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Abstract: The objective of this study was to see how dietary supplementation with essential oils (EOs) af-
fected rumen fermentation, blood metabolites, growth performance and meat quality of beef cattle through
a meta-analysis. In addition, a simulation analysis was conducted to evaluate the effects of EOs on the eco-
nomic and environmental impact of beef production. Data were extracted from 34 peer-reviewed studies
and analyzed using random-effects statistical models to assess the weighted mean difference (WMD) be-
tween control and EOs treatments. Dietary supplementation of EOs increased (p < 0.01) dry matter intake
(WMD = 0.209 kg/d), final body weight (WMD = 12.843 kg), daily weight gain (WMD = 0.087 kg/d), feed
efficiency (WMD = 0.004 kg/kg), hot carcass weight (WMD = 5.45 kg), and Longissimus dorsi muscle area
(WMD = 3.48 cm2). Lower (p < 0.05) ruminal concentration of ammonia nitrogen (WMD =−1.18 mg/dL),
acetate (WMD =−4.37 mol/100 mol) and total protozoa (WMD =−2.17× 105/mL), and higher con-
centration of propionate (WMD = 0.878 mol/100 mol, p < 0.001) were observed in response to EOs
supplementation. Serum urea concentration (WMD = −1.35 mg/dL, p = 0.026) and haptoglobin
(WMD = −39.67 µg/mL, p = 0.031) were lower in cattle supplemented with EOs. In meat, EOs supple-
mentation reduced (p < 0.001) cooking loss (WMD = −61.765 g/kg), shear force (WMD = −0.211 kgf/cm2),
and malondialdehyde content (WMD = −0.040 mg/kg), but did not affect pH, color (L* a* and b*),
or chemical composition (p > 0.05). Simulation analysis showed that EOs increased economic income
by 1.44% and reduced the environmental footprint by 0.83%. In conclusion, dietary supplementation
of EOs improves productive performance and rumen fermentation, while increasing the economic
profitability and reducing the environmental impact of beef cattle. In addition, supplementation with
EOs improves beef tenderness and oxidative stability.

Keywords: beef cattle; essential oils; rumen fermentation; performance; economic impact; environmental
impact; meta-analysis

1. Introduction

Antibiotics are generally used for the treatment and prevention of diseases in live-
stock, but in some cases, they are also used as growth promoters for ruminants and
non-ruminants [1]. However, according to Argudín et al. [2], the inappropriate use of
antibiotics in food animals has contributed to the emergence of bacteria that are resistant to
their effects. Consequently, the use of antibiotics as growth promoters has been banned
in several countries, leading to research on natural products that may have similar effects
to antibiotics [3]. Important alternatives to antibiotics reported in livestock are enzymes,
organic acids, probiotics, prebiotics, yeasts, and phytogenics (i.e., tannins, and saponins,
among others) [3,4]. Essential oils (EOs) are among the most studied and economically
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relevant plant-derived products [4]. EOs are mixtures of volatile compounds extracted from
plants by distillation [5] and chemically they comprise a wide diversity of low molecular
weight molecules including terpenes, alcohols, aldehydes, and ketones [4].

The effects of purified EOs and plants with high EOs content have been investigated
mainly in pigs and poultry [6–8], but information on the effects of EOs in ruminant diets is
still limited. In ruminants, the effects of some bioactive metabolites of EOs (eugenol, cin-
namaldehyde, and anethole) on ruminal fermentation change depending on rumen pH [9],
which is influenced by the level of concentrate in the diet. Similarly, some studies [10,11]
have reported better weight gain, feed efficiency, and digestibility in ruminants supple-
mented with EOs. In other studies, dietary supplementation of EOs had negative [12] or
neutral [13] effects on nutrient digestibility and productive performance, respectively. In
addition, some studies reported better color, higher tenderness, and lower lipid peroxida-
tion in ruminant meat supplemented with EOs [14,15]. In contrast, in other studies, the
dietary inclusion of EOs had no effect on the color, tenderness, and lipid peroxidation of
sheep and goat meat [16,17].

Particularly in beef cattle, some studies have evaluated the effects of dietary inclusion
of EOs on productive performance [18,19], ruminal fermentation [20,21], blood metabo-
lites [22,23], and meat quality [24,25]. However, the results obtained to date are controver-
sial and inconclusive. Therefore, to develop products containing EOs that can improve the
productivity and health of beef cattle, it is necessary to identify the factors that contribute
to this variability. Variations in the primary bioactive metabolite of EOs, the duration of the
experimental period, the level of concentrate in the diet, and the dose of EOs appear to be
factors contributing to the variability of the effects observed in beef cattle supplemented
with EOs [4,26].

Several review articles [4,26–28] have mentioned that EOs can improve health, rumen
fermentation, animal performance, and the characteristics of cattle-derived products. Fur-
thermore, in a previously published meta-analytical study, Khiaosa-ard and Zebeli [29]
reported that in ruminants (including beef cattle) the use of EOs improved some ruminal
parameters. However, Khiaosa-ard and Zebeli [29] did not evaluate the variables related
to productive performance, health, or meat quality of beef cattle. Meta-analysis (MA) is a
statistical approach that allows combining and quantitatively synthesizing data previously
published in different studies [30]. In addition, it is possible to use MA to identify sources
of heterogeneity among the various studies [31]. The hypothesis of this study is that dietary
supplementation of EOs will benefit productive performance and rumen parameters of
beef cattle without affecting health and meat quality. The objective of this study was to
perform a meta-analysis of the effects of dietary inclusion of essential oils on productive
performance, ruminal parameters, blood metabolites, and meat quality of beef cattle. A
second objective was to examine heterogeneity and publication bias among the studies. In
addition, the results of the meta-analysis were used to evaluate the potential effect of EOs
on the economic and environmental impact of beef production by simulation analysis.

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

To obtain a robust meta-analysis, PRISMA guidelines [32] were used during the
processes of identification, selection, choice, and inclusion of references. The information
search strategy used is shown in Figure A1. Studies that evaluated the effects of dietary
supplementation of EOs on nutrient intake and digestibility, productive performance,
carcass characteristics, ruminal parameters, blood metabolites, and meat quality of beef
cattle were identified by systematically searching for information in the following databases:
ScienceDirect, PubMed, Scopus, and Web of Science. During the search process, the
following keywords were used in all databases: essential oils, beef cattle, finishing steer,
finishing bull, growth performance, carcass traits, ruminal fermentation, blood metabolites,
and meat quality. The results obtained during the search and selection processes were
restricted to studies published between January 2010 and January 2022, and a total of
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702 scientific publications were identified (Figure A1). Only articles published from 2010
to date were included because Khiaosa-ard and Zebeli [29] previously published a meta-
analysis on ruminal parameters of beef cattle, and in that study, they included studies
published before 2010.

All identified publications were subjected to a two-step screening process, as previ-
ously reported by Orzuna-Orzuna et al. [33,34]. First, titles and abstracts were reviewed,
thereby excluding review articles, simulation articles, studies that did not use beef cattle,
in vitro experiments, and studies that did not measure the variables of interest. Second,
the articles analyzed had to meet some inclusion criteria, similar to those previously de-
scribed by other authors [33–35]: (1) studies that used beef cattle housed in confinement,
non-lactating, and non-pregnant conditions; (2) studies containing data on nutrient intake
and digestibility, productive performance, carcass characteristics, rumen parameters, blood
metabolites, and/or meat quality; (3) similarity between control and experimental treat-
ments except for the presence of EOs; (4) present quantification or possible determination
of the dose of EOs included in the diets; (5) articles written in the English language and
published in peer-reviewed journals; and (6) reporting of least squares means of control
and experimental treatments with at least one measure of variability (standard error or
standard deviation).

2.2. Data Extraction

After going through the screening process, 54 full-text articles were evaluated, of
which only 34 articles met all the inclusion criteria used (Table A1). The quantitative data
used for the meta-analysis were extracted from these articles. Moreover, variables had to be
reported in at least three different studies to be included [33,34,36]. Therefore, the response
variables included in the present meta-analysis were: dry matter and nutrient intake and
digestibility (crude protein, neutral detergent fiber, among others), daily weight gain,
feed efficiency, hot and cold carcass weight and yield, backfat thickness, Longissimus dorsi
muscle area, ruminal parameters (pH, ammonia nitrogen, volatile fatty acids, protozoa,
among others), blood metabolites (urea, glucose, triglycerides, hemoglobin, white blood
cells, and acute-phase proteins), and characteristics related to meat quality (pH, shear force,
malondialdehyde content, color, and chemical composition). In addition to the response
variables, the following information was extracted from the 34 selected articles: publication
reference, the nutritional composition of the diet, amount of concentrate in the diet (g/kg
DM), country, the dose of EOs in the diet (g/kg DM), number of replicates, duration of
supplementation with EOs (days), and primary bioactive metabolite of the EOs.

Table A1 shows the complete list of articles that were included in the final database.
For each of these articles, the number of replicates, treatment means, and standard devi-
ations (SDs) were obtained. When articles did not report SD, it was calculated using the
equation [37]: SD = SEM ×

√
n, where SEM = standard error of treatment means, and

n = number of replicates.

2.3. Calculations and Statistical Analysis

All meta-analysis, meta-regression, heterogeneity analysis, publication bias, and sub-
group analysis data were analyzed with the “metafor” package [38] of the R statistical
software (v. 4.1.2, R Core Team, Vienna, Austria). The effects of dietary inclusion of EOs
in beef cattle were evaluated through weighted mean differences (WMDs) between diets
without EOs (control treatments) and diets with the inclusion of EOs (experimental treat-
ments). To calculate WMDs, treatment means were weighted by the inverse of the variance,
using the methods for random effects models proposed by DerSimonian and Laird [39].
The WMD allows the interpretation of the results in the original units of measurement [40].

Descriptive statistical values of the nutritional composition of the diets were obtained
using the MEANS procedure of SAS statistical software [41]. Similarly, the MIXED proce-
dure of SAS was used to evaluate the differences in the chemical composition of the diets of
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the control and EO-supplemented treatments. For this, the studies were used as a random
effect and Tukey’s test was applied to detect differences between treatments [33,34,42].

2.4. Heterogeneity

To evaluate variations among WMD at the trial level, the chi-square (Q) test for
heterogeneity and the I2 statistic, which measures the percentage of variation due to
heterogeneity, were used [31]. For the Q test, an α level of 0.10 was used because of its
relatively low power [43]. On the other hand, when I2 values were negative, they were
assigned a value of zero; therefore, I2 values are between 0 and 100%. I2 values below 25%
indicate low heterogeneity, values between 25 and 50% indicate moderate heterogeneity,
while values above 50% indicate high and significant heterogeneity [30,31,44].

2.5. Publication Bias

The evaluation of publication bias was performed with Egger’s regression asymmetry
test [45]. When p ≤ 0.05 in Egger’s test was obtained, publication bias was considered
to be present. The “trim-and-fill” method of Duval and Tweedie [46] was applied to
variables that had statistical evidence of publication bias, to estimate the number of possible
missing observations.

2.6. Meta-Regression and Subgroup Analysis

Meta-regression analysis was used to evaluate sources of heterogeneity for variables
that had Q with α ≤ 0.10 [43] or I2 greater than 50% [30]. It is not appropriate to use
meta-regression when there are fewer than 10 studies reporting the variable of interest [47],
so it was only applied to parameters that met this criterion. The method of moments of
DerSimonian and Laird [39] was used to estimate the meta-regression because it is well
established for estimating between-study variance. Categorical and continuous covariates
were used in the meta-regression. The primary bioactive compound (blend, cinnamalde-
hyde, eugenol, thymol, capsaicin, and anethole) was used as a categorical covariate. The
continuous covariates were the doses of EOs (mg/kg DM), the duration of the experimental
phase (days), and the level of concentrate in the diet (g/kg DM). When the categorical
covariate (primary bioactive metabolite) was significant at a level α ≤ 0.05, subgroup
analysis was used to assess the WMD [33,42]. Similarly, when the meta-regression was
significant (p ≤ 0.05) for EOs dose, experimental period, and concentrate level, these covari-
ates were evaluated using the following subgroups: EOs dose (≤400 and >400 mg/kg DM),
experimental period (≤90 and >90 days), and concentrate level (≤700 and >700 g/kg DM).

2.7. Simulation Analysis

Based on the results of dietary supplementation of EOs on the productive performance
of beef cattle, a simulation analysis was conducted to evaluate how dietary supplementa-
tion of EOs influences the economic and environmental impact of beef production. The
simulation was based on the impact of supplementing EOs in the diet of 1000 cattle to gain
200 kg of body weight each. Table A2 shows the data used for the simulation inputs. The
variables included in the simulation input were previously used by Salami et al. [48]: the
number of animals, daily weight gain (DWG), dry matter intake (DMI), feed efficiency
(FE), target body weight, protein production, and lean meat yield. Regrading indica-
tors of the economic impact of EOs supplementation on beef production, total feed cost
(USD/1000 animals) and feeding days to slaughter were calculated. Moreover, as indicators
of the environmental impact of beef production, the emission intensity attributed to the use
of feed (EIAFU) was calculated, in addition to the intensity of total emissions. For this, the
equations reported by Salami et al. [48] were applied:

FR to gain 200 kg BW = TLWG/FE (1)

DFS = TLWG /DWG (2)
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TFU = FR to gain 200 kg BW × (1/DM content of diet) (3)

FC (USD) = TFU × ration cost (US$) (4)

Total FC (USD/1000 cattle) = FC × 1000 (5)

EIAFU = BPO × AEIAFU (6)

EI = EIAFU + (AEINAFU × BPO) (7)

Total EI = EI × 1000 (8)

where: FR: feed required; BW: body weight; TLWG: target live weight gain; FE: feed
efficiency; DFS: days on feed to the slaughter; DWG: daily live weight gain; TFU: total
feed use; DM: dry matter; FC: feed cost; EI: emission intensity; EIAFU: the EI attributed to
feeding use; BPO: beef protein output; AEIAFU: the global average EI attributed to feeding
use; AEINAFU: the global average EI not attributed to feeding use.

To the previously described equations, we applied the assumptions used by Salami et al. [48]:

(1) Cost of the basal diet = 0.25 USD/kg DM. A cost of 0.0021 USD/kg DM was added
to the cost of the diet supplemented with EOs, considering the average dose of EOs
used in the present study (Table 1) and the average cost of 7.45 USD/kg reported in
the literature for some of the most commonly used EOs [49–51].

(2) AEIAFU = 108 kg CO2-eq/kg of protein, based on data previously reported by Ger-
ber et al. [52], which indicated that the global average emission intensity (GAEI) of
beef is 300 kg CO2-eq/ kg of protein and that on average 36% of beef emissions (BEs)
were attributed to animal feed use. In addition, data on beef GAEI were used because
worldwide there is wide variation in the environmental footprint of beef production
systems [48].

(3) Moreover, considering the above assumption (2), the remaining component of BEs
was allocated to non-food use [48]: AEINAFU = 192 kg CO2-eq/kg of protein.

Table 1. Descriptive statistics of the complete dataset for the effect of EO 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 84 704.1 704.1 850.0 850.0 0.0 0.0 930.0 930.0 261.6 261.6

DM, g/kg DM 74 752.4 753.8 719.0 724.0 403.4 403.4 931 931 141.7 140.3
OM, g/kg DM 50 944.6 944.5 971.0 968.0 807 807 977 977 38.2 38.0
CP, g/kg DM 84 134.3 134.3 131.0 131.0 88.7 88.7 191.5 191.5 17.9 18.13
EE, g/kg DM 59 33.01 33.11 35.0 35.0 8.1 8.1 80.3 80.3 12.9 12.9

NDF, g/kg DM 87 299.8 299.3 237.0 241.0 143.0 151.0 688.0 688.0 135.8 134.8
ADF, g/kg DM 75 158.8 158.7 123.0 123.0 39.0 44.0 428.8 428.0 94.6 94.5

Starch, g/kg DM 20 416.7 415.9 440.0 440.0 199.6 199.6 545.0 545.0 106.9 107.8
Ca, g/kg DM 33 6.8 6.8 6.2 6.2 3.9 4.0 14.8 14.8 2.47 2.46
P, g/kg DM 33 3.7 3.7 3.6 3.6 2.7 2.6 4.7 4.7 0.45 0.46

EOs, mg/kg DM 89 - 295.0 - 175.0 - 5.0 - 1200 - 288
Duration, days 89 111.0 84.0 21.0 390.0 67.1

NC = number of comparisons; EOs = essential oils; 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. In the same column, means followed by different letters differ significantly by the
Tukey test (p ≤ 0.05).

3. Results
3.1. Study Attributes and Excluded Studies

Table 1 shows the descriptive statistics and comparison of means for the chemical
composition of the diets. No significant differences were observed between the control
treatment and the EOs treatment for any of the diet components (p > 0.05). Therefore, it is
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possible to exclude the effects of diet components on the response of beef cattle to dietary
supplementation of EOs in our dataset.

In the present meta-analysis, the included studies were conducted in 10 countries,
mainly Brazil (44.2%), Canada (17.6%), and the United States of America (14.7%). The
experimental doses of EOs ranged from 5 to 1200 mg/kg DM, and the duration of the
experimental periods ranged from 21 to 390 days (Table 1). Based on the primary bioactive
metabolite, the EOs used were grouped as follows: mixture, eugenol, thymol, cinnamalde-
hyde, capsaicin, and anethole. In most of the treatments (66.4%), EOs with mixtures of
bioactive metabolites were used in a similar proportion, 12.3% of the treatments used EOs
with cinnamaldehyde as the primary bioactive metabolite and, in 7.8% of the treatments,
the primary bioactive metabolite was capsaicin. In the remaining treatments (13.5%), EOs
with thymol, eugenol and anethole were used as primary bioactive metabolites. In addition,
61.7% of the treatments used diets high in concentrate (>700 g/kg DM), and 38.3% used
diets with 0–700 g/kg DM of concentrate. Moreover, in most of the treatments (57.3%) the
experimental phase lasted up to 90 days, and 42.7% of the treatments used experimental
periods longer than 90 days.

3.2. Nutrient Intake and Digestibility

Dietary inclusion of EOs increased (p < 0.01) dry matter intake (DMI), crude protein
intake (CPI), neutral detergent fiber intake (NDFI), and acid detergent fiber intake (ADFI)
(Table 2). However, dietary supplementation of EOs did not affect (p > 0.05) organic matter
intake (OMI).

Table 2. Nutrient intake and digestibility of beef cattle supplemented with essential oils.

Item N (NC)
Control

Means (SD) WMD (95 % CI) p-Value
Heterogeneity Egger Test 1

p-Value I2 (%) p-Value

Intake, kg/d
DMI 26 (68) 8.40 (1.79) 0.209 (0.129; 0.288) <0.001 <0.001 98.93 0.645
OMI 5 (13) 8.5 (1.95) −0.078 (−0.274; 0.119) 0.437 0.436 0.98 0.136
CPI 5 (13) 1.10 (0.16) 0.067 (0.019; 0.115) 0.006 <0.001 77.21 0.806

NDFI 8 (21) 2.71 (0.86) 0.129 (0.036; 0.222) 0.007 <0.001 86.40 0.497
ADFI 3 (9) 1.21 (0.57) 0.122 (0.094; 0.149) <0.001 0.835 0.00 NA

Digestibility, g/kg of DM
DMD 8 (21) 675.5 (73.4) 1.121 (−17.557; 19.799) 0.906 <0.001 99.64 0.207
OMD 6 (15) 721.4 (77.0) −11.260 (−38.157; 15.638) 0.412 <0.001 99.79 0.116
CPD 7 (20) 700.1 (67.9) −8.954 (−24.050; 6.143) 0.245 <0.001 99.35 0.126

NDFD 10 (27) 547.3 (97.3) −2.752 (−26.906; 21.402) 0.823 <0.001 99.74 0.489
ADFD 3 (8) 536.2 (18.9) −22.771 (−37.735; −7.807) 0.003 <0.001 99.39 NA

N: number of studies; NC: number of comparisons; SD: standard deviation; WMD: weighted mean differences
between control and treatments; CI: confidence interval of WMD; SE: standard error; P-value to χ2 (Q) test of
heterogeneity; I2: 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; DMI: dry matter
(DM) intake; OMI: organic matter (OM) intake; CPI: crude protein (CP) intake; NDFI: neutral detergent fiber
(NDF) intake; ADFI: acid detergent fiber (ADF) intake; DMD: DM digestibility; OMI: OM digestibility; CPD: CP
digestibility; NDFD: NDF digestibility; ADFD: ADF digestibility.

By comparison, there was no significant impact (p > 0.05) of dietary inclusion of EOs on
dry matter digestibility (DMD), organic matter digestibility (OMD), crude protein digestibil-
ity (CPD), and neutral detergent fiber digestibility (NDFD). However, acid detergent fiber
digestibility (ADFD) decreased in response to dietary supplementation with EOs (p < 0.05).

3.3. Growth Performance and Carcass Characteristics

Dietary inclusion of EOs increased (p < 0.05) final body weight (FBW), daily weight
gain (DWG), feed efficiency (FE), hot carcass weight (HCW), cold carcass weight (CCW),
and Longissimus dorsi muscle area (LMA) (Table 3). However, dietary supplementation of
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EOs did not affect (p > 0.05) hot carcass yield (HCY), cold carcass yield (CCY), and backfat
thickness (BFT).

Table 3. Growth performance and carcass characteristics of beef cattle supplemented with essential oils.

Item N (NC)
Control

Means (SD) WMD (95 % CI) p-Value
Heterogeneity Egger Test 1

p-Value I2 (%) p-Value

FBW, kg 17 (38) 440.6 (160.6) 12.843 (7.352; 18.321) <0.001 <0.001 77.67 0.084
DWG, kg/d 16 (36) 1.213 (0.463) 0.087 (0.053; 0.120) <0.001 <0.001 75.15 0.062
FE, kg/kg 13 (29) 0.173 (0.034) 0.004 (0.000; 0.008) 0.039 0.902 0.00 0.235

Carcass traits
HCW, kg 9 (22) 295.1 (81.30) 5.455 (1.860; 9.050) 0.003 <0.001 57.24 0.360
HCY, % 8 (19) 56.31 (3.54) −0.159 (−0.416; 0.099) 0.227 0.014 46.38 0.287

CCW, kg 4 (13) 229.7 (43.70) 9.975 (3.757; 16.194) 0.002 <0.001 82.34 0.369
CCY, % 4 (13) 53.80 (1.07) −0.016 (−0.741; 0.710) 0.966 <0.001 99.32 0.847

BFT, mm 11 (24) 8.64 (6.55) 0.074 (−0.245; 0.393) 0.648 <0.001 78.92 0.903
LMA, cm2 10 (22) 74.66 (15.52) 3.480 (1.597; 5.364) <0.001 <0.001 73.54 0.435

N: number of studies; NC: number of comparisons; SD: standard deviation; WMD: weighted mean differences
between control and treatments; CI: confidence interval of WMD; SE: standard error; P-value to χ2 (Q) test of
heterogeneity; I2: proportion of total variation of size effect estimates that is due to heterogeneity; 1: Egger’s
regression asymmetry test; FBW: final body weight; DWG: daily weight gain; FE: feed efficiency; HCW: hot
carcass weight; HCY: hot carcass yield; CCW: cold carcass weight; CCY: cold carcass yield; BFT: backfat thickness;
LMA: Longissimus dorsi muscle area.

3.4. Ruminal Parameters and Nitrogen Balance

No significant effects (p > 0.05) of dietary inclusion of EOs on pH and ruminal butyrate
concentration were observed (Table 4). Supplementation of EOs in the diet decreased
(p < 0.05) ruminal concentration of ammonia nitrogen (NH3-N), total volatile fatty acids
(TVFA), and acetate. However, higher (p < 0.001) ruminal propionate concentration was
observed in response to dietary EOs supplementation (Table 4).

Table 4 shows that dietary inclusion of EOs decreased total (p = 0.041), Isotricha
(p = 0.004), and Dasytricha (p < 0.001) protozoan populations but did not affect Entodinium
populations (p > 0.05). In addition, dietary supplementation of EOs reduced urinary nitro-
gen (N) excretion (p = 0.005) and increased N retention (p = 0.011). However, no significant
impact (p > 0.05) of dietary inclusion of EOs on N intake, fecal N excretion, microbial
ruminal nitrogen (RNM), or microbial protein supply efficiency (MPSE) was observed.

Table 4. Ruminal parameters and nitrogen metabolism of beef cattle supplemented with essential oils.

Item N (NC)
Control

Means (SD) WMD (95 % CI) p-Value
Heterogeneity Egger Test 1

p-Value I2 (%) p-Value

pH 12 (36) 6.21 (0.45) 0.001 (−0.01; 0.02) 0.943 0.275 11.45 0.475
NH3-N, mg/dL 10 (30) 13.71 (6.64) −1.18 (−1.63; −0.74) <0.001 0.121 37.73 0.190

TVFA, mM 13 (37) 103.3 (26.07) −2.44 (−4.76; −0.13) 0.039 <0.001 84.71 0.799
SCFA, mol/100 mol

Acetate 14 (40) 61.74 (15.65) −4.37 (−7.72; −1.02) 0.011 <0.001 98.84 0.554
Propionate 14 (40) 23.44 (7.36) 0.878 (0.48; 1.27) <0.001 0.152 35.29 0.120

Butyrate 14 (40) 11.31 (3.96) −0.01 (−0.27; 0.25) 0.922 <0.001 56.81 0.337
Protozoa, ×105/mL
Total 5 (12) 12.47 (4.68) −2.17 (−4.26; −0.09) 0.041 <0.001 78.63 0.610

Entodinium 3 (7) 9.55 (1.88) 0.08 (−0.36; 0.52) 0.726 <0.001 83.97 NA
Isotricha 3 (7) 1.49 (0.47) −0.65 (−1.09; −0.21) 0.004 0.350 45.63 NA

Dasytricha 3 (7) 5.37 (1.54) −1.26 (−1.61; −0.91) <0.001 0.617 0.00 NA
CH4, g/kg DM 3 (7) 22.11 (7.02) −0.08 (−1.29; 1.13) 0.893 <0.001 78.79 NA

Nitrogen balance, g/d
N intake 3 (8) 182.1 (52.7) 2.89 (−3.41; 9.19) 0.368 0.642 0.00 NA
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Table 4. Cont.

Item N (NC)
Control

Means (SD) WMD (95 % CI) p-Value
Heterogeneity Egger Test 1

p-Value I2 (%) p-Value

N urine 3 (8) 55.2 (34.3) −6.4 (−10.93; −1.96) 0.005 <0.001 90.48 NA
N fecal 3 (8) 57.1 (12.2) 0.23 (−3.56; 4.03) 0.904 0.857 0.00 NA

N retained 3 (8) 69.7 (10.6) 7.44 (1.73; 13.14) 0.011 0.167 46.95 NA
RNM 4 (9) 96.28 (26.73) −1.00 (−6.61; 4.61) 0.726 0.056 47.21 NA
EMPS 3 (7) 31.57 (14.31) 0.87 (−1.94; 3.67) 0.544 0.936 0.00 NA

N: number of studies; NC: number of comparisons; SD: standard deviation; WMD: weighted mean differences
between control and treatments; CI: confidence interval of WMD; SE: standard error; P-value to χ2 (Q) test of
heterogeneity; I2: 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; NH3-N: nitrogen
ammonia; TVFA: total volatile fatty acids; SCFA: short-chain fatty acids; CH4: methane; N: nitrogen; RNM:
rumen nitrogen microbial; EMPS: efficiency of microbial protein supply (g nitrogen/kg digestible organic matter
apparently fermented in the rumen).

3.5. Blood Metabolites

Dietary supplementation with EOs did not affect the serum concentration of triglyc-
erides and glucose (p > 0.05) but decreased the serum concentration of urea (p = 0.026) and
non-esterified fatty acids (NEFA; p = 0.004) (Table 5).

Table 5. Blood metabolites of beef cattle supplemented with essential oils.

Item N (NC)
Control

Means (SD) WMD (95 % CI) p-Value
Heterogeneity Egger Test 1

p-Value I2 (%) p-Value

Blood metabolites, mg/dL
Urea 7 (18) 18.42 (5.78) −1.35 (−2.553; −0.162) 0.026 0.128 30.22 0.071

Glucose 7 (18) 77.49 (26.51) 1.44 (−0.107; 2.998) 0.068 0.945 0.00 0.895
Triglycerides 4 (12) 12.12 (3.29) 0.53 (−0.295; 1.356) 0.208 0.980 0.00 0.693
NEFA, µM 3 (9) 102.2 (44.1) −9.05 (−15.20; −2.89) 0.004 0.509 0.00 NA
Hb, g/dL 3 (6) 14.537 (1.45) −1.78 (−6.059; 2.505) 0.416 <0.001 99.35 NA

WBC, 103/µL 3 (7) 9.907 (0.96) −0.19 (−0.943; 0.564) 0.622 0.904 0.00 NA
White blood cells (WBC), % of total

Lymphocytes 3 (7) 58.56 (4.01) 2.67 (−0.299; 5.642) 0.078 0.564 0.00 NA
Neutrophils 3 (7) 28.17 (3.35) −2.89 (−5.551; −0.230) 0.033 0.716 0.00 NA
Monocytes 3 (7) 8.823 (1.66) −0.32 (−1.885; 1.241) 0.686 0.995 0.00 NA
Eosinophils 3 (7) 4.37 (1.78) 0.24 (−1.016; 1.495) 0.709 0.707 0.00 NA
Basophils 3 (7) 1.89 (1.15) −1.02 (−1.790; −0.249) 0.010 <0.001 79.56 NA

Acute phase proteins µg/mL
Haptoglobin 4 (10) 265.3 (107.2) −39.67 (−75.74; −3.59) 0.031 0.791 0.00 0.123

SAA 3 (9) 0.317 (0.054) 0.02 (−0.053; 0.036) 0.603 0.820 0.00 NA
LBP 3 (9) 1.405 (0.268) 0.06 (−0.135; 0.251) 0.556 0.404 3.72 NA

N: number of studies; NC: number of comparisons; SD: standard deviation; WMD: weighted mean differences
between control and treatments; CI: confidence interval of WMD; SE: standard error; P-value to χ2 (Q) test of
heterogeneity; I2: proportion of total variation of size effect estimates that is due to heterogeneity; 1: Egger’s regres-
sion asymmetry test; NA: variables with n < 10 observations, the test does not apply; NEFA: non-esterified fatty
acids; Hb: hemoglobin; WBC: white blood cells; SAA: serum amyloid A; LBP: lipopolysaccharide-binding protein.

By comparison, there was no significant impact (p > 0.05) of EOs dietary inclusion on
the blood concentration of hemoglobin, white blood cells (WBC), lymphocytes, monocytes,
and eosinophils. However, neutrophils and basophils decreased (p < 0.05) in response
to dietary EOs supplementation (Table 5). In addition, plasma haptoglobin concentra-
tion decreased (p = 0.031) with dietary EOs supplementation, but no significant changes
(p > 0.05) were observed in serum amyloid A (SAA) and lipopolysaccharide-binding protein
(LBP) concentration.
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3.6. Meat Quality

Dietary supplementation of EOs did not affect meat pH (p > 0.05), but decreased
cooking loss (p = 0.009), shear force (ShF; p = 0.029), and malondialdehyde content (MDA;
p = 0.008) (Table 6). In addition, there was no significant impact (p > 0.05) of EOs dietary
inclusion on the lightness (L*), redness (a), yellowness (b*), and moisture, protein, fat, ash,
and collagen content of meat.

Table 6. Meat quality of beef cattle supplemented with essential oils.

Item N (NC)
Control

Means (SD) WMD (95 % CI) p-Value
Heterogeneity Egger Test 1

p-Value I2 (%) p-Value

Meat pH 24 h 7 (21) 5.637 (0.11) −0.002 (−0.025; 0.021) 0.865 <0.001 66.13 0.099
Cook loss, g/kg 6 (17) 270.80 (45.90) −61.765 (−107.9; −15.59) 0.009 <0.001 99.09 0.062

ShF, kgf/cm2 8 (19) 5.53 (1.98) −0.211 (−0.400; −0.022) 0.029 <0.001 62.36 0.124
MDA, mg/kg 7 (18) 0.346 (0.19) −0.040 (−0.070; −0.010) 0.008 <0.001 88.38 0.942

Meat color
Lightness (L*) 8 (21) 38.76 (1.92) −0.382 (−0.817; 0.053) 0.085 0.001 55.22 0.808
Redness (a*) 8 (21) 15.58 (3.43) 0.018 (−0.160; 0.196) 0.841 0.445 1.02 0.078

Yellowness (b*) 8 (21) 10.62 (2.46) −0.042 (−0.210; 0.127) 0.627 0.067 36.86 0.243
Chemical composition, g/kg of DM

Moisture 6 (14) 728.49 (16.10) 1.307 (−2.923; 5.537) 0.545 <0.001 62.53 0.301
Protein 5 (12) 227.48 (5.19) 0.935 (−0.600; 2.574) 0.233 0.507 0.00 0.682

Fat 5 (12) 19.54 (7.50) −0.736 (−2.275; 0.804) 0.349 0.942 0.00 0.206
Ash 5 (12) 12.66 (1.65) −0.033 (−0.256; 0.191) 0.773 0.475 0.00 0.725

Collagen 3 (10) 18.32 (6.71) 0.271 (−0.083; 0.626) 0.133 0.534 0.00 0.061

N: number of studies; NC: number of comparisons; SD: standard deviation; WMD: weighted mean differences
between control and treatments; CI: confidence interval of WMD; SE: standard error; P-value to χ2 (Q) test of
heterogeneity; I2: proportion of total variation of size effect estimates that is due to heterogeneity; 1: Egger’s
regression asymmetry test; ShF: shear force; MDA: malondialdehyde in meat.

3.7. Publication Bias and Meta-Regression

Tables 2–6 show that the presence of publication bias from Egger’s regression asym-
metry test was not significant for any variable (p > 0.05).

By comparison, significant heterogeneity (Q; p ≤ 0.10) was observed for DMI, CPI,
NDFI, DMD, OMD, CPD, NDFD (Table 2), ADFD, FBW, DWG, HCW, HCY, CCW, CCY,
BFT, LMA (Table 3), TVFA, acetate, butyrate, total protozoa, Entodinium, CH4, urinary N,
RNM (Table 4), Hb, basophils (Table 5), meat pH, cooking loss, MDA, lightness (L*), and
meat moisture (Table 6). However, it is not recommended to use meta-regression when the
response variable of interest is reported in less than 10 studies [47]. Therefore, this analysis
was only performed for the variables DMI, NDFD, FBW, DWG, BFT, LMA, TVFA, acetate,
and butyrate.

Table 7 shows that the dose of EOs explained (p < 0.05) 33.59, 20.17, 55.43 and 12.50%
of the heterogeneity observed for DMI, BFT, TVFA, and acetate, respectively. In addition,
the period of EOs supplementation in the diet had a significant relationship (p < 0.05) with
DMI, FBW, DWG, and BFT, which explained between 3.08 and 65.50% of the observed
heterogeneity. The primary bioactive metabolite did not significantly (p > 0.05) influence
the variability of the evaluated response parameters (DMI, NDFD, FBW, DWG, BFT, LMA,
TVFA, acetate, and butyrate). The level of concentrate in the diet explained (p < 0.05) 40.07,
33.61 and 27.56% of the observed heterogeneity for DMI, FBW, and DWG, respectively.
There was no significant relationship (p > 0.05) between the covariates used (EOs dose,
supplementation period, primary bioactive metabolite, and concentrate level) and the
response variables NDFD, LMA, and butyrate (Table 7).
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Table 7. Meta-regression comparing the associations between covariates and measured outcomes.

Parameter Covariates QM df p-Value R2 (%)

Dry matter
intake (DMI)

Essential oils dose 9.84 1 0.002 33.59
Supplementation period 8.96 1 0.003 26.21

Primary bioactive compound 2.09 5 0.835 0.00
Concentrate level 44.07 1 <0.001 40.07

Neutral
detergent fiber

digestibility
(NDFD)

Essential oils dose 0.01 1 0.999 0.00
Supplementation period 2.12 1 0.145 23.69

Primary bioactive compound 1.26 4 0.868 0.00
Concentrate level 0.94 1 0.332 18.90

Final body
weight (FBW)

Essential oils dose 0.30 1 0.584 0.00
Supplementation period 45.12 1 <0.001 65.50

Primary bioactive compound 3.13 3 0.372 0.00
Concentrate level 14.88 1 <0.001 33.61

Daily weight
gain (DWG)

Essential oils dose 0.57 1 0.451 0.00
Supplementation period 3.74 1 0.053 14.45

Primary bioactive compound 1.97 3 0.578 0.00
Concentrate level 7.91 1 0.005 27.56

Backfat thickness
(BFT)

Essential oils dose 8.96 1 0.003 20.17
Supplementation period 3.81 1 0.051 3.08

Primary bioactive compound 2.67 3 0.445 0.00
Concentrate level 0.74 1 0.388 0.00

Longissimus dorsi
muscle area

(LMA)

Essential oils dose 0.05 1 0.823 0.00
Supplementation period 0.79 1 0.372 0.00

Primary bioactive compound 1.43 3 0.699 0.00
Concentrate level 1.21 1 0.271 2.32

Total volatile
fatty acids

(TVFA)

Essential oils dose 8.88 1 0.003 55.43
Supplementation period 0.15 1 0.698 0.00

Primary bioactive compound 1.21 5 0.944 0.00
Concentrate level 2.70 1 0.100 5.08

Acetate

Essential oils dose 5.89 1 0.015 12.50
Supplementation period 0.01 1 0.935 0.00

Primary bioactive compound 1.76 5 0.881 6.14
Concentrate level 2.24 1 0.134 3.56

Butyrate

Essential oils dose 0.70 1 0.402 0.00
Supplementation period 2.97 1 0.184 9.12

Primary bioactive compound 5.38 5 0.372 0.00
Concentrate level 0.40 1 0.526 0.00

QM: coefficient of moderators; QM is considered significant at p≤ 0.05; R2: the amount of heterogeneity accounted
for; df: degree of freedom.

3.8. Subgroup Analysis

DMI increased regardless of the dose of EOs used (p < 0.05); however, the effect
was greater when doses greater than 400 mg/kg DM (WMD = 0.324 kg) were used in
comparison to doses of ≤400 mg/kg DM (WMD = 0.110 kg/d) (Figure 1a). BFT increased
when doses of EOs greater than 400 mg/kg DM were used (WMD = 0.368 mm; p = 0.033),
but doses of≤400 mg/kg DM did not affect BFT (Figure 1b; p = 0.089). Figure 1c shows that
the ruminal concentration of TVFA was not affected by the dose of EOs in the diet (p > 0.05).
Ruminal acetate concentration decreased (WMD = −3.504 mol/100 mol; p = 0.017) when
low doses of EOs (≤400 mg/kg DM) were used, but doses of EOs higher than 400 mg/kg
DM did not affect acetate concentration (Figure 1d; p > 0.05).
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DMI increased when dietary supplementation with EOs lasted longer than 90 days
(WMD = 0.191 kg/d; p < 0.001) but was not affected when EOs were offered for up to
90 days (WMD = 0.007 kg; p > 0.05) (Figure 2a). FBW increased regardless of the period
of EO supplementation used (Figure 2b); however, the effect was greater when EOs were
offered for more than 90 days (WMD = 20.16 kg; p < 0.001) compared to periods of up to
90 days (WMD = 5.38 kg; p = 0.008). Similarly, DWG increased regardless of the period
of EO supplementation used (p < 0.05); however, the effect was greater when EOs were
offered for more than 90 days (WMD = 0.110 kg/d) compared to periods up to 90 days
(Figure 2c; WMD = 0.069 kg/d). Figure 2d shows that BFT was not affected by the period
of supplementation with EOs in the diet (p > 0.05).

DMI increased when EOs were supplemented in diets with more than 700 g/kg DM
of concentrate (WMD = 0.194 kg/d; p < 0.001), but DMI was not affected when EOs were
offered in diets with up to 700 g/kg DM of concentrate (WMD = −0.033 kg/d; p > 0.05)
(Figure 3a). FBW increased (WMD = 21.02 kg; p < 0.001) when EOs were included in diets
high in concentrate (>700 g/kg DM); however, it was not affected when EOs were fed in
diets with less than 700 g/kg DM of concentrate (WMD = 2.48 kg; p = 0.115) (Figure 3b).
DWG increased regardless of the level of concentrate used in the diets (p < 0.01; Figure 3c);
however, the effect was greater when EOs were included in diets with more than 700 g/kg
DM of concentrate (WMD = 0.115 kg/d) compared to diets having up to 700 g/kg DM of
concentrate (WMD = 0.041 kg/d).
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3.9. Environmental and Economic Impacts of Dietary Supplementation with Essential Oils in Beef
Cattle Production

Simulation analysis indicated that the positive effects of dietary supplementation of
EOs on DWG and FE of beef cattle improved the economic and environmental parameters
of beef production. Table 8 shows that supplementation of EOs to 1000 cattle required
to gain 200 kg BW, decreased 11 days of feeding days until slaughter. Moreover, dietary
supplementation of EOs increased economic income (USD 4170/1000 animals) through
a reduction in feed cost. In addition, dietary supplementation of EOs reduced emissions
from feed used for beef production by 43 tons of CO2-eq, which contributed to a 0.83%
reduction in the carbon footprint of beef production.

Table 8. Economic and environmental impacts of essential oils (EOs) supplementation in beef cattle.

Item Control EOs Difference % Change

Economic impact analysis 1

FR to gain 200 kg BW, kg DM/animal 1156.07 1129.94 −26.13 −2.26
DFS, days 165 154 −11 −6.66

FC, USD/animal 289.02 284.85 −4.17 −1.44
Total FC, USD/1000 animals 289,020 284,850 −4.170 −1.44

Environmental impact analysis
EI attributed to FU, kg CO2-eq per BPO/animal 2 1857 1815 −42 −2.26

EI, kg CO2-eq per BPO/animal 5160 5117 −43 −0.83
Total EI, tonnes CO2-eq per BPO/1000 animals 5160 5117 −43 −0.83

FR: feed required; BW: body weight; DM: dry matter; DFS: days on feed to the slaughter; FC: feed cost; EI:
emission intensity; FU: feed use; BPO: beef protein output; 1: this analysis considers only the economic benefit
derived from a reduction in FC due to the positive effect of EOs on beef cattle performance. 2: EI is calculated
relative to the BPO. As previously reported by other authors [48,52], data on the global average EI of beef was
reported as 300 kg CO2-eq/kg of protein. In addition, an average of 36% of beef emissions was attributed to FU.
This data was used to calculate the global average EI of beef attributed to FU as 108 kg CO2-eq per kg of protein.
Thus, EI attributed to FU = BPO × 108. For the EOs diet, the EI attributed to FU was corrected by the −2.26%
reduction in simulated FU.

4. Discussion
4.1. Nutrient Intake and Digestibility

Some EOs have positive effects on rumen fungal and fibrolytic bacteria popula-
tions [53], which can result in increased DMD and NDFD. This can increase the rate
of particle passage in the rumen and consequently increase DMI. It has been reported that
EOs can improve the taste and palatability of livestock feeds [54]. In addition, dietary in-
clusion of EOs can increase DMI by improving feed quality, because EOs contain bioactive
compounds (e.g., terpenes and terpenoids) with antioxidant and antimicrobial proper-
ties [55]. Similar effects of EOs consumption in the present study would partially explain
the higher DMI observed in response to dietary supplementation of EOs. By comparison,
Mucha and Witkowska [54] mentioned that EOs doses included in the diet of animals
should be carefully established because the intense aroma of EOs may negatively affect
the DMI of livestock. However, in the present study, a subgroup analysis revealed that
DMI increased regardless of the dose of EOs used. Moreover, another subgroup analysis
revealed that DMI increased significantly only when EOs were administered for more than
90 days. This suggests that beef cattle can adapt to consuming EOs, but this adaptation
may require the use of EOs for prolonged periods of time.

With respect to digestibility, Zhou et al. [53] observed that dietary supplementation
of EOs enhanced fungal growth in sheep rumen. In addition, in vitro [56] and in vivo [57]
studies reported that EOs increase the relative abundance of fiber-degrading bacteria
(Fibrobacter succinogenes, Ruminococcus albus, and R. flavefaciens) in sheep rumen fluid.
Simlarly, in beef cattle, EOs have been reported to increase the relative abundance of
ruminal microorganisms (Bacteroidetes, Fibrobacteres, and Firmicutes) that are positively
correlated with NDFD [58], and with the concentration of β-glucosidase and cellulase
in the rumen [59]. This can result in higher DMD and NDFD; however, in the present
meta-analysis dietary supplementation of EOs did not affect DMD, CPD, OMD, or NDFD,
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but reduced ADFD. It has been mentioned that rumen protozoa play an important role in
ruminal fiber degradation [60]. Therefore, the lower ADFD could be related to the reduction
(−17.4%) observed in the population of rumen protozoa in cattle supplemented with EOs.

4.2. Growth Performance and Carcass Characteristics

Dietary supplementation of EOs increased DM and nutrient intake, which partially
explains the higher DWG observed in the present study. Similarly, in beef cattle, Zhang
et al. [59] reported that supplementation with EOs increased the relative abundance of
Bacteroidetes and Firmicutes in the rumen microbiome, which have been reported to be
positively correlated with higher DWG in goats [61]. Similar effects of EO consumption
observed in our meta-analysis partially explain the observed increase in DWG for beef cattle
supplemented with EOs. By comparison, it has been reported that low doses (260 mg/day)
of EOs increase up to 30% of the length of ruminal papillae in beef cattle [59]. This can
increase the area of volatile fatty acid absorption through the ruminal wall and lead to
higher DWG and FE. Furthermore, in the present meta-analysis protozoan populations
decreased in response to EOs supplementation. Removal of protozoa from the rumen
increases the duodenal flux of microbial protein by up to 30% [62]. This can increase the
metabolic availability of amino acids, which, in our case partially explains the higher DWG
and FE observed in cattle supplemented with EOs.

In ruminants, the definition of the optimal supplementation period that improves
animal performance is one of the main limitations of the use of EOs and other phyto-
chemicals [28]. For example, in sheep, it has been reported that the metabolic benefits of
dietary inclusion of EOs decrease over the supplementation period [42]. However, in the
present meta-analysis, it was observed that FBW and DWG increased regardless of the
supplementation period used, but the increase was greater when long supplementation
periods (>90 days) were used. This is congruent with the higher DMI observed in the
present study with supplementation of EOs for more than 90 days.

Dietary supplementation of EOs increased HCW and CCW. This may be related to
the observed increase in FBW and LMA because HCW and CCW are positively correlated
with FBW and LMA [63]. In addition, the increase observed for CCW may be beneficial
because there is a positive correlation (r between 0.64 and 0.78) between CCW and the yield
of primal cuts (ribs, sirloin, among others) in beef cattle [64].

Information on the mechanisms of action of EOs on muscle development and lipo-
genesis in beef cattle is still limited. However, in rats, it has been reported that some
monoterpene-rich EOs can reduce skeletal muscle atrophy [65], which is characterized by
reduced cross-sectional area and protein content of muscle fibers [66]. Similar effects of EO
consumption observed in our meta-analysis partially explain the observed increase in LMA
for cattle supplemented with EOs.

It has been mentioned that the size and number of adipocytes are related to the fat
deposition process in beef cattle [67]. Ngamdokmai et al. [68] evaluated the effects of
various EOs (Zingiber officinale, Piper nigrum, among others) and their primary bioactive
metabolites (camphor, citral, limonene, and β-pinene, among others) on adipogenesis. In
their study, they observed that all EOs and bioactive metabolites inhibited preadipocyte
differentiation, and decreased lipid accumulation in maturing preadipocytes. However, in
the present meta-analysis dietary supplementation of EOs did not affect BFT.

The main precursors of lipogenesis in ruminants are acetate and butyrate [69]. In
the present study, subgroup analyses showed that high doses of EOs (>400 mg/kg DM)
increased BFT without altering ruminal acetate concentration. This suggests that EOs can
stimulate lipogenesis in ruminants through mechanisms unrelated to rumen acetate and
butyrate concentration.

4.3. Ruminal Parameters and Nitrogen Balance

Rumen pH is an important parameter that can be used as an indicator of the internal
homeostasis of the rumen environment [70]. In the present study, dietary inclusion of
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EOs did not affect rumen pH, suggesting that ruminal functions were performed under
stable conditions of the rumen environment. By comparison, the lower rumen NH3-
N concentration in cattle supplemented with EOs can be associated with the reduction
(−17.4%) of total rumen protozoa, because Newbold et al. [62] reported that complete
elimination of rumen protozoa decreases the rumen NH3-N concentration up to 26%.

In ruminants, it has been mentioned that increased rumen concentration of TVFA can
be associated with increased metabolic availability of energy because rumen concentra-
tion of TVFA serves as the main source of energy for ruminants [71,72]. In the present
meta-analysis, dietary supplementation of EOs reduced rumen TVFA concentration. This
suggests that EOs reduce energy availability in beef cattle; however, DWG, FBW, and
FE were higher in cattle supplemented with EOs. Moreover, the lower rumen TVFA
concentration appears to be associated only with the observed reduction in acetate con-
centration, because EOs increased ruminal propionate concentration and did not affect
butyrate concentration.

In beef cattle, Zhang et al. [59] observed that EOs supplementation increases the pres-
ence of ruminal microorganisms (Proteiniphilum acetatigenes and Parabacteroides distasonis)
that are positively and negatively correlated with ruminal propionate and acetate con-
centration, respectively. Consequently, similar effects of EOs consumption in the present
study would partially explain the higher rumen propionate concentration and lower acetate
concentration observed.

Guyader et al. [73] reported that rumen protozoa are associated with CH4 emis-
sions through the equation: CH4 (dry matter intake in g/kg) = −30.7 + 8.14 × protozoa
(log10 cells/mL). Although in the present study dietary supplementation of EOs reduced
rumen protozoan populations, no significant changes in CH4 emissions were observed.
However, these results should be interpreted carefully due to the low number of studies
reporting this response variable.

It has been mentioned that enteric CH4 emissions represent around 43% of greenhouse
effect gases emitted in beef production worldwide [52]; therefore, considerable efforts have
been made to reduce CH4 emissions. In this regard, in recent years there has been increased
interest in evaluating the potential of some natural additives that could be used to reduce
methanogenesis [18,29]. In the present meta-analysis, dietary inclusion of EOs did not
decrease CH4 emissions. However, a meta-analysis by Belanche et al. [36] reported that the
use of a commercial blend of EOs (Agolin) significantly decreased CH4 emissions in dairy
cows. Therefore, EOs can be considered as a possible CH4 mitigation strategy, but more
in vivo research is needed on the effects of EOs on enteric methane emissions and rumen
methanogenic microorganisms.

It has been reported that N plays an important role in the growth and productivity of
ruminants [74]. N balance can be used to evaluate the efficiency of utilization of ingested
protein in ruminants [72]. In the present study, retained N was higher in cattle supple-
mented with EOs. This suggests that beef cattle can better utilize ingested protein in the
presence of EOs in the diet. Moreover, the higher level of retained N may be related to
lower urinary N excretion observed in response to EOs supplementation. By comparison,
it has been mentioned that N excreted by ruminants can pollute the environment through
ammonia volatilization emissions and nitrous oxide emissions [75]. In the present study,
the reduction observed for urinary N excretion suggests that EOs can be useful in reducing
environmental N pollution. This is because, compared to fecal N excretion, urinary N
causes more nitrous oxide emissions [76]. However, these results should be interpreted
with caution because of the low number of studies that reported these response variables.

4.4. Blood Metabolites

When there is an excess of NH3-N in the rumen, it is absorbed through the rumen wall,
then passes to the liver where it is converted to urea and, finally, the urea is transferred
to the bloodstream [77]. Similarly, Paengkoum et al. [78] reported a positive correlation
(r = 0.55) between serum urea concentration and ruminal NH3-N concentration. In the
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present meta-analysis, the lower serum urea concentration was observed in response to
dietary supplementation of EOs, which may be associated with lower rumen NH3-N
concentration observed in animals supplemented with EOs. In addition, serum glucose
and NEFA concentration are considered important indicators of energy status in cattle [79].
In the present study, the serum glucose concentration was similar between treatments;
however, the inclusion of EOs in the diet decreased the serum NEFA concentration. This
indicates better energy balance in beef cattle supplemented with EOs compared to control
treatment cattle. In addition, the dietary inclusion of EOs increased DMI; this provides more
energy to the animal and partially explains the lower serum NEFA concentration observed.

Dietary supplementation of EOs reduced the percentage of neutrophils and basophils;
however, these results should be interpreted with caution due to the low number of
studies reporting these response variables. Blood neutrophil depletion usually occurs in
the presence of bacterial disease [80]. However, it has been mentioned that neutrophils are
not always related to the presence of bacterial infections because the number of neutrophils
also decreases in response to other factors [81]. It has also been reported that basophils
increase in response to bacterial, viral, and parasitic infections [82]. Therefore, the lower
percentage of basophils in beef cattle supplemented with EOs suggests that these animals
had a better health status.

According to Ceciliani et al. [83], activation of the innate immune system under
conditions of inflammation, infection, and tissue injury can result in the release of acute-
phase proteins (e.g., haptoglobin, SAA, and LBP) into the bloodstream. For example,
plasma haptoglobin concentration increases in cattle with subacute ruminal acidosis [84].
In the present meta-analysis, dietary inclusion of EOs reduced haptoglobin concentration,
suggesting that EOs can reduce the incidence of SARA. On the other hand, SAA and LBP
are involved in endotoxin clearance during an acute phase response [85], and their blood
concentration increases when there is endotoxin transfer to the bloodstream [83]. Therefore,
in the present study, the absence of changes in the blood concentration of SAA and LBP
suggests that EO supplementation does not significantly affect the transfer of endotoxins
into the blood.

4.5. Meat Quality

It has been mentioned that meat pH is related to water holding capacity (WHC) and
tenderness [86]. Similarly, in beef, Węglarz [87] reported negative correlations (r between
−0.24 and −0.29) between pH and color parameters (L* a* and b*). In the present study,
EOs supplementation did not affect meat pH, suggesting that EOs can be used in beef
diets without deteriorating meat color, tenderness, and WHC. The cooking loss can also
be used as an indicator of WHC in meat because there is a negative correlation (r = −0.89)
between these parameters [88]. Therefore, the values observed for cooking loss in the
present meta-analysis suggest that the dietary inclusion of EOs improves WHC.

Dietary supplementation of EOs reduced ShF, suggesting that EOs increase beef
tenderness. Collagen content is related to ShF of beef [89]. However, in the present study,
collagen content was similar between treatments. By comparison, Rowe et al. [90] observed
that the presence of post-mortem oxidative conditions inactivates calpain activity and
decreases myofibrillar proteolysis in beef, which decreases meat tenderness. In the present
meta-analysis, lipid oxidation was lower in beef supplemented with EOs, which partially
explains the lower ShF observed. In addition, tenderness has been identified as one of the
main attributes that determine meat quality [91], and some consumers are willing to pay
more for meat if it is guaranteed to have higher tenderness [92]. Therefore, the dietary
inclusion of EOs can be used as a nutritional strategy to improve the quality, acceptability,
and price of beef.

According to Falowo et al. [93], the main non-microbial cause of quality loss in meat
and meat products is lipid oxidation. MDA content is used to determine the presence
of lipid peroxidation in meat [94]. In the present meta-analysis, lower MDA content
was observed in meat from beef cattle supplemented with EOs, indicating that dietary
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inclusion of EOs reduces lipid peroxidation and improves beef quality. There is limited
information on the mechanisms of action of EOs on the activity of antioxidant enzymes
in ruminants. However, in pigs and poultry, dietary supplementation of EOs has been
reported to increase mRNA abundance and activity of superoxide dismutase, catalase, and
glutathione peroxidase in smooth and skeletal muscle [95,96]. Therefore, similar effects of
EOs consumption in the present study would partially explain the lower MDA content
observed in the meat.

The L* in beef makes this product more attractive to consumers because the brightness
of red meat is associated with fresh products [97]. In the present study, dietary supple-
mentation of EOs did not affect the L* of meat, suggesting that dietary inclusion of EOs
does not affect the appearance of beef. By comparison, a* values in meat decrease because
of metmyoglobin formation [98]. Therefore, the absence of observed changes in a* in
meat suggests that EOs do not affect metmyoglobin formation. Furthermore, it has been
reported that in meat b* values are related to its fat content [99] and pH [100]. In the present
meta-analysis, EOs supplementation did not affect the fat content and pH of meat, which
would partially explain the lack of changes observed in b*.

Dietary supplementation of EOs did not affect the protein, fat, ash, and moisture
content of meat. It has been mentioned that the nutritional value of meat is related to
its protein, fat, vitamin, and mineral content [101]. This suggests that the dietary inclu-
sion of EOs does not affect the nutritional value of beef. In the present meta-analysis,
the lack of observed differences in the chemical composition of the meat was expected,
because the nutritional composition of the diets was similar between the control and
EOs-supplemented treatments.

4.6. Simulation Analysis

The environmental impact of beef cattle production systems has become a global
concern [102] because beef production contributes about 41% of greenhouse gas emissions
from the global livestock sector [52]. According to Capper and Hayes [103], in beef cattle,
the improvement of productivity is positively related to economic and environmental
sustainability. In the present study, the simulation analysis used showed that the positive
effects of EOs on DWG and FE increased economic income through a 1.44% reduction in
feed cost. Moreover, the benefits of dietary inclusion of EOs in DWG and FE decreased
the environmental footprint by 0.83%, as a consequence of the reduction in emissions
associated with bovine feed use. This suggests that dietary inclusion of EOs can improve
the economic and environmental sustainability of beef production.

5. Conclusions

The results of the present meta-analysis indicate that the inclusion of EOs in beef cattle
diets does not affect digestibility but improves dry matter intake, final body weight and
daily weight gain, feed efficiency, carcass weight, and Longissimus dorsi muscle area. The
best results for dry matter intake are obtained with EOs doses higher than 400 mg/kg DM,
with supplementation periods longer than 90 days, and using diets high in concentrate
(>700 g/kg DM). Similarly, the best results for final body weight and daily weight gain
are achieved with EOs supplementation periods longer than 90 days and using high
concentrate diets (>700 g/kg DM). Therefore, EOs can be used as natural growth promoters
in beef cattle; however, more in vivo research is needed to confirm the effects of EOs on the
performance and feed efficiency of beef cattle.

Additionally, EOs improve fermentation by increasing ruminal propionate concentra-
tion and reducing the concentration of ammonia nitrogen, acetate, and rumen protozoa.
Moreover, the results of blood metabolites indicate that EOs do not negatively affect the
health of beef cattle. Similarly, EOs do not affect the color and chemical composition of meat
but reduce lipid oxidation and improve water holding capacity and tenderness. Finally,
the results of the simulation analysis indicate that the addition of EOs in beef cattle diets
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can be used as a natural alternative to reduce the environmental impact and increase the
economic profitability of beef production.
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States Cinnamaldehyde (n = 2) 37, 76 470 (n = 2) 70 (n = 2) 

Figure A1. A PRISMA flow diagram detailing the literature search strategy and study selection for
the meta-analysis.
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Table A1. Summary of the studies included in the meta-analysis.

Author Country Primary bioactive
compound Dose, mg/kg DM C in Diet, g/kg

DM Duration, d

Afzalani et al. [104] Indonesia Blend (n = 4) 200, 400, 800, 1200 400 (n = 4) 90 (n = 4)
Alemu et al. [9] Canada Blend (n = 2) 150 (n = 2) 200 (n = 2) 84 (n = 2)

Almeida et al. [105] Brazil Blend (n = 1) 500 (n = 1) 700 (n = 1) 105 (n = 1)
Brand et al. [106] Canada Blend (n = 2) 50, 100 900 (n = 4) 112 (n = 4)

Carvalho et al. [107] Brazil Blend (n = 3) 191, 398, 601 700 (n = 3) 74 (n = 3)
Chapman et al. [108] United States Cinnamaldehyde (n = 2) 37, 76 470 (n = 2) 70 (n = 2)

Dorleku et al. [16] Canada Blend (n = 2) 85, 337 850 (n = 2) 100 (n = 2)

Fandiño et al. [11] Spain Capsaicin, blend,
anethole (n = 3) 12, 31, 62 (n = 3) 900 (n = 9) 96 (n = 9)

Filho et al. [109] Brazil Thymol (n = 3) 232, 469, 965 500 (n = 3) 84 (n = 3)
Gouvêa et al. [10] United States Blend (n = 1) 120 (n = 1) 930 (n = 1) 154 (n = 1)

Guerrero et al. [110] Brazil Blend (n = 2) 500, 1000 900 (n = 2) 120 (n = 2)
Khorrami et al. [111] Iran Thymol, cinnamaldehyde 500, 500 700 (n = 2) 84 (n = 2)

Kim et al. [112] Korea Blend (n = 3) 39, 79, 113 900 (n = 3) 390 (n = 3)
Latack et al. [113] United States Blend (n = 2) 110 (n = 2) 880 (n = 2) 216, 84

Monteschio et al. [15] Brazil Blend (n = 4) 500 (n = 4) Not reported 73 (n = 4)
Monteschio et al. [114] Brazil Blend (n = 4) 500 (n = 4) Not reported 73 (n = 4)

Ornaghi et al. [115] Brazil Blend (n = 4) 444, 865, 450, 890 900 (n = 4) 187 (n = 4)
Ornaghi et al. [97] Brazil Blend (n = 4) 153, 305, 444, 594 700 (n = 4) 62 (n = 4)
Prado et al. [116] Brazil Blend (n = 1) 442 (n = 1) 500 (n = 1) 115 (n = 1)

Pukrop et al. [117] United States Blend (n = 1) 104 (n = 1) 860 (n = 1) 167 (n = 1)
Rivaroli et al. [118] Brazil Blend (n = 2) 500, 1000 900 (n = 2) 120 (n = 2)
Souza et al. [119] Brazil Blend (n = 4) 789, 640, 678, 644 750 (n = 2) 73 (n = 2)

Teobaldo et al. [12] Brazil Blend (n = 2) 150, 300 280 (n = 2) 76 (n = 2)
Tomkins et al. [120] Australia Blend (n = 2) 185, 370 0 (n = 2) 200 (n = 2)

Torrecilhas et al. [121] Brazil Eugenol (n = 2),
cinnamaldehyde (n = 2) 450, 880, 450, 880 900 (n = 4) 187 (n = 4)

Vakili et al. [122] Iran Thymol, cinnamaldehyde 617, 641 850 (n = 2) 45 (n = 2)
Valero et al. [123] Brazil Blend (n = 1) 550 (n = 1) 550 (n = 1) 55 (n = 1)

Wanapat et al. [124] Thailand Blend (n = 3) 17, 25, 40 220 (n = 3) 84 (n = 3)
Westphalen et al. [14] United States Capsaicin (n = 4) 15, 5, 10, 15 900 (n = 4) 84 (n = 3), 80

Wu et al. [125] China Blend (n = 1) 26 (n = 1) 400 (n = 1) 240 (n = 1)
Yang et al. [126] Canada Cinnamaldehyde (n = 3) 37, 79, 184 850 (n = 3) 84 (n = 3)
Yang et al. [85] Canada Eugenol (n = 3) 42, 81, 166 850 (n = 3) 84 (n = 3)
Yang et al. [13] Canada Cinnamaldehyde (n = 3) 47, 98, 208 900 (n = 3) 112 (n = 3)
Zotti et al. [12] Brazil Blend (n = 2) 400 (n = 2) 923 (n = 2) 21 (n = 2)

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

Table A2. Simulation inputs were used for the economic and environmental impacts of essential oils
(EOs) supplementation in beef cattle.

Item Control EOs Difference % Change

Number of animals 1000 1000
DMI (kg DM/d/animal) 8.40 8.40
DWG (kg/d/animal) 1 1.213 1.300 +0.087 +7.2

FE (kg DWG/kg DMI/animal) 0.173 0.177 +0.004 +2.3
TLWG (kg/animal) 200 200
LMY (kg/animal) 2 82 82
BPO (kg/animal) 3 17.2 17.2

DMI: dry matter intake; DWG: daily weight gain; FE: feed efficiency; TLWG; target live weight gain; LMY: lean
meat yield; BPO: beef protein output; 1: DWG of beef cattle fed EOs diets was corrected based on the current
meta-analysis results which showed an average increase of +87 g/d/head in the DWG of beef cattle fed EOs diets.
2: meat yield was calculated as a proportion of the TLWG (200 kg). According to Holland et al. [127], the average
LMY of beef cattle was assumed to be 41% of body weight. 3: BPO was calculated as a proportion of the LMY.
Previous studies [128,129] have reported that beef contains an average of 21% protein.
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