend 667
Baytok et al. [116] Turkey Sheep 56 Carvacrol (n = 2) 280, 419
Birick et al. [117] Turkey Sheep 70 Carvacrol (1 =2), thymol 100 (1 =3),300 (n = 3)

(n=2), blend (n =2)
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Table Al. Cont.

Primary Bioactive

Author Country Specie  Duration, d Compound Dose, mg/kg DM
Canaes et al. [17] Brazil Goats 84 Citral (n =3) 2470, 5007, 7795
Chavesetal. [118] Canada Sheep 126 Cinnamaldehyde (n = 3) 100, 200, 400
Cobelliset al. [119] Italy Sheep 84 Carnosic acid (1 =3) 250, 250, 175
Cobellis et al. [52] Ttaly Sheep 84 Carnosic acid (n =3) 250,250, 175
El-Azrak etal. [19] Egypt Goats 45 Blend 750.00
El-Essawy et al. [120] Egypt Sheep 120 Anethole, eugenol, thymol 3069, 2920, 2780
El-Essawy et al. [18] Egypt Goats 88 Anethole, eugenol, thymol 1706, 1813, 1712
Estrada-Angulo etal. [16] Mexico Sheep 87,100 Blend (n=2) 115, 162
Favaretto et al. [121] Brazil Sheep 40 Blend(n = 2) 500, 1000
Giannenas etal. [23] Greece Sheep 150 Blend(n = 3) 50, 100, 150
Giiney etal. [57] Turkey Sheep 70 Eucalyptol (1 =2) 250, 500
Hashem etal. [122] Egypt Goats 63 Limonene (1 = 2) 523,1051
Hundal et al. [123] India Goats 90 Blend 123.00
Jiao etal. [124] China Sheep 63 Blend (17 =8) 45(n=4),79 (n=4)
Kalaitsidis et al. [24] Greece Sheep 45 Blend 15
Katheri et al. [125] Iran Sheep 48 Blend (n=2) 800, 1600
Khattab et al. [126] Egypt Sheep 90 Blend 1232
Kholif et al. [127] Egypt Goats 90 Blend (n =3) 1428, 1449, 1428
Kholif et al. [99] Egypt Sheep 84 Blend 2475
Kholif et al. [103] Egypt Goats 90 Linalool (n =2) 946, 1902
Klevenhusen et al. [128] Switzerland Sheep 69 Diallyl disulfide (n = 2) 1775, 2000
Kotsampasi et al. [129] Greece Sheep 60 Limonene (1 = 3) 86,171,254
Leal etal. [130] Spain Sheep 14 Carnosic acid (1 = 6) 200 ("865 )(’:‘gozy’ =2,
Leietal. [131] China Goats 90 Blend (n=2) 58,101
Lin et al. [132] China Sheep 21 Blend (n=3) 1111, 555, 1111
Ma et al. [133] China Sheep 29,42 Allicin (n =2) 2000 (n =2)
Malekkhani et al. [134] Iran Sheep 50 Blend 486
Morsy et al. [135] Egypt Goats 90 Blend (1 = 3) 1428, 1418, 1379
Moura et al. [136] Brazil Goats 56 p-caryophyllene (1 = 3) 500, 1000, 1500
Naseri et al. [42] Iran Sheep 56 alpha-pinene 852
Nieto et al. [137] Spain Sheep NR Thymol (1 =2) 1538, 3076
Ortuiio et al. [138] Spain Sheep 80 Carnosic acid (1 =2) 200, 400
Orturio et al. [139] Spain Sheep 80 Blend 400
Orturio et al. [140] Spain Sheep 50 Blend 500
Ortuiio et al. [141] Spain Sheep 80 Blend (n=2) 200, 400
Orturio et al. [142] Spain Sheep 50 Blend 500
Ozdogan et al. [143] Turkey Sheep 56 Blend (n=2) 1000 (n =2)
Panthee et al. [144] Japan Sheep 4 Alliin 123
Paraskevakis [145] Greece Goats 28 Carvacrol 495
Parvar et al. [146] Iran Sheep 90 Blend (n = 3) 250, 500, 750
Passetti et al. [147] Canada Sheep 100 Blend (n=4) 1100 (n =2), 125 (n = 2)
Patindra et al. [148] Thailand Goats 42 Eugenol 290
Patra etal. [149] Germany Sheep 28 Menthol (1 =2) 64,126
Ranucci et al. [150] Italy Sheep 30 Blend 2000
Sahraei etal. [151] Iran Sheep 84 Carnosic acid (n = 3) 40, 80, 160
Selmi et al. [152] Tunisia Sheep 84 Blend (n=2) 150, 300
Serrano et al. [153] Spain Sheep 80 Carnosic acid (n = 2) 600 (n=2)
Shaaban et al. [20] Egypt Sheep 288 Limonene, thymol, blend 1466, 1486, 1476
Simitzis et al. [154] Greece Sheep 35 Cinnamaldehyde 413
Smeti et al. [155] Tunisia Sheep 60 Eucalyptol 600
Smeti et al. [156] Tunisia Goats 56 Blend 599
Smeti et al. [21] Tunisia Sheep 100 Blend (n=3) 900, 477, 957
Smeti et al. [22] Tunisia Goats 67 alpha-pinene (n = 2) 3000, 6000
Soltan et al. [157] Egypt Goats 63 Limonene (1 = 2) 523,1051
Soltan etal. [77] Brazil Sheep 111 Blend (n =2) 200, 400
Unlii et al. [158] Turkey Sheep 56 Blend, capsaicin 300, 300
Wu et al. [56] China Sheep 72 Carvacrol (n=2) 2750, 5500
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Table Al. Cont.
" . Primary Bioactive
Author Country Specie  Duration, d Compound Dose, mg/kg DM
Yanza et al. [159] Poland Sheep 48, 30 Rosmarinic acid (n = 2) 3920 (n=2)
Yesilbag et al. [160] Turkey Goats 60 alpha-pinene (1 = 3) 400, 800, 2000

Zhang et al. [48] China Sheep 24 Carvacrol (n =3) 10,000, 20,000, 40,000

Zhou et al. [41] China Sheep 36 Blend (n =2) 52,91

Zhuet al. [161] China Goats 60 Blend 1481

Zhu et al. [162] China Goats 30 Blend (n = 3) 570, 1140, 1710

DM: dry matter; d: days; n: number of treatments.

Table A2. Meta-regression comparing the associations between covariates and measured outcomes.

Parameter Covariates oM df p-Value R? (%)
Meat pH Essential oils dose 0.80 1 0.370 0.0
Supplementation period 11.11 1 0.065 0.0
Primary bioactive compound 97.07 7 <0.001 100
Glucose Essential oils dose 0.44 1 0.508 1.32
Supplementation period 0.92 il 0.336 4.64
Primary bioactive compound 20.54 9 0.015 30.28
Cholesterol Essential oils dose 171 1 0.191 0.0
Supplementation period 231 1 0.128 5.68
Primary bioactive compound 14.79 10 0.140 0.0
Triglycerides Essential oils dose 14.64 1 <0.001 2.65
Supplementation period 1.078 1 0.299 0.0
Primary bioactive compound 327.36 11 <0.001 80.30
Milk yield Essential oils dose 2222 1 <0.001 28.20
Supplementation period 2.61 1 0.106 0.00
Primary bioactive compound 38.58 9 <0.001 47.17
Milk fat Essential oils dose 0.03 k 0.863 0.00
2 Supplementation period 5.55 1 0.068 0.00
Primary bioactive compound 13.05 1 0.071 25.18
Milk protein Essential oils dose 0.078 1 0.780 0.00
P Supplementation period 6.40 1 0.011 10.41
Primary bioactive compound 26.17 7 <0.001 32.38
Milk lactose Essential oils dose 0.826 1 0.363 0.00
Supplementation period 743 1 0.106 2.05
Primary bioactive compound 13.29 7 0.065 0.00

QM: coefficient of moderators; QM is considered significant at p < 0.05; R the amount of heterogeneity accounted
for; df: degree of freedom.
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Abstract: The objective of this study was to evaluate the effects of dietary supplementation of a
polyherbal additive (PA) containing hydrolyzable tannins, flavonoids, and essential oils on productive
performance, dietary energetics, carcass and meat characteristics, and blood metabolites of lambs
in their finishing phase. Twenty-eight Pelibuey x Katahdin lambs (20.52 + 0.88 kg body weight
(BW)) were housed in individual pens and assigned to four treatments (n = 7) with different doses of
PA: 0 (CON), 1 (PA1), 2 (PA2), and 3 (PA3) g of PA kg ! of DM for 56 days. Compared to the CON,
lambs in PA1 treatment had higher average daily gain (p = 0.03), higher dietary energy utilization
(p = 0.01), greater backfat thickness (p = 0.02), greater Longissinus dorsi muscle area (p = 0.01), and
better feed conversion ratio (p = 0.02). PA supplementation did not affect (p > 0.05) dry matter intake,
carcass yield, biometric measures, and meat chemical composition. All hematological and most of the
blood biochemical parameters were similar in lambs of all treatments (p > 0.05). However, compared
to the CON, lambs assigned to the PA3 treatment had lower serum urea concentration (p = 0.05)
and higher serum albumin concentration (p = 0.03). In conclusion, low doses of PA could be used
as a growth promoter in finishing lambs without affecting dry matter intake, carcass yield, meat
chemical composition, and health status of the lambs. However, more in vivo research is needed to
better understand the impact of bioactive compounds from PA used on productivity, metabolism,
and health status of finishing lambs.

Keywords: growth promoters; meat composition; bioactive compounds; hematological profile

1. Introduction

Antibiotics have been used for several decades in ruminants as growth promoters [1].
However, the prohibition of these products in several countries has led to the search for
natural products with similar effects [2]. Supplementation with polyherbal additives (PA)
containing bioactive compounds could be a good strategy to improve productivity and
meat quality without affecting animal health [3]. Some PA have been used to improve
health [4], productive performance [5], and meat quality of finishing lambs [6]. ImmuPlus®
is a PA that is standardized to contain 120 g of hydrolyzable tannins per kg of product.
In addition, this PA is composed of parts of several plants, such as Ocimum sanctum and
Andrographis paniculata, which have high concentration of flavonoids and essential oils [7,8].

It has been reported that dietary tannins supplementation improves the efficiency of
ingested nitrogen utilization and reduces energy loss due to enteric methane emissions
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in sheep [9]. In addition, when added to sheep diets, tannins increase the energy intake
of the diet [10] and improve the total antioxidant capacity in blood serum [11]. On the
other hand, it has been reported that some plants with flavonoids increase serum growth
hormone levels [12], improve immune response and antioxidant enzyme activity (catalase
and superoxide dismutase) in blood serum [13], and promote muscle tissue synthesis
in sheep [14]. Some plants with flavonoids also increase the ruminal concentration of
propionate and the abundance of rumen fiber-degrading bacteria [15]. In addition, the
inclusion of flavonoid extracts in the diet modifies the expression of genes that are related to
the regulation of feed intake and inflammation in finishing beef cattle [16]. Similarly, some
essential oils improve the composition and function of the rumen microbiome, increase
the production of volatile fatty acids in the rumen, and improve the development of the
papillae of the rumen epithelium in cattle [17]. On the other hand, some essential oil
mixtures increase the energy intake of diets for finishing sheep and cattle [18,19], while
other essential oils improve the immune response [20] and increase the abundance of fiber-
degrading microorganisms in the rumen and the digestibility of dry matter in sheep [21].

Based on the previous background, we hypothesized that dietary supplementation of
a PA containing hydrolyzable tannins, flavonoids, and essential oils will benefit produc-
tion performance and carcass characteristics of sheep without affecting health and meat
composition. The objective of this study was to evaluate the effects of dietary inclusion of
a polyherbal additive containing hydrolyzable tannins, flavonoids, and essential oils on
productive performance, carcass characteristics, meat composition, blood biometry, and
blood chemistry of finishing lambs fed with a high grain diet.

2. Results
2.1. Growth Performance and Dietary Energetics

Table 1 shows that lambs in the PA1 treatment were 3.5% heavier at the end of the
experiment (FBW) than lambs assigned to the CON, although this difference was not
significant (p > 0.05). An increase (p = 0.03) of 17% was observed for average daily gain
(ADG) in the lambs of the PA1 group compared to the lambs of the CON; however, the
lowest ADG was in the lambs assigned to the PA3 treatment (p = 0.03). Dry matter intake
(DMI) and variation in DMI were similar among lambs in all treatments (p > 0.05). A
21% reduction (p = 0.02) in feed conversion ratio (FCR) was observed in lambs in the PA1
treatment compared to lambs in the CON (Table 2).

On the other hand, in the PA1 treatment lambs an increase (p = 0.01) of 17 and 23%
was observed in the net dietary energy for maintenance (ObsNEm) and gain (ObsNEg),
respectively (Table 1). Furthermore, in lambs of PAl treatment an increase (p = 0.01)
was noted for the relationship between observed and expected net dietary energy for
maintenance (OExXNEm) and for weight gain (OExNEg). However, the relationship between
observed and expected DMI was lower (p = 0.02) in lambs of the PA1 treatment than in
lambs of the CON (Table 1).

2.2. Carcass Traits and Carcass Biometrics

Table 2 shows the effects of treatments on carcass characteristics and morphometric
measures of lambs. Dietary supplementation with PA did not affect (p > 0.05) hot carcass
weight (HCW), hot carcass yield (HCY), cold carcass weight (CCW), cold carcass yield
(CCY), and losses due to carcass cooling. However, compared to the CON, an increase
(p < 0.05) was observed for backfat thickness (BFT), Longissimus dorsi muscle area (LDMA),
and carcass yield grade (YG) in lambs of PA1 and PA2 treatments. On the other hand, the
external length of the carcass (ELC), the internal length of the carcass (ILC), chest girth
(CG), leg length (LL), and carcass compactness index (CI) were similar between treatments
(p > 0.05). However, LL tended to be lower (p = 0.06) for PA2 treatment than for the CON.
Likewise, compared to the CON, in lambs of the PA1 treatment an increase of 10% (p = 0.01)
was observed for the perimeter of the leg (PL).
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Table 1. Growth performance of lambs supplemented with a polyherbal additive ! during the final
fattening period.

Treatments
Parameters SEM p-Value
CON PA1 PA2 PA3
Initial body weight, kg 21.03 20.11 20.84 20.08 0.879 0.87
Final body weight (FBW), kg 32.96 34.11 33.73 31.83 1.191 0.50
Average daily gain (ADG), kg d ! 0213 02502 02302  0209°  0.015 0.03
Dry matter intake (DMI), kg d~! 0.906 0.848 0.865 0.799 0.048 0.13
DMI variation (%) 2 17.36 17.57 17.65 17.86 2141 0.86
Feed conversion ratio (FCR), DMI/ADG 4392 3470 3.67ab 3.85ab 0.263 0.02
Observed dietary net energy, Mcal kg ~! of DM
Maintenance (ObsNEm) 1.985b 23362 21983ab 21483 0,093 0.01
Gain (ObsNEg) 1.331b 1.6392 1.518 ab 1.474 ab 0.081 0.01
Observed to expected diet net energy 3, Mcal kg~ of DM
Maintenance (OExXNEm) 1.096 © 12912 12143 11873  0.051 0.01
Gain (OExNEg) 1.056 P 13012 12053 11703 0.064 0.01
Observed to expected DMI 0.96 2 0.79® 0.83 b 0.85ab 0.047 0.02
! ImmuPlus® based on Tinospora cordifolia, Ocimum sanctum, Whitania somnifera, Andrographis paniculata, and

Azadirachta indica. ? Variation in daily feed intake among individuals between days; CON—basal diet without
polyherbal additive (PA); PAl—basal diet + 1 g of PA kg ! of dry matter (DM); PA2—basal diet + 2 g of PAkg ™! of
DM; PA3—basal diet + 3 g of PA kg’1 of DM. SEM—standard error of the treatment means; »*—means within a
row with different subscripts differ when p < 0.05;* an observed to expected dietary net energy ratio greater than
1.0 indicates higher dietary energy utilization, while a ratio less than 1.0 indicates lower energy utilization [18].

Table 2. Carcass traits of lambs supplemented with a polyherbal additive 1 during the final fattening
period.

Treatment
Parameter SEM p-Value
CON PA1 PA2 PA3
Hot carcass weight (HCW), kg 15.11 14.96 15.84 15.08 0.75 0.49
Hot carcass yield (HCY), % 45.16 44.23 47.06 46.04 1.23 0.28
Cold carcass weight (CCW), kg 14.50 14.27 14.73 1391 0.63 0.51
Cold carcass yield (CCY), % 43.36 4231 43.77 42.84 0.67 0.67
Losses due to carcass cooling, % 3.91 427 4.63 5.03 1.41 0.56
Backfat thickness (BFT), mm 231b 2772 2672 2554 0.13 0.02
Muscle area Longissimus dorsi (LDMA), cm? 9.87b 11.842 11702 10.70 20 0.51 0.01
Yield grade (YG) 0.39b 0472 0472 04373 0.02 0.04
External length of the carcass (ELC), cm 46.71 46.57 46.00 46.14 0.86 0.56
Internal length of the carcass (ILC), cm 4414 43.57 42.85 44.00 0.79 0.26
Chest girth (CG), cm 66.00 66.43 67.00 66.57 1.05 0.50
Length of the leg (LL), cm 29.28* 2957 30.71* 29.57 0.51 0.06
Perimeter of the leg (PL), cm 3428b 37.712 3643 ab 36.00 ab 0.93 0.01
Compactness index (CI), kg cm ™! 0.33 0.33 0.34 0.32 0.01 0.44

! ImmuPlus® based on Tinospora cordifolia, Ocimum sanctum, Whitania somnifera, Andrographis paniculata, and
Azadirachta indica. CON—basal diet without polyherbal additive (PA); PA1—basal diet + 1 g of PA kg ! of dry
matter (DM); PA2—basal diet + 2 g of PA kg™! of DM; PA3—basal diet + 3 g of PA kg ™! of DM. SEM—standard

error of the treatment means; > —means within a row with different subscripts differ when p < 0.05; *—indicates
a tendency.

2.3. Non-Carcass Components and Meat Composition

Table 3 shows that, compared to lambs in the CON, lambs assigned to the PA1 treat-
ment had a 10.5% (p = 0.05) increase in stomach complex weight. However, the weight of
the small intestine, large intestine, omental fat, lungs and trachea, heart, kidneys, spleen,
testicles, skin, feet, and head were similar among lambs of all treatments (p > 0.05). On the
other hand, liver weight decreased by 14% (p = 0.02) in lambs of the PA3 treatment with
respect to the CON. Furthermore, the weight of the large intestine tended to be greater
(p = 0.08) for the PA1 treatment than for the CON.
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Table 3. Organ weights of lambs supplemented with a polyherbal additive ! during the final
fattening period.

Treatment
Parameter SEM p-Value
CON PA1 PA2 PA3

Stomach complex 2 (empty), kg 0,955 1.0552 1.024 20 0.937 0.034 0.05
Small intestine 3 (empty), kg 0.735 0.877 0.781 0.786 0.055 0.12
Large intestine # (empty), kg 1.082 % 1.137* 1.078 1.056 0.063 0.08
Omental fat, kg 1.003 1.144 1.150 1.148 0.081 0.21
Lungs and trachea, kg 0.689 0.653 0.682 0.667 0.044 0.56
Heart, kg 0.167 0.176 0.170 0.169 0.005 0.11
Liver, kg 0.8512 0.761 2 0.757 ab 0.730 b 0.034 0.02
Kidneys, kg 0.395 0.423 0421 0.431 0.024 0.30
Spleen, kg 0.099 0.099 0.082 0.080 0.008 0.11
Testicles, kg 0.572 0.571 0.587 0.589 0.044 0.79
Skin, kg 2.883 2.869 3.087 2.910 0.174 0.41
Head, kg 0.844 0.841 0.896 0.861 0.026 0.13
Feet, kg 1.908 1.920 2.073 2.049 0.064 0.16

! ImmuPlus® based on Tinospora cordifolia, Ocimum sanctum, Whitania somnifera, Andrographis paniculata, and
Azadirachta indica; 2 rumen, reticulum, omasum, and abomasum; 3 duodenum, jejunum, and ileum; 4 cecum,
colon, and rectum; CON—a basal diet without polyherbal additive (PA); PAl—basal diet + 1 g of PA kg ! of dry
matter (DM); PA2—basal diet + 2 g of PA kg ™! of DM; PA3—basal diet + 3 g of PA kg ™! of DM. SEM—standard
error of the treatment means; * >—means within a row with different subscripts differ when p < 0.05; *—indicates
a tendency.

Table 4 shows the effects of treatments on meat chemical composition. In lambs from
the PA2 treatment, protein content tended to increase (p = 0.09) compared to lambs from the
CON. In addition, a reduction of 20% (p = 0.03) in the meat collagen content of lambs was
observed for PA1 treatment compared to CON lambs. However, dietary supplementation
with PA did not affect (p > 0.05) the pH, fat content, and moisture content of meat.

Table 4. Meat traits of lambs supplemented with a polyherbal additive ! during the final fattening
period.

Treatment
Parameter SEM p-Value
CON PA1 PA2 PA3
pH 5.96 597 5.96 576 0.11 0.20
Protein, g 100 g ! 20.05* 19.99 20.48 * 20.37 0.17 0.09
Fat,g100g~! 2.32 223 2.06 236 0.18 0.34
Moisture, g 100 g~! 75.48 75.25 74.78 75.10 0.35 0.16
Collagen, g 100 g ! 1462 114> 1322 1372 0.10 0.03

! ImmuPlus® based on Tinospora cordifolia, Ocimum sanctum, Whitania somnifera, Andrographis paniculata, and
Azadirachta indica. CON—a basal diet without polyherbal additive (PA); PAl—basal diet + 1 g of PA kg ™! of dry
matter (DM); PA2—basal diet + 2 g of PA kg~! of DM; PA3—basal diet + 3 g of PA kg ™! of DM. SEM—standard
error of the treatment means; > —means within a row with different subscripts differ when p < 0.05; *—indicates
a tendency.

2.4. Hematological Parameters

Table 5 shows that dietary PA supplementation did not affect (p > 0.05) mean corpus-
cular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration,
lymphocyte, monocyte, segmented and banded neutrophil, eosinophil, and blood plasma
protein contents. However, compared to CON lambs, PA3 treatment lambs showed a ten-
dency to increase (p < 0.10) by 7.6, 9.3, 7.6, and 23.5% the levels of hematocrit, hemoglobin,
red blood cells, and blood platelets, respectively. Furthermore, compared to CON lambs,
PA1 treatment lambs tended to increase by 12.3% (p = 0.07) the blood leukocyte concentra-
tion, while the blood basophil concentration tended to be lower (p = 0.06) in PA1 treatment
lambs relative to CON.
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Table 5. Hematological profile of lambs supplemented with a polyherbal additive ! during the final
fattening period.

Treatment
Parameter SEM p-Value
CON PA1 PA2 PA3
Hematocrit, % 30.00* 32.34 31.86 32.28* 0.86 0.09
Hemoglobin, g dL ™! 8.68* 9.23 9.13 9.49 * 0.27 0.06
Red blood cells, 10° mL ™! 7.05* 7.41 748 7.59:% 0.20 0.07
Mean corpuscular volume, Fl 40.86 41.09 42.39 40.76 1.21 0.35
Mean corpuscular hemoglobin, pg 12.38 12.52 12.37 1240 0.08 0.60
Meﬂ? o“:sg‘“;;‘t‘if:’h;g‘fél"bm 3147 3048 29.82 3092 125 028
Platelets, 10° mL~! 604.83 * 681.57 704.86 74717 * 47.98 0.07
Leukocytes, 10> mL™! 9.30* 1045* 9.86 9.52 0.44 0.07
Lymphocytes, 10° mL~! 45.86 47.14 45.67 5428 3.80 0.13
Monocytes, 10° mL~! 11.57 12.66 12.00 1228 145 0.61
Segmented neutrophils, 10° mL~! 38.71 38.14 41.28 36.00 4.59 0.69
Band neutrophils, 10° mL~! 0.57 0.42 0.14 0.14 0.28 0.28
Eosinophils, 10° mL~! 1.00 1.28 371 2.00 0.94 0.11
Basophils, 10° mL~? 0.50* 0.00* 0.14 0.28 0.16 0.06
Plasma protein, g dL ™! 9.31 9.27 9.50 9.58 0.15 0.20

! ImmuPlus® based on Tinospora cordifolia, Ocimum sanctum, Whitania somnifera, Andrographis paniculata, and
Azadirachta indica. CON—a basal diet without polyherbal additive (PA); PAl—basal diet + 1 g of PA kg™ of dry
matter (DM); PA2—basal diet + 2 g of PA kg~! of DM; PA3—basal diet + 3 g of PA kg ! of DM. SEM—standard
error of the treatment means; *—indicates a tendency.

2.5. Blood Biochemistry

Table 6 shows that dietary supplementation with increasing doses of PA did not affect
the serum concentration of glucose, uric acid, cholesterol, total protein, globulin, albu-
min/globulin ratio, bilirubin, creatinine, lactate dehydrogenase, aspartate aminotransferase,
calcium, and phosphorus (p > 0.05). However, a reduction of 22.9% (p = 0.05) was observed
for serum urea concentration in the PA3 treatment lambs with respect to the CON lambs.
On the other hand, compared to CON lambs, serum albumin concentration increased by
7.8% (p = 0.03) in PA3 treatment lambs, while serum alkaline phosphatase concentration
tended to be 45% higher (p = 0.06) in PA2 treatment lambs relative to CON lambs.

Table 6. Blood serum biochemistry of lambs supplemented with a polyherbal additive ! during the
final fattening period.

Treatment

Parameter SEM p-Value
CON PA1 PA2 PA3

Glucose, mg dL™! 85.43 87.71 86.71 8857 354 0.50
Urea, mg dL~! 80.50° 69.08 20 66.83 0 62.08"° 6.61 0.05
Uricacid, mg dL ™! 0.64 0.62 0.58 0.59 0.69 0.56
Cholesterol, mg dL ! 62.14 57.71 64.71 61.71 512 0.54
Total protein, g dL~! 8.74 8.64 881 891 0.24 0.62
Albumin, g dL~! 2.67° 2.74% 2814 2.882 0.06 0.03
Globulin, g dL ™! 5.85 5.90 6.00 6.07 214 048
Albumin/globulin 0.44 0.46 045 047 0.02 0.31
Bilirubin, mg dL ™ 0.15 0.18 0.19 018 0.02 0.16
Creatinine, mg dL ™! 1.04 1.01 0.98 1.02 0.048 041
Alkaline phosphatase, UT dL ! 341.43 % 42443 496.28 % 386.85 49.77 0.06
Lactate dehydrogenase, ULdL ™! 198.86 233.28 21143 215.14 23.90 0.31
Aspartate aminotransferase, Ul dL ™! 195.28 194.43 206.86 206.00 1443 0.57
Calcium, mg dL~! 10.47 10.34 10.44 1025 0.18 041
Phosphorus, mg dL~! 6.24 6.84 6.78 654 0.30 017

! ImmuPlus® based on Tinospora cordifolia, Ocinum sanctum, Whitania somnifera, Andrographis paniculata, and
Azadirachta indica. CON—a basal diet without polyherbal additive (PA); PAl—basal diet + 1 g of PA kg™! of dry
matter (DM); PA2—basal diet + 2 g of PA kg~ of DM; PA3—basal diet + 3 g of PA kg ™! of DM. SEM—standard
error of the treatment means; * > —means within a row with different subscripts differ when p < 0.05; *—indicates
a tendency.
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3. Discussion
3.1. Growth Performance and Dietary Energetics

It has been reported that the effects of some PA on the productive performance of small
ruminants are more effective when used at high doses than at low doses [3,22]. However, in
the present study, ADG was higher in lambs supplemented with 1 g of PA than in lambs fed
2 and 3 g of the PA and the control treatment. In a similar study, Orzuna-Orzuna et al. [5]
investigated the effects of other PA (0,1,1,2,and 3 g kg’1 DM for 56 days) containing
flavonoids, essential oils, and alkaloids on the productive performance of finishing lambs,
and they observed higher FBW and ADG in lambs supplemented with only 1 g kg~' DM
of PA, but FBW and ADG decreased as the dose of PA increased, which is congruent with
the results of the present study. These results suggest that low doses of PA can improve
the productive performance of finishing lambs, but at high concentrations PA reduces the
growth rate of lambs.

It has also been reported that the relative abundance of rumen fiber-degrading bacteria
increases in response to dietary supplementation of flavonoids and essential oils [15], which
could increase rumen passage rate and DMI. However, in this study, no significant changes
in DMI were observed in response to dietary PA supplementation. Similar results were
previously reported by Lozano-Sanchez et al. [23] in lambs supplemented with a PA (0, 5, 10,
and 15 g kg~! DM for 60 days) based on Emblica officinalis and Ocinum sanctum containing
hydrolyzable tannins and by Orzuna-Orzuna et al. [6] in finishing lambs supplemented
with PA (0, 1,2 and 3 g kg_1 DM for 56 days) containing saponins, flavonoids, and
polysaccharides. On the other hand, Hashemzadeh et al. [3] observed 18% higher DMI in
lambs supplemented witha PA (20 g l(g’1 DM for 48 days) based on Rosemarinus officinalis,
Cinnamomum zeylanicum, Curcuma longa, and Eugenia caryophyllata. Together, these results
suggest that PA could be more effective in stimulating DMI when administered at high
doses than at low doses.

In the present study, PA supplementation did not affect the variation of DMI among
individuals. In a similar study, Lozano-Sdnchez et al. [23] investigated the effects of a
PA (0, 5,10, and 15 g kg ! DM for 60 days) containing 12% hydrolyzable tannins on the
productive performance of lambs. In that study, the variation of DMI between individuals
was similar among lambs of all treatments. The absence of changes in DMI variation
between individuals suggests that the PA used in the present study did not affect the
welfare of the lambs.

Additionally, in this study FCR was better in lambs of PA1 treatment, suggesting that
1 g kg~! DM of PA used may improve the efficiency of utilization of the feed ingested.
Since no significant changes were shown in DMI, the lower FCR found in lambs of PA1
treatment could be related to the increase in the availability of ObsNEm and ObsNEg. In
addition, some PA containing tannins, flavonoids, and essential oils have shown positive
effects on FCR, because they increase the digestibility of ingested feed, the duodenal flux of
protein and amino acids, and also reduce energy loss by enteric methane emissions [9,15,19].
Therefore, similar effects of tannin, flavonoid, and essential oil consumption as observed in
our study would partially explain the better FCR in the lambs of PA1 treatment.

There is limited information on the effects of PA containing tannins, flavonoids, and
essential oils on the efficiency of dietary energy utilization in finishing lambs. However,
in cattle fed on a high-concentrate diet, Rivera-Méndez et al. [24] observed that dietary
supplementation of hydrolyzable tannins (6 g kg‘1 DM for 84 days) increased ObsNEm
and ObsNEg by 2 and 3%, respectively. Similarly, Estrada-Angulo et al. [18] observed that,
compared to CON, dietary supplementation with 150 mg d ! of a mixture of essential
oils (eugenol, thymol, vanillin, and limonene) increased ObsNEm and ObsNEg in lambs
by 5 and 6%, respectively. Tannins, flavonoids, and essential oils were reported to reduce
enteric methane production and increase ruminal propionate concentration in sheep and
cattle [9,15,25], which would explain the positive effects of the PA used in the present study
on ObsNEm and ObsNEg.
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It was previously reported that the observed dietary net energy (NE) to expected
dietary NE ratio of 1.0 indicates that ADG was consistent with the measured DMI value
and with the estimated dietary NE value with tabular values [26]. Furthermore, the
observed to expected dietary NE ratio greater than 1.0 suggests higher dietary energy
utilization, whereas a ratio less than 1.0 indicates lower energy utilization [18,27]. In this
study, the values recorded for the ratio between observed and expected dietary NE for
maintenance and gain suggest that, compared to the CON, lambs in the PA1 treatment had
higher efficiency of dietary energy utilization.

3.2. Carcass Traits, Carcass Biometrics, and Non-Carcass Components

Although it has previously been reported that dietary supplementation of tannin-
containing plants can increase HCY and CCY [11], in this study HCW, HCY, CCW, CCY,
ELC, ILC, CG, LL, and CI were similar in lambs of the different treatments. Similar
responses were previously reported by Orzuna-Orzuna et al. [5] in lambs supplemented
with increasing doses (0,1, 2,and 3 g l(g’1 DM for 56 days) of a PA containing flavonoids,
essential oils, and alkaloids; and by Lozano-Sanchez et al. [23] in lambs supplemented with
aPA (0,5,10,and 15 g kg~! DM for 60 days) containing 12% hydrolyzable tannins.

Higher LDMA was observed in lambs from PA1 and PA2 treatments. Similarly, Redoy
et al. [4] observed 16% higher LDMA in lambs supplemented with a PA (10 g kg~! DM
for 56 days) based on Plantago lanceolata and Allium sativum containing flavonoids and
tannins. In non-ruminants, dietary supplementation of a PA based on Tinospora cordifolia,
Andrographis paniculata, and Achiranthes aspera increased mRNA levels for the mechanistic
target of rapamycin (mTOR) in skeletal muscle [28,29]. Likewise, in lambs, dietary inclusion
of flavonoid-containing plants increased the diameter of muscle fibers, reduced muscle
protein degradation, and increased the abundance of mTOR mRNA in skeletal muscle [14].
The mTOR pathway is among the key players involved in protein synthesis and muscle
mass [30]. Similar effects of the consumption of Tinospora cordifolia, Andrographis paniculata,
and flavonoids observed in our study would partially explain the increase in LDMA
observed in lambs of PA1 and PA2 treatments.

In the present study, compared to lambs from the CON, lambs from PA1 and PA2
treatments had 19.9 and 15.5% higher BFT, respectively. Similarly, Liang et al. [31], using
steers fed with 80% concentrate in the diet, found that dietary supplementation of a
flavonoid extract (800 mg kg ™! DM for 80 days) increased BFT by 28%, through changes in
the expression of more than 800 adipogenic and lipogenic genes. These findings suggest
that some plants containing tannins, flavonoids, and essential oils increase the expression of
adipogenic factors (C/EBPB, C/EBP«, and PPARY) in adipocytes when used at low doses
but at high concentrations reduce their expression [32]. Likewise, in vitro studies [33,34]
have reported that, at low doses, hydrolyzable tannins and some flavonoids (daidzein and
genistein) increase adipogenesis but, at high concentrations, inhibit it. Thus, low doses of
bioactive metabolites of the PA used were able to increase adipogenesis in the subcutaneous
adipose tissue of lambs fed high-concentrate diets.

Except for the stomach complex and liver, in this study, supplementation of increasing
doses of PA did not affect the weight of internal and external organs of finishing lambs.
Similar results were previously reported by Orzuna-Orzuna et al. [6] in lambs supplemented
with increasing doses of PA (0,1, 2,and 3 g 1<g‘1 DM for 56 days) based on Acacia concinna,
Balanites roxburghii, and Saccharum officinarum and by Estrada-Angulo et al. [18] in lambs
fed on high-concentrate diets and supplemented with 150 mg d ! of essential oils (mixture
of eugenol, thymol, limonene, and vanillin).

Lambs supplemented with 1 g PA kg~! DM had higher stomach complex weight.
Redoy et al. [4] observed that lambs supplemented with a PA (10 g kg~! DM for 75 days)
containing tannins and flavonoids had greater length and width of ruminal papillae, as
well as greater thickness of rumen tunica muscularis. Also, Zhang et al. [17] reported
that oregano essential oil improves the development of rumen epithelial papillae in cattle.
Consequently, similar effects of the consumption of hydrolyzable tannins, flavonoids, and
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essential oils observed in our study would partially explain the higher stomach complex
weight observed in the lambs of PA1 treatment. On the other hand, some liver diseases are
known to affect the liver size and weight [35]. Therefore, the lower liver weight observed
in the lambs of PA3 treatment suggests that high doses of the PA used could affect the liver
health of the lambs. However, in this study PA supplementation did not affect the serum
concentration of liver enzymes. In addition, although there were no significant effects,
lambs on the PA3 treatment had 11.8% lower DMI than lambs on the CON. This would
partially explain the lower liver weight of PA3 treatment lambs [36].

3.3. pH and Meat Composition

Dietary supplementation with PA did not affect the pH of lamb meat in any of the
treatments. However, the pH of the meat of lambs assigned to the PA3 treatment was
between 5.5 and 5.8, which is considered normal for sheep meat [37]. In a recent study,
Orzuna-Orzuna et al. [11] observed that sheep meat pH decreased in response to dietary
supplementation of hydrolyzable tannins. It has been reported that microbial spoilage of
sheep meat increases when pH is higher than 5.8 [37]. On the other hand, low pH values
reduce the growth of undesirable microorganisms in meat [38]. This suggests that the shelf
life of meat from finishing lambs could increase with dietary supplementation of high doses
of PA, perhaps as a consequence of the action of its bioactive metabolites. In this regard,
previous studies [39,40] reported that hydrolyzable tannins and essential oils reduce a load
of pathogenic microorganisms (Escherichia coli and Listeria monocytogenes) in sheep and
bovine meat, which can extend the shelf life of meat.

In the present study, dietary supplementation of increasing doses of PA had no signifi-
cant effect on the chemical composition of meat, indicating that the bioactive metabolites
of the PA used do not affect the nutritional composition of meat from finishing lambs.
Similar results were reported by Yusuf et al. [41] in goats supplemented with leaves or
whole plants of Andrographis paniculata (15 g kg ! DM for 100 days) and by Redoy et al. [4]
in lambs supplemented with a PA (10 g kg~! DM for 56 days) containing tannins and
flavonoids. In that research, they observed that the fat, moisture, and ash content of lamb
meat was similar among treatments; however, the protein content tended to increase in
those lambs supplemented with PA. In the meta-analysis by Orzuna-Orzuna et al. [5],
dietary supplementation with tannins was found to reduce intramuscular fat content but
only in lambs less than three months of age that consumed high doses of the PA (>20 g kg ™!
DM). In our study, the lambs were over 4 months of age, and the highest dose used was 3 g
of PA with 12% tannins, which may explain the absence of changes in intramuscular fat of
meat. On the other hand, lambs supplemented with 1 g PA kg*l DM had lower collagen
content in meat. This result could be positive because the tenderness of the meat generally
increases when the collagen content decreases [6,41].

3.4. Blood Metabolites

During the evaluation of a new PA for domestic animals, it is important to determine
its effects on the general health of the animal [5]. Blood parameters allow the detection of
disorders of the hematological system and also help to identify systemic and some organ
diseases [42]. In the present study, dietary supplementation of PA did not significantly
affect hematological parameters. Furthermore, lambs from all treatments had hematological
values within the normal range reported in the literature for healthy sheep [43]. This
suggests that the bioactive metabolites of the PA used do not affect the hematological
system of finishing lambs. Similar results were previously reported by Petri¢ et al. [44]
on lambs supplemented with PA (10 g kg~ DM for 77 days) containing flavonoids and
essential oils and by Lozano-Sanchez et al. [40] on lambs supplemented with increasing
doses of PA (0,5,10,and 15 g kg‘1 DM for 60 days) based on Emblica officinalis and Ocinum
sanctum containing 12% hydrolyzable tannins.

In sheep, it is possible to detect nutritional, liver, and muscle disorders using blood
chemistry parameters [45]. Although, in the present study, lambs of all treatments had
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serum glucose concentrations above the normal range reported for healthy sheep [46], no
differences between treatments were observed. This indicates that the PA used did not
affect the ruminal production of propionate, which is considered the main gluconeogenic
precursor in ruminants [47]. In contrast, PA consumption linearly decreased serum urea
concentration. This suggests that lambs supplemented with PA had lower ruminal am-
monia nitrogen concentration, perhaps due to lower ruminal degradability of the protein
consumed [48], because there is a positive correlation (r = 0.55) between ruminal ammonia
nitrogen concentration and serum urea concentration in ruminants [49].

Serum albumin concentration increased linearly in response to PA supplementation.
However, lambs from all treatments had serum concentrations of total protein, albumin, and
globulin within the range reported in the literature for healthy sheep [46,50]. This suggests
that the PA used does not negatively affect nutritional status and protein catabolism in
lambs fed high-concentrate diets [45,51]. On the other hand, supplementation in ruminants
of some PA and essential oils reduces the serum concentration of cholesterol, triglycerides,
and total lipids through changes in cellular biosynthesis and intestinal lipid absorption [52].
In the present study, PA supplementation did not affect serum cholesterol concentration,
suggesting that the bioactive metabolites of the PA used did not affect intestinal absorption
and cellular biosynthesis of lipids in sheep.

If used carefully and with appropriate reference intervals, serum creatinine levels
serve as a sensitive marker of renal function in domestic animals [53]. For example, serum
creatinine concentration above the reference interval indicates a loss of up to 75% of
nephron function [54]. In the present study lambs from all treatments had serum creatinine
concentrations higher than the range reported in the literature for healthy sheep [46],
but there were no significant differences between treatments. This suggests that dietary
supplementation with increasing doses of PA did not affect the renal health of lambs.
Furthermore, according to Giannini et al. [55], the serum concentration of liver enzymes,
such as alkaline phosphatase and aspartate aminotransferase, can be used as an indicator
of liver function. When liver cell damage occurs, blood levels of alkaline phosphatase and
aspartate aminotransferase increase [45]. In the present study, the serum concentration of
liver enzymes was similar between treatments, indicating that the PA used did not affect
the liver health of the lambs.

Because serum calcium and phosphorus concentration have low variability, serum lev-
els of these two minerals are considered good indicators of ruminant nutritional status [56].
In our study, dietary supplementation of PA did not affect serum calcium and phosphorus
concentrations, and lambs from all treatments had serum calcium and phosphorus levels
within the normal range reported in the literature for sheep [46]. These results suggest
that the PA used does not affect the mineral and nutritional status of lambs fed high-grain
diets. Similarly, Orzuna-Orzuna et al. [5] investigated the effects of dietary inclusion of
increasing doses of PA (0,1,2,and 3 g kg"1 of DM for 56 days) containing flavonoids,
essential oils, and alkaloids in lambs fed high-grain diets. In that investigation, serum
calcium and phosphorus concentrations were also unaffected by the level of PA used.

4. Materials and Methods
4.1. Experimental Location

The experiment was conducted from October to December 2021 at the Sheep Research
Unit of the Universidad Auténoma Chapingo, located in Texcoco, State of Mexico, Mexico
(Latitude 19°30'45” N and Longitude 98°52/47"” W). Texcoco is located at 2250 m above
sea level; the climate is temperate sub-humid with a mean annual temperature of 18.2 °C
and mean annual precipitation of 665 mm [57]. All lamb care procedures were conducted
following federal guidelines for the use and care of animals [58] and were approved by
the Research Ethics and Bioethics Committee of the Universidad Autonoma del Estado
de México.
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4.2. Polyherbal Mixture Characteristics

The polyherbal additive (PA) used was ImmuPlus® (Nuproxa S. de RL. de CV.
Querétaro, Mexico), which is a standardized commercial product that contains 120 g kg~
of hydrolyzable tannins. In addition, InmuPlus® is composed of the following plant
parts: Tinospora cordifolia, Ocimum sanctum, Whitania somnifera, Andrographis paniculata, and
Azadirachta indica. T. cordifolia contains 20.4% tannins and 2.19% flavonoids for antioxi-
dant activity [59]; O. sanctum contains essential oils (24.15% camphor, 23.67% eugenol,
and 13.47% eucalyptol) with antimicrobial properties [7]; W. somnifera contains flavonoids,
tannins, and alkaloids with antimicrobial and antifungal properties [60]; A. paniculata
contains 8.06% flavonoids and 10.22% essential oils with immunomodulatory and anti-
inflammatory properties [8,61]; A. indica contains tannins, flavonoids, and essential oils
with anti-inflammatory and antioxidant activity [62].

4.3. Animals, Experimental Design, and Diet Composition

Twenty-eight male Pelibuey x Katahdin lambs (20.52 + 0.88 kg BW, 4-5 months
old) were distributed using a completely randomized experimental design within one of
four treatments: (1) basal diet without PA (CON); (2) PA1, CON + 1 g of PA kg~! dry
matter (DM); (3) PA2, CON + 2 g of PA kg~! DM; and (4) PA3, CON + 3 g of PA kg ! DM.
Individual pens of 2 m? were used to house the lambs, and each pen had an individual
feeder (45 cm bunk space lamb~!) and an automatic drinker. The dose of 2 g of PA
(ImmuPlus®) kg~! DM was chosen based on a previous report where ingestion of this dose
(2 g kg~! DM) resulted in increases on ruminal total volatile fatty acids and feed efficiency
in growing lambs [63]. However, the growth performance of finishing lambs and suckling
calves supplemented with PA with a similar composition to the PA used in this study has
shown a dose-dependent response [5,64]. Therefore, the PA concentrations used included a
low dose (1g kg’l DM) and a high dose 3 g kg’1 DM). Seventeen days before the start
of the experimental phase, all lambs were treated against internal and external parasites
with 0.5 mL lamb~?! of ivermectin subcutaneously (Endovet®, Riverfarma, Labs, Mexico
City, Mexico). In addition, on day 1 of the adaptation period, all lambs were vaccinated
intramuscularly against Clostridium and Pasteurella (2.5 mL lamb ™!, Bobact® 8 MSD-Merck,
Kenilworth, NJ, USA) and received 500,000 IU of vitamin A, 75,000 IU of vitamin D and
50 mg of vitamin E intramuscularly (Vigantol®, Bayer, Labs, Mexico City, Mexico).

During all days of the experimental phase, samples of offered and rejected feed were
collected to determine the nutritional composition of the diets used. Samples were oven-
dried at 105 °C until there was no more weight loss and subsequently ground using a Wiley
mill (model 4, Arthur Thomas Co., Philadelphia, PA, USA). The samples were analyzed
for the following components: dry matter, crude protein, ether extract, and ash [65]. In
addition, the procedures proposed by Van Soest et al. [66] were used to determine the
neutral detergent fiber and acid detergent fiber content of the feed samples. The nutritional
composition of the experimental diets is shown in Table 7.

The lambs were adapted to the basal diet for 17 days, and they were included in
the experimental phase, which lasted 56 days. PA was fed to the lambs through diets
formulated to obtain daily weight gains of 250 g [26]. The levels of PA (1,2, or3 gkg ™! of
DM) were mixed with the minor ingredients of the diet (calcium carbonate, common salt,
and premix of vitamins and minerals), and then the mixture was incorporated with the
rest of the ingredients until a totally mixed ration was obtained. Feed was offered to the
animals every day at 7:30 a.m. and 3:30 p.m., in an amount 5% higher than the previous
day’s intake to ensure ad libitum feed intake. Water was also available ad libitum throughout
the experimental phase. Figure 1 shows the experimental design used and the samples
taken during the experiment.
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Table 7. Ingredients and chemical composition of the experimental diets.

Treatments
Ingredients, g kg—1 DM
CON PA1 PA2 PA3
Oat straw 194 194 194 194
Ground sorghum 241 241 241 241
Soybean meal 81 81 81 81
Ground corn 303 302 301 300
Wheat bran 71 71 71 71
Calcium carbonate 8 3 3 3
Common salt 5 5 5 5
Mineral remix and vitamins ? 5 5 5 5
Bypass fat 23 23 23 23
Corn gluten 74 74 74 74
Polyherbal additive (PA) 0 1 2 3
Total 100 100 100 100
Nutrient composition, g kg~! DM
Dry matter 889.6 895.0 893.5 892.0
Crude protein 156.9 156.8 156.8 1579
Ether extract 264 26.3 264 26.3
Ash 552 542 49.6 50.1
Neutral detergen fiber 260.4 2749 270.5 275.7
Acid detergent fiber 137.5 135.0 1379 1357
Calculated net energy, Mcal kg—!
Maintenance © 1.81 1.81 1.81 1.81
Gain © 1.26 1.26 1.26 1.26

CON—basal diet without polyherbal additive (PA); PA1l—basal diet + 1 g of PA kg ! of DM; PA2—basal diet +
2 g of PA kg~ ! of DM; PA3—basal diet + 3 g of PA kg~! of DM; ® Mineral Premix and vitamins Vitasal® ovino
plus: calcium, 24%; phosphorus, 3%; magnesium, 2%; sodium, 8 %; chlorine, 12%; potassium, 0.5%; sulfur, 0.5%;
antioxidant, 0.5%; Lasalocid, 2000 ppm; chromium, 5 ppm; manganese, 4000 ppm; iron, 2000 ppm; zinc, 5000 ppmy;
iodine, 100 ppm; selenium, 30 ppm; cobalt, 60 ppm; vitamin A, 500,000 UL; vitamin D, 150,000 U[; vitamin E,
1000 UL ® ImmuPlus® based on Tinospora cordifolia, Ocimum sanctum, Whitania somnifera, Andrographis paniculata,
and Azadirachta indica. © The calculation of net energy is based on NRC [26].

ﬁ Initial body weight ‘ Final body weight Day 57 meat
CON —_— qualukv
D'1y 55 BFT ﬁ
and LMA [_j
H 14 28 42
ﬁ \—y—’ Days of experimental period
PA3 X blau&,hler, carcass
Adapfatlon characteristics and non-carcass
period Day 54 evaluation componentes
of blood 9

metabolites /“x\)\

Figure 1. Diagram of the experimental design showing the samples taken during the experiment.
CON: basal diet without polyherbal additive (PA); PA1, CON + 1 g of PA kg ! dry matter (DM);
PA2, CON + 2 g of PA kg~! DM; and PA3, CON + 3 g of PA kg ! DM. BFT: backfat thickness; LMA:
Longissimus dorsi muscle area.

4.4. Calculations

On days 1 and 56 of the experimental phase, all lambs were weighed 1 h before
morning feeding. Subsequently, to adjust for gastrointestinal fill, the body weight (BW) of
lambs recorded on day 1 was converted to shrunk body weight (SBW) using the equation:
BW x 0.96 [67]. Additionally, lambs were fasted for 12 h before recording their final
body weight (FBW). Therefore, estimations for average daily gain (ADG) and net dietary
energy were made based on SBW. In addition, every day the amount of feed offered and
rejected was recorded to estimate dry matter intake (DMI, kg d~!). ADG (kg d ') was
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calculated with the equation: (initial SBW — final SBW)/56. Feed conversion ratio (FCR)
was calculated with the following equation: FCR = DMI/ADG.

According to Estrada-Angulo et al. [18,27], in productive performance trials with
finishing lambs, the relationship between observed and expected net energy (NE) and the
relationship between observed and expected DMI can be used to evaluate the efficiency of
dietary energy utilization. Based on the observed average for ADG and SBW, and with the
NE values of the diet (Table 1), expected DMI was estimated using the equation: expected
DM], kg d~! = (ME/NEm) + (EG/NEg), in which ME (energy required for maintenance,
expressed in Mcal d™1) = 0.056 x SBW7> and EG (represents energy gain, expressed
in Mcal d~1) = ADG x 0.276 x SBW"75. Meanwhile NEm (maintenance dietary energy,
Mcal kg“1 DM) = 1.81 and NEg (gain dietary energy, Mcal kg‘1 DM) = 1.26 were estimated
based on the ingredient composition of the experimental diets [30]. Likewise, the coefficient
of 0.276 was taken from NRC [68], assuming that male Pelibuey x Katahdin lambs have a
mature weight of 113 kg [69].

On the other hand, using the values observed for DMI during the experiment, as
well as the values of ME and EG, the observed dietary NE was calculated by means
of the quadratic formula: x = (—b — Vb? —4ac) /2¢, in which x = NEm (Mcal/kg),
a=—041EM, b =0.877 EM + 0.41 DMI + EG, and c = —0.877 DMI [70].

4.5. Carcass Traits, Carcass Biometrics, and Non-Carcass Components

On day 55 of the experimental phase, backfat thickness (BFT) and Longissimus dorsi
muscle area (LDMA) were measured in lambs of all treatments following the methodology
described by Silva et al. [71]. Prior to the evaluation, all lambs were shaved between the
12th and 13th ribs to allow skin contact with the transducer. Subsequently, a Sonovet 600
ultrasound (Medison, Inc., Cypress, CA, USA) with a 7.5 Mhz transducer was used between
the 12th and 13th ribs of each lamb. In addition, the yield grade (YG) of the carcass was
measured using the following equation [72]: YG =0.4 + (10 x BFT, in cm).

Immediately after slaughter, all internal and external organs were separated from the
carcass and the hot carcass weight (HCW) were recorded. All carcasses were cooled to 4 °C
and 24 h later were weighed to obtain the cold carcass weight (CCW). The yield of the hot
carcass (HCY) and cold carcass (CCY) was estimated using the following equations: HCY
= (HCW/FBW) x 100 and CCY = (CCW /FBW) x 100, as previously reported by other
authors [5,6].

Using the methodology previously described by Yafiez et al. [73], morphometric
measurements were performed on the cold carcass of all lambs: internal length of the carcass
(ILC), external length of the carcass (ELC), chest girth (CG), leg length (LL), and perimeter of
the leg (PL). In addition, the carcass compactness index (CI) was obtained using the equation
CI = CCW/ILC, expressed in kg em™ L Finally, the individual weights of the following
organs and limbs were recorded for all lambs: head, feet, skin, liver, empty stomach
complex (rumen, reticulum, omasum, and abomasum), empty small intestine (duodenum,
jejunum, and ileum), empty large intestine (cecum, colon, and rectum), kidneys, heart,
spleen, and lungs.

4.6. pH and Meat Composition

From the cold carcass (24 h post-mortem) of all lambs, samples were collected from
the Longissimus dorsi muscle (approximately 500 g) between the 12th and 13th ribs. Sub-
sequently, with a scalpel, fat and subcutaneous tissue were removed from all L. dorsi
samples. Meat pH was measured following the methodology previously described by
Orzuna-Orzuna et al. [5,6]. For this, 3 g of each muscle sample was weighed (in triplicate),
and each portion of meat was homogenized with 20 mL of deionized water, using a Waring
51BL32 blender (model 700, Torrington, CT, USA). Then, a Hanna® brand pH meter (Model
HI 98127, Waterproof Tester, Torrington, CT, USA) was used to measure the pH of each
sample in triplicate. Finally, a blender was used to grind and homogenize for 5 min the
entire muscle sample from each lamb, and 150 g of sample were taken in triplicate to
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determine the content (g 100 g’l) of protein, fat, moisture, and collagen of each sample
using a FOSS FoodScan™ Near-infrared spectrophotometer, as described by Anderson [74].

4.7. Blood Metabolites

To determine hematological and biochemical parameters, on day 54 of the experiment
and prior to morning feeding (07:00 h), two 5 mL blood samples were collected from
each lamb through a jugular vein puncture. The first blood sample (5 mL lamb ~!) was
collected using tubes with BD Vacutainer® K2 EDTA anticoagulant (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA), and then stored at 4 °C. Subsequently, the
samples were analyzed on a hematology analyzer (KontroLab QS EasyVet, Michoacan,
Mexico) to determine complete hemogram, hematocrit, and leukocyte count, as previously
reported by Lozano-Sanchez et al. [23] and Orzuna-Orzuna et al. [5]. The second blood
sample (5 mL lamb~!) was collected using BD Vacutainer® tubes without anticoagulant
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and tubes were centrifuged
at 3500 rpm for 20 min to obtain blood serum, which was stored in Eppendorf tubes at
—20 °C. Subsequently, the blood serum was analyzed with an autoanalyzer (KontroLab
QS EasyVet, Michoacan, Mexico) to determine the contents of glucose, urea, uric acid,
cholesterol, total protein, albumin, globulins, bilirubin, creatinine, alkaline phosphatase,
lactate dehydrogenase, aspartate aminotransferase, calcium, and phosphorus, as described
by Orzuna-Orzuna et al. [5].

4.8. Statistical Analysis

All data were analyzed with the GLM procedure of SAS statistical software [75] using
a completely randomized design where each lamb was considered as the experimental unit.
First, the Shapiro-Wilk test was used to test the normality of the data for each variable.
Subsequently, the productive performance data (DWG, BW, DMI, and FCR), the relationship
between observed and expected DMI, and dietary energetics were analyzed including
initial BW as a covariate, but, since this covariate was not significant (p > 0.05), it was
eliminated from the model. Data for carcass characteristics, morphometric measurements,
meat composition, blood biometry, and blood chemistry were initially analyzed including
FBW as a covariate; however, in the final model FBW was removed because it was also
non-significant (p > 0.05). The statistical model used in the data analysis was as follows:
Yk = i+ Ti + e, in which: p is the value of the statistical mean, T; is the fixed effect of the
treatments, and ej; is the standard error term. Means of treatments were compared using
the Tukey test; significant differences were considered to be present when p < 0.05, and the
trend was considered to be significant when p > 0.05 and <0.10.

5. Conclusions

The results of this study indicate that the dietary inclusion of 1 g of PA (ImmuPlus®)
kg'1 DM improves weight gain, feed conversion ratio, the efficiency of dietary energy
utilization, backfat thickness, and Longissimus dorsi muscle area, without affecting dry
matter intake, carcass yield, meat chemical composition, and health status of the lambs.
Therefore, low doses of PA ImmuPlus® could be used as a growth promoter in finishing
lambs fed with high concentrate diets. However, further research is desirable to evaluate
the effects of other doses of this PA (ImmuPlus®), and its individual bioactive compounds
on the productivity, metabolism, and health status of sheep and other ruminants fed
high-concentrate diets.

Author Contributions: Conceptualization, G.D.-L,, ] FO.-O. and A.L.-B.; methodology, G.D.-I. and
J.LEO--O,; software, L. A.M.-R. and G.D.M.-M.; validation, A.L.-B., L.A.M.-R. and G.D.M.-M.; formal
analysis, G.D.-I. and ] F.O.-O.; investigation, G.D.-I. and ].EO.-O.; resources, A.L.-B.; data curation,
G.D.-I. and J.LEO.-O.; writing—original draft preparation, G.D.-I. and J.F.O.-O.; writing—review
and editing, L. AM.-R., G.D.M.-M. and PA.H.-G ; visualization, PA.H.-G.; supervision, G.D.M.-M.;
project administration, A.L.-B.; funding acquisition, A.L.-B. All authors have read and agreed to the
published version of the manuscript.

50



Metabolites 2022, 12,413 140f17

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board (or Ethics Committee) of Research Ethics and Bioethics Committee of the Universidad
Autonoma del Estado de México (protocol code No. 11 and date of approval 29 May 2021). for studies
involving animals. In addition, animal care and handling procedures were conducted according to
the technical specifications for the production, care, and use of laboratory animals established in the
Official Mexican Standards.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and analyzed during the current study are available
from the corresponding author on reasonable request. The data are not publicly available due to
restrictions on privacy.

Acknowledgments: The first author thanks to the CONACyT Program for the scholarship. We
appreciate the assistance of Nuproxa México S. de RL. de CV. Querétaro, México for providing the
Herbal Plant Additive.

Conflicts of Interest: The authors declare no conflict of interest.

References

1

10.

11

12:

13.

14.

185

Iskandar, K.; Molinier, L.; Hallit, S.; Sartelli, M.; Catena, F.; Coccolini, F,; Craig Hardcastle, T.; Roques, C.; Salameh, P. Drivers
of Antibiotic Resistance Transmission in Low- and Middle-Income Countries from a “One Health” Perspective—A Review.
Antibiotics 2020, 9, 372. [CrossRef] [PubMed]

Khan, R.U.; Khan, A.; Naz, S.; Ullah, Q.; Laudadio, V.; Tufarelli, V.; Ragni, M. Potential Applications of Moringa oleifera in Poultry
Health and Production as Alternative to Antibiotics: A Review. Antibiotics 2021, 10, 1540. [CrossRef] [PubMed]

Hashemzadeh, F.; Rafeie, F.; Hadipour, A.; Rezadoust, M.H. Supplementing a phytogenic-rich herbal mixture to heat-stressed
lambs: Growth performance, carcass yield, and muscle and liver antioxidant status. Small Rumin. Res. 2022, 206, 106596. [CrossRef]
Redoy, M.R.A; Shuvo, A.AS; Cheng, L.; Al-Mamun, M. Effect of herbal supplementation on growth, immunity, rumen histology,
serum antioxidants and meat quality of sheep. Animal 2020, 14, 2433-2441. [CrossRef]

Orzuna-Orzuna, J.F; Dorantes-Iturbide, G.; Lara-Bueno, A.; Mendoza-Martinez, G.D.; Miranda-Romero, L.A.; Hernandez-Garcia,
P.A. Growth Performance, Carcass Characteristics, and Blood Metabolites of Lambs Supplemented with a Polyherbal Mixture.
Animals 2021, 11, 955. [CrossRef]

Orzuna-Orzuna, ].E; Dorantes-Iturbide, G.; Lara-Bueno, A.; Mendoza-Martinez, G.D.; Miranda-Romero, L.A.; Lopez-Ordaz, R.;
Hernandez-Garcia, P.A. Productive Performance, Carcass Traits, and Meat Quality in Finishing Lambs Supplemented with a
Polyherbal Mixture. Agriculture 2021, 11, 942. [CrossRef]

Yamani, H.A ; Pang, E.C.; Mantri, N.; Deighton, M. A. Antimicrobial Activity of Tulsi (Ocinum tenuiflorum) Essential Oil and Their
Major Constituents against Three Species of Bacteria. Front. Microbiol. 2016, 7, 681. [CrossRef]

Kumar, S.; Singh, B.; Bajpai, V. Andrographis paniculata (Burm.f.) Nees: Traditional uses, phytochemistry, pharmacological
properties and quality control /quality assurance. J. Ethnopharmacol. 2021, 275, 114054. [CrossRef]

Orzuna-Orzuna, J.F; Dorantes-Iturbide, G.; Lara-Bueno, A.; Mendoza-Martinez, G.D.; Miranda-Romero, L.A.; Hernandez-Garcia,
P.A. Effects of Dietary Tannins’ Supplementation on Growth Performance, Rumen Fermentation, and Enteric Methane Emissions
in Beef Cattle: A Meta-Analysis. Sustainability 2021, 13, 7410. [CrossRef]

Rojas-Roman, L.; Castro-Pérez, B.; Estrada-Angulo, A.; Angulo-Montoya, C.; Yocupicio-Rocha, J.; Lopez-Soto, M.; Barreras, A.;
Zinn, R.A; Plascencia, A. Influence of long-term supplementation of tannins on growth performance, dietary net energy and
carcass characteristics: Finishing lambs. Small Rumin. Res. 2017, 153, 137-141. [CrossRef]

Orzuna-Orzuna, ].E; Dorantes-Iturbide, G.; Lara-Bueno, A.; Mendoza-Martinez, G.D.; Miranda-Romero, L.A.; Lee-Rangel, H.A.
Growth Performance, Meat Quality and Antioxidant Status of Sheep Supplemented with Tannins: A Meta-Analysis. Animals
2021, 11, 3184. [CrossRef] [PubMed]

Mugier, Q.S.; Wang, T,; Chen, R.; Wang, C.; Ao, C. Effects of flavonoids from Allium mongolicum Regel on growth performance
and growth-related hormones in meat sheep. Anim. Nutr. 2017, 3, 33-38. [CrossRef] [PubMed]

Hao, X.; Wang, P; Ren, Y.; Liu, G.; Zhang, J.; Leury, B.; Zhang, C. Effects of Astragalus membranaceus roots supplementation on
growth performance, serum antioxidant and immune response in finishing lambs. Asian-Australas. ]. Anim. Sci. 2020, 33, 965-972.
[CrossRef] [PubMed]

Qin, X,; Zhang, T.; Cao, Y.; Deng, B.; Zhang, J.; Zhao, ]. Effects of dietary sea buckthorn pomace supplementation on skeletal
muscle mass and meat quality in lambs. Meat Sci. 2020, 166, 108141. [CrossRef] [PubMed]

Yanza, Y.R.; Szumacher-Strabel, M.; Lechniak, D.; Slusarczyk, S.; Kolodziejski, P; Patra, AK,; Varadyova, Z.; Lisiak, D.;
Vazirigohar, M.; Cieslak, A. Dietary Coleus amboinicus Lour. decreases ruminal methanogenesis and biohydrogenation, and
improves meat quality and fatty acid composition in longissimus thoracis muscle of lambs. J. Animal. Sci. Biotechnol. 2022, 13, 5.
[CrossRef]

51



Metabolites 2022, 12,413 150f17

16.

17

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

Paniagua, M.; Crespo, FJ.; Aris, A.; Devant, M. Effects of flavonoids extracted from citrus aurantium on performance, behavior,
and rumen gene expression in holstein bulls fed with high-concentrate diets in pellet form. Animals 2021, 11, 1387. [CrossRef]
[PubMed]

Zhang, R.; Wu, ].; Lei, Y.; Bai, Y,; Jia, L.; Li, Z; Liu, T; Xu, Y,; Sun, ].; Wang, Y.; et al. Oregano Essential Oils Promote Rumen
Digestive Ability by Modulating Epithelial Development and Microbiota Composition in Beef Cattle. Front. Nutr. 2021, 8, 722557.
[CrossRef]

Estrada-Angulo, A.; Arteaga-Wences, Y.J.; Castro-Pérez, B.L; Urias-Estrada, ].D.; Gaxiola-Camacho, S.; Angulo-Montoya, C.;
Ponce-Barraza, E.; Barreras, A.; Corona, L.; Zinn, R.A_; et al. Blend of Essential Oils Supplemented Alone or Combined with
Exogenous Amylase Compared with Virginiamycin Supplementation on Finishing Lambs: Performance, Dietary Energetics,
Carcass Traits, and Nutrient Digestion. Aninals 2021, 11, 2390. [CrossRef]

Latack, B.C.; Montano, M.F;; Zinn, R.A_; Salinas-Chavira, J. Effects of a blend of cinnamaldehyde-eugenol and capsicum
(Xtract®Ruminant 7065) and ionophore on performance of finishing Holstein steers and on characteristics of ruminal and total
tract digestion. J. Appl. Res. 2021, 49, 185-193. [CrossRef]

Wu, J.P;; Zhou, R.; Liu, L.S.; Casper, D.P.,; Lang, X.; Wang, C.L.; Zhang, L.P.; Wei, S.; Liu, H.B. Growth performance, nutrient
digestibility, blood parameters, and carcass characteristics by lambs fed an oregano and cobalt blend. Animal 2021, 15,100365.
[CrossRef]

Zhou, R.; Wy, J.; Zhang, L.; Liu, L.; Casper, D.P; Jiao, T.; Liu, T.; Wang, J.; Lang, X.; Song, S.; etal. Effects of oregano essential oil
on the ruminal pH and microbial population of sheep. PLoS ONE 2019, 14, 0217054. [CrossRef] [PubMed]

Leal, KW.; Alba, D.E; Cunha, M.G.; Marcon, H.; Oliveira, FC.; Wagner, R; Silva, A.D.; Lopes, T.F,; de Jesus, L.S.B.; Schetinger,
M.R.C;; et al. Effects of biocholine powder supplementation in ewe lambs: Growth, rumen fermentation, antioxidant status, and
metabolism. Biotechnol. Rep. 2021, 29, €00580. [CrossRef] [PubMed]

Lozano-Sanchez, M.; Mendoza-Martinez, G.D.; Martinez-Garcia, J.A.; Torre-Hernandez., M.E.; Chamorro-Ramirez., EH.; Matinez-
Aispuro, J.A.; Cordero-Mora, ].L.; Sanchez-Torres, M.T,; Hernandez-Garcia, PA; Jones, R. Evaluation of polyherbal with vitamin
C activity on lamb performance and meat characteristics. R. Bras. Zootec. 2021, 50, €20200166. [CrossRef]

Rivera-Mendez, C.; Plascencia, A.; Torrentera, N.; Zinn, R.A. Effect of level and source of supplemental tannin on growth
performance of steers during the late finishing phase. J. Appl. Anim. Res. 2017, 45, 199-203. [CrossRef]

Belanche, A.; Newbold, C J.; Morgavi, D.P.; Bach, A.; Zweifel, B.; Yanez-Ruiz, D.R. A Meta-analysis Describing the Effects of the
Essential oils Blend Agolin Ruminant on Performance, Rumen Fermentation and Methane Emissions in Dairy Cows. Animals
2020, 10, 620. [CrossRef]

NRC. Nutrient Requirements of Small Ruminants: Sheep, Goats, Cervids, and New World Camelids; National Academies Press:
Washington, DC, USA, 2007.

Estrada-Angulo, A.; Zapata-Ramirez, O.; Castro-Pérez, B.L; Urias-Estrada, ].D.; Gaxiola-Camacho, S.; Angulo-Montoya, C.;
Rios-Rincon, FG.; Barreras, A.; Zinn, RA.; Leyva-Morales, ].B.; et al. The Effects of Single or Combined Supplementation of
Probiotics and Prebiotics on Growth Performance, Dietary Energetics, Carcass Traits, and Visceral Mass in Lambs Finished under
Subtropical Climate Conditions. Biology 2021, 10, 1137. [CrossRef]

Flees, J.; Greene, E.; Ganguly, B.; Dridi, S. Phytogenic feed- and water-additives improve feed efficiency in broilers via modulation
of (an)orexigenic hypothalamic neuropeptide expression. Neuropeptides 2020, 81, 102005. [CrossRef]

Flees, ].].; Ganguly, B.; Dridi, S. Phytogenic feed additives improve broiler feed efficiency via modulation of intermediary lipid
and protein metabolism-related signaling pathways. Poult. Sci. 2021, 100, 100963. [CrossRef]

Laplante, M.; Sabatini, D.M. mTOR Signaling in Growth Control and Disease. Cell 2012, 149, 274-293. [CrossRef]

Liang, H.; Xu, L,; Zhao, X,; Pan, K.; Yi, Z.; Bai, J.; Qi, X.; Xin, J.; Li, M.; Ouyang, K ; et al. RNA-Seq analysis reveals the potential
molecular mechanisms of daidzein on adipogenesis in subcutaneous adipose tissue of finishing Xianan beef cattle. J. Anim.
Physiol. Anim. Nutr. 2020, 104, 1-11. [CrossRef]

Hwang, H.J.; Hwang, YJ.; Kim, Y.J.; Kim, M.; Hwang, K.A. Inmature sword bean pods (Canavalia gladiata) inhibit adipogenesis in
C3H10T1/2 cells and mice with high-fat diet-induced obesity. J. Chin. Med. Assoc. 2022, 85, 67-76. [CrossRef] [PubMed]

Jin, Q. Liu, G.; Tan, X.; Zhang, X.; Liu, X.; Wei, C. Gallic acid as a key substance to inhibit proliferation and adipogenesis in
bovine subcutaneous adipocyte. Anim. Biotechnol. 2020, 1-7. [CrossRef] [PubMed]

Sakamoto, Y.; Naka, A.; Ohara, N.; Kondo, K.; Iida, K. Daidzein regulates proinflammatory adipokines thereby improving
obesity-related inflammation through PPARY. Mol. Nutr. Food Res. 2014, 58, 718-726. [CrossRef] [PubMed]

Simon, G.; Heckmann, V.; Téth, D.; Pauka, D.; Petrus, K.; Molnar, T.F. The effect of hepatic steatosis and fibrosis on liver weight
and dimensions. Leg. Med. 2020, 47, 101781. [CrossRef]

Fluharty, F.L.; McClure, K.E. Effects of dietary energy intake and protein concentration on performance and visceral organ mass
inlambs. J. Anim. Sci. 1997, 75, 604-610. [CrossRef]

Sanudo, C.; Santolaria, M.P.; Maria, G.; Osorio, M.; Sierra, L. Influence of carcass weight on instrumental and sensory lamb meat
quality in intensive production systems. Meat Sci. 1996, 42, 195-202. [CrossRef]

Barcenilla, C.; Ducic, M.; Lopez, M.; Prieto, M.; Alvarez-Ordéiiez, A. Application of Lactic Acid Bacteria for the Biopreservation
of Meat Products: A Systematic Review. Meat Sci. 2022, 183, 108661. [CrossRef]

52



Metabolites 2022, 12,413 160f17

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

5L

52.

53.
54.

55.

56.

57

58.

59.

60.

61.

62.

Biondi, L.; Randazzo, C.L.; Russo, N.; Pino, A.; Natalello, A.; Van Hoorde, K.; Caggia, C. Dietary Supplementation of Tannin-
Extracts to Lambs: Effects on Meat Fatty Acids Composition and Stability and on Microbial Characteristics. Foods 2019, 8, 469.
[CrossRef]

Hsouna, A B.; Halima, N.B.; Smaoui, S.; Hamdi, N. Citrus lemon essential oil: Chemical composition, antioxidant and antimicro-
bial activities with its preservative effect against Listeria monocytogenes inoculated in minced beef meat. Lipids Health Dis. 2017,
16, 146. [CrossRef]

Yusuf, A.L; Adeyemi, K.D.; Roselina, K.; Alimon, A.R.; Goh, Y.H.; Samsudin, A.A_; Sazili, A.Q. Dietary supplementation of
different parts of Andrographis paniculata affects the fatty acids, lipid oxidation, microbiota, and quality attributes of longissimus
muscle in goats. Food Res. Int. 2018, 111, 699-707. [CrossRef]

Roland, L.; Drillich, M.; Iwersen, M. Hematology as a diagnostic tool in bovine medicine. J. Vet. Diagn. Investig. 2014, 26, 592-598.
[CrossRef] [PubMed]

Kaneko, ].J.; Harvey, J.W.; Bruss, M.L. Clinical Biochemistry of Domestic Animals, 6th ed.; Academic Press: San Diego, CA, USA,
2008; p. 916.

Petri¢, D.; Mravéakova, D.; Kuckova, K ; Kisidayova, S.; Cieslak, A.; Szumacher-Strabel, M.; Huang, H.; Kolodziejski, P; Lukomska,
A; Slusarczyk, S.; et al. Impact of zinc and/or herbal mixture on ruminal fermentation, microbiota, and histopathology in lambs.
Front. Vet. Sci. 2021, 8, 630971. [CrossRef] [PubMed]

Braun, J.P; Trumenl, C.; Bézille, P. Clinical biochemistry in sheep: A selected review. Small Rumin. Res. 2010, 1-3,10-18. [CrossRef]
Dimauro, C.; Bonelli, P; Nicolussi, P; Rassu, S.P.G.; Cappio-Borlino, A ; Pulina, G. Estimating clinical chemistry reference values
based on an existing data set of unselected animals. Vet. . 2008, 178, 278-281. [CrossRef] [PubMed]

Suybeng, B.; Charmley, E.; Gardiner, C.P,; Malau-Aduli, B.S.; Malau-Aduli, A.E.O. Plasma Metabolites, Productive Performance
and Rumen Volatile Fatty Acid Profiles of Northern Australian Bos indicus Steers Supplemented with Desmanthus and Lucerne.
Metabolites 2021, 11, 356. [CrossRef]

Xiao, J.; Chen, T,; Alugongo, GM.; Khan, M.Z.; Li, T.; Ma, J.; Liu, S.; Wang, W.; Wang, Y.; Li, S.; et al. Effect of the Length of
Oat Hay on Growth Performance, Health Status, Behavior Parameters and Rumen Fermentation of Holstein Female Calves.
Metabolites 2021, 11, 890. [CrossRef]

Paengkoum, P.; Chen, S.; Paengkoum, S. Effects of crude protein and undegradable intake protein on growth performance,
nutrient utilization, and rumen fermentation in growing Thai-indigenous beef cattle. Trop. Anim. Health Prod. 2019, 51, 1151-1159.
[CrossRef]

Tschuor, A.C; Riond, B.; Braun, U.; Lutz, H. Himatologische Und Klinisch-Chemische Referenzwerte Fiir Adulte Ziegen Und
Schafe. Schweiz. Arch. Tierheilkd. 2008, 150, 287-295. [CrossRef]

El-Azrak, KM.; Morsy, A.S.; Soltan, Y.; Hashem, N.M.; Sallam, S.M. Impact of specific essential oils blend on milk production,
serum biochemical parameters and kid performance of goats. Anin. Biotechnol. 2021, 1-9. [CrossRef]

Kholif, A.E.; Olafadehan, O.A. Essential oils and phytogenic feed additives in ruminant diet: Chemistry, ruminal microbiota and
fermentation, feed utilization and productive performance. Phytochem. Rev. 2021, 20, 1087-1108. [CrossRef]

Hokamp, J.A.; Nabity, M.B. Renal biomarkers in domestic species. Vet. Clin. Pathol. 2016, 45, 28-56. [CrossRef] [PubMed]
Lefebvre, H.P. Renal Function Testing. In Nephrology and Urology of Small Animals; Wiley-Blackwell: Hoboken, NJ, USA, 2011;
ISBN 978-0-8138-1717-0.

Giannini, E.G.; Testa, R.; Savarino, V. Liver enzyme alteration: A guide for clinicians. Cmaj 2005, 172, 367-379. [CrossRef]
[PubMed]

Ndlovu, T; Chimonyo, M.; Okoh, A.L; Muchenje, V.; Dzama, K.; Raats, ].G. Assessing the nutritional status of beef cattle: Current
practices and future prospects. Afr. |. Biotechnol. 2007, 6, 2727-2734. [CrossRef]

Garcia, E. Modificaciones del Sistema de Clasificacion Climidtica de Koppen, 5th ed.; Instituto de Geografia, Universidad Nacional
Autonoma de México: México City, Mexico, 2004; p. 51. (In Spanish)

NOM. Normas Oficiales Mexicanas. Diario Oficial de la Federacion. 1995. (NOM-051-ZO0-1995, NOM-033-ZO0-1995) Trato
Humanitario de Animales de Produccién, de Compariia y Animales Silvestres Durante el Proceso de Crianza, Desarrollo de Experimentos,
Movilizacion y Sacrificio. 1995. Available online: http://dof.gob.mx (accessed on 24 January 2022).

Khan, T,; Ipshita, A.; Mazumdar, R.; Abdullah, A.; Islam, G.; Rahman, M. Bioactive polyphenol profiling and in-vitro antioxidant
activity of Tinospora cordifolia Miers ex Hook F and Thoms: A potential ingredient for functional food development. Bangladesh
J. Sci. Ind. Res. 2020, 55, 23-34. [CrossRef]

Poojari, P; Kiran, K.R.; Swathy, PS.; Muthusamy, A. Withania somnifera (L.) Dunal: An Overview of Bioactive Molecules, Medicinal
Properties and Enhancement of Bioactive Molecules Through Breeding Strategies. In In Vitro Plant Breeding towards a Novel
Agronomic Traits Biotic and Abiotic Stress Tolerance; Kumar, M., Muthusamy, A., Kumar, V., Bhalla-Sarin, N., Eds.; Springer
International Publishing: Cham, Switzerland, 2019; pp. 1-25, ISBN 978-981-32-9823-1. [CrossRef]

Hossain, S.; Urbi, Z.; Karuniawati, H.; Mohiuddin, R.B.; Moh Qrimida, A.; Allzrag, A.M.M.; Ming, L.C.; Pagano, E.; Capasso,
R. Andrographis paniculata (Burm. f.) Wall. ex Nees: An Updated Review of Phytochemistry, Antimicrobial Pharmacology, and
Clinical Safety and Efficacy. Life 2021, 11, 348. [CrossRef] [PubMed]

Sarkar, S.; Singh, RP,; Bhattacharya, G. Exploring the role of Azadirachta indica (neem) and its active compounds in the regulation
of biological pathways: An update on molecular approach. 3 Biotech 2021, 11, 178. [CrossRef]

53



Metabolites 2022, 12,413 17 0f 17

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75:

Razo, O.PB.; Mendoza, M.G.D.; Vazquez, S.G.; Osorio, T.A.L; Gonzilez, S.J.F,; Hernandez, G.P.A.; Torre, HM.E.; Espinosa, A.E.
Polyherbal feed additive for lambs: Effects on performance, blood biochemistry and biometry. J. Appl. Anim. Res. 2020, 48,
419-424. [CrossRef]

Sanchez, N.; Lee-Rangel, H.A.; Martinez-Cortés, I.; Mendoza, G.D.; Hernandez, P.A.; Espinoza, E.; Vazquez-Valladolid, A.;
Flores-Ramirez, R,; Roque-Jiménez, A.; Campillo-Navarro, M.; et al. A polyherbal phytogenic additive improved growth
performance, health, and immune response in dairy calves. Food Agric. Immunol. 2021, 32, 482-498. [CrossRef]

AOAC. Official Methods of Analysis, 16th ed.; Association of Official Analytical Chemists, The William Byrd Press Inc.: Richmond,
VA, USA, 1990.

Van Soest, PJ.; Robertson, J.B.; Lewis, B.A. Methods for dietary fiber, neutral detergent fiber, and non-starch polysaccharides in
relation to animal nutrition. J. Dairy Sci. 1991, 74, 3583-3597. [CrossRef]

Cannas, A.; Tedeschi, L.O.; Fox, D.G.; Pell, AN.; Van Soest, P.J. A mechanistic model for predicting the nutrient requirements and
feed biological values for sheep. J. Anim. Sci. 2004, 82, 149-169. [CrossRef]

National Research Council. Nutrient Requirement of Sheep, 6th ed.; National Academy Science (NRC): Washington, DC, USA, 1985.
Canton, GJ.; Bores, Q.R.; Baeza, R.].; Quintal, EJ.; Santos, R.R.; Sandoval, C.C. Growth and Feed Efficiency of Pure and F1
Pelibuey Lambs Crossbred with Specialized Breeds for Production of Meat. J. Anim. Vet. Adv. 2009, 8, 26-32. Available online:
https:/ /www.medwelljournals.com/abstract /?doi=javaa.2009.26.32 (accessed on 10 February 2022).

Zinn, R.A ; Barreras, A.; Owens, FN.; Plascencia, A. Performance by feedlot steers and heifers: ADG, mature weight, DMI and
dietary energetics. J. Anim. Sci. 2008, 86, 2680-2689. [CrossRef] [PubMed]

Silva, S.R.; Gomes, M.].; Dias-da-Silva, A; Gil, L.E; Azevedo, .M.T. Estimation in vivo of the body and carcass chemical
composition of growing lambs by real-time ultrasonography. J. Anim. Sci. 2005, 83, 350-357. [CrossRef] [PubMed]

American Meat Science Association; National Cattlemen’s Beef Association (U.S.); National Pork Producers Council (US.).
United States Standards for Grades of Beef, Veal, Pork and lamb Carcasses. In Meat Evaluation Handbook; American Meat Science
Association: Savoy, IL, USA; National Cattlemen’s Beef Association, National Pork Producers Council: lowa, IL, USA, 2001;
pp. 117-137.

Yanez, E.A; Resende, K.T.; Ferreira, A.C.D.; Medeiros, AN.; da Silva, S.A.G.; Pereira, ] M.F,; Teixeira, LAM.A.; Artoni, S.M.B.
Utilization of biometric measures for prediction of Saanen goats carcass traits. Rev. Bras. Zootec. 2004, 33, 1564-1572. [CrossRef]
Anderson, S. Determination of fat, moisture, and protein in meat and meat products by using the FOSS FoodScan near-infrared
spectrophotometer with FOSS artificial neural network calibration model and associated database: Collaborative study. J. AOAC
Int. 2007, 90, 1073-1083. [CrossRef] [PubMed]

SAS (Statistical Analysis System). SAS/STAT User’s Guide (Release 6.4); SAS Inst.: Cary, NC, USA, 2017.

54



4. CONCLUSIONES GENERALES

La inclusidn de aceites esenciales en las dietas de pequefios rumiantes mejora el
comportamiento productivo, el estado antioxidante en suero sanguineo y la
calidad de la carne y la leche. Ademas, los aceites esenciales podrian utilizarse
como estrategia nutricional para mejora la fermentacion y microbiota ruminal y, al

mismo tiempo, reducir las emisiones de metano entérico en pequefios rumiantes.

Por otro lado, los resultados del trabajo experimental indican que el aditivo
poliherbal ImmuPIlus® podria ser utilizado como promotor natural del crecimiento
en corderos en finalizacién y, al mismo tiempo, mejorar la eficiencia de utilizacién
de la energia dietética y el area del musculo Longissimus dorsi, sin comprometer

la salud de los animales.

Es necesario realizar mas estudios con el uso de fitogénicos que permitan
identificar las dosis adecuadas de cada aditivo en las distintas etapas fisiol6gicas

de pequefios rumiantes.
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