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Abstract

The present meta-analysis study was aimed to determine effects of essential oil and their derivatives (EOD) supplementation
as natural additives on rumen fermentation characteristics and rumen biohydrogenation (BH) activity in vitro. A meta-
analysis database was built from the 24 verified scientific articles and further all data were analysed through the continuous
random effects model using OpenMEE. It was evaluated that the EOD levels up to 500 mg/L. It showed that high EOD
levels increased pH and acetate concentration (P < 0.001) but reduced ammonia, propionate, the acetate to propionate ratio,
total volatile fatty acid, and rumen gas production in vitro (P < 0.001). On the perspective of rumen fatty acids profile, the
increased EOD levels also positively accumulating n-9 monounsaturated fatty acid, conjugated linoleic acid ¢9 t11, as well
as n-6 and n-3 polyunsaturated fatty acid (PUFA) in the rumen after in vitro fermentation (P < 0.001), and consequently
inhibited rumen biohydrogenation (BH) of n-6 and n-3 PUFA (P < 0.001). Meta-regression analysis also showed a negative
correlation between EOD supplementation levels and the BH of C18:2 n-6, C18:3 n-3, C20:5 n-3, and C22:6 n-3. It was
suggested that the EOD supplementation at 300 mg/L indicated a positive effect on modulating the rumen PUFA metabolism.
Above all evidences, it can be concluded that EOD treatment can reduce rumen fermentability but increase the proportion of
beneficial fatty acids and inhibit the rate of BH PUFA.
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INTRODUCTION

Natural feed additives from phytogenic substances have shown beneficial
effects on ruminants in several years, especially on rumen fermentation and
production performance. Essential oils (EO) and their derivatives (EOD) are
extracted phytogenic substance derived from plants containing secondary
metabolite that can modulates rumen microbial due to their antioxidant or
antibacterial activity during fermentation in the rumen (Calsamiglia et al.,
2007; Nanon et al., 2014). Hence, volatile fatty acids (VFA) production and
macronutrient metabolism in the rumen might also altered by the EOD mode
of action. Moreover, previous studies revealed that essential oils not only alter
rumen fermentation but also hampered ruminal biohydrogenation (BH) process
of n-3 and n-6 fatty acids (FA) in the rumen, which are generally known that
those FA groups are essentials for ruminant (Zhu et al., 2012; Gunal et al.,
2013; Gunal et al., 2014). EOD supplementation may become importance
due to the substance efficacy to inhibit the ruminal BH process, increase the
PUFA absorption in the digestive tracks, and consequently improve the PUFA
deposition in the certain ruminant tissues preserved as food products from
ruminant origins, such as meat and milk.

Previous studies revealed that the essential oils together with bioactive
components derivatives such as thymol, eugenol, cinnamaldehyde, and carvacrol
supplementation in dairy cow rations were able to reduce the population of
protozoa, methanogens, proteolytic bacteria, and bacteria involved in BH
(Daning et al., 2020). However, supplementation of EOD at different levels
with a diverse dietary source showed inconsistent results, especially when they
are associated with rumen metabolism (Benchaar et al., 2008; Patra, 2011).
Gunal et al. (2014) reported that the addition of up to 500 mg/L by several
types of EO reduces rumen C18:0 and trans C18:1 proportion in the rumen
in vitro. On the other hand, Eburu and Anya (2020) reported that the effect
of anise EO at 450 mg/L level increased rumen C18:0 composition. A similar
result was found in rumen VFA production from recent studies, where garlic,
cinnamon, oregano EO, and carvacrol supplementation had shown a non-
significant change (Doreau et al., 2017; Benchaar, 2020). In contrast, Daning
et al. (2022) reported a significant decrease in rumen VFA production with
galangal EO treatments. Therefore, a meta-analysis approach is important to
robust the conclusion regarding effects of the EOD supplementation on rumen
fermentation characteristics and FA modulation. Hence, the present meta-
analysis was aimed to evaluate the effects of EOD supplementation as additives
onrumen fermentation, fatty acids profile, and rumen biohydrogenation process.
We expected that the present in vitro meta-analysis study may represent the
underlying effects of EOD under in vivo conditions.

MATERIALS AND METHODS

Database development

Integration of the study data on the effects of EOD supplementation on
fermentability and fatty acid metabolism in simulated in vitro rumen was used as
the database in this meta-analysis study. The literature search strategy included
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the keywords "essential oil", "rumen", "biohydrogenation," and "PUFA". In
addition, the search employed the Scopus, Cambridge Core, Google Scholar,
and ScienceDirect platforms. The inclusion criteria for studies were that: (1) they
used EOD supplementation or plants rich in EOD content; (2) EOD treatment
is not mixed with other substances; (3) there was a control treatment; and (4)
rumen simulation was performed using in vitro techniques. The study search
and selection criteria are shown in Figure 1. Database development followed
the assessment items of the PRISMA protocol (Liberati et al., 2009). A total of
24 studies from 2008 to 2021 were collected in line with the predefined criteria
and included in the meta-analysis (Table 1). The collected literature sources
comprised peer-reviewed journals, seminar proceedings, and a PhD thesis. In
addition, 27 EO types (including blend oil), 42 EO bioactive components, three
EO-rich plant extracts, and two EO source plant materials were evaluated. The
in vitro rumen methods were batch culture incubation, glass bottle incubation,
the Hohenheim gas test, the pressure transducer technique, and used of a
continuous culture fermenter. The rumen inoculum was sourced from various
groups of large and small ruminants. The dose range or EOD level in the study
was 0-500 mg/L. The literature search was completed in November 2022.
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Figure 1 Flow chart of selected study.
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Data analysis

Data integrated into the meta-analysis database in terms of sample size,
mean value, and standard deviation or standard error of measurement in the
control and EOD treatments were converted into Hedges' d effect size values
(Gurevitch and Nakagawa, 2015). Previously, descriptive analysis (Table 2)
was conducted on all the tabulated variable data collected. The Spearman
rank correlation (r) was also conducted on the data related to fermentation
characteristics with rumen BH fatty acid products to determine the correlation
strength between the variables. The correlation pattern between the data was
then interpreted into a correlogram (Schoonjans, 2017). Subsequently, the
variables of fermentability (14 items), fatty acid composition (16 items), and
rumen BH PUFA (4 items) were analysed through a continuous random effects
approach (95% confidence interval or CI) with the following equation:

vi=60 +tv,+ g

where y, is the Hedge's d value as an effect size; 0 is the estimate
value of the selected publication; v, is the effect size value heterogeneity; and
g, the error estimate of selected publication. Calculation of Hedges' d effect
size, between-study heterogeneity (/%), and meta-analysis was made using
OpenMEE software (http://www.cebm.brown.edu/openmee/). The detection
of publication bias was based on selected models for random effects and
weight function plots (Barto$ et al., 2022). Furthermore, the determination
and visualisation of publication bias plots were run on JASP software (http://
jasp-stats.org/). Correlations between the effect size (ES) of BH rumen PUFA
and EOD levels are shown in equations and meta-regression plots (95% CI
and 95% prediction). MedCalc (http://www.medcalc.org/) was used to create
correlograms and meta-regression analyses.
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Table 2 Descriptive statistics of meta-analysis database

Variable Unit n Mean Minimum Maximum SD

Rumen degradability rates

IVDMD % 14 4826 44.73 62.00 0.42
IVOMD % 8 56.24 38.20 66.40 2.99
Fermentation profile
pH 75 6.73 6.36 7.07 0.09
Ammonia mg/dL 97 17.02 3.00 44.82 1.83
Acetate mol/100 mol 98  53.71 2.70 95.80 1.60
Propionate mol/100 mol 98  21.38 1.80 33.50 1.06
Butyrate mol/100 mol 86  15.67 1.00 24.94 1.08
iso-Butyrate mol/100 mol 46 3.03 0.15 4.90 0.23
Valerate mol/100 mol 53 4.93 0.20 7.26 0.50
iso-Valerate mol/100 mol 46 5.59 0.15 8.09 0.37
A/P 90 2.60 1.12 9.21 0.20
Total VFA mM 159 63.22 6.00 147.00 3.82
Gas production 24h  ml/g OM 48 123.88 36.80 172.00 2.93
Gas production 48 h ml/g OM 28  106.51 54.10 194.60 4.95
Fatty acid profile
C14:0 g/100 g TFA 48 4.14 0.44 7.68 0.51
C16:0 g/100 g TFA 82 1747 9.66 53.28 1.63
Cl6:1 g/100 g TFA 33 2.62 0.06 3.80 0.05
C18:0 g/100 g TFA 162 17.28 0.55 71.28 5.49
C18:1 n-9 /100 g TFA 78 8.24 1.51 39.89 3.30
Cl8:1t g/100 g TFA 34 5.14 2.93 13.36 0.42
C18:1tl1 g/100 g TFA 184  5.06 0.83 21.65 1.63
C18:2n-6 g/100 g TFA 192  5.70 0.97 30.52 3.23
CLA c9 tll g/100 g TFA 199  0.32 0.02 10.90 0.27
CLAt10cl12 /100 g TFA 59 0.14 0.01 0.77 0.38
C18:3 n-3 g/100 g TFA 191  5.55 0.11 31.40 0.95
C20:5 n-3 g/100 g TFA 118  2.27 0.3 443 0.07
C22:6 n-3 g/100 g TFA 118  1.98 0.70 291 0.05
SFA g/100 g TFA 51  42.20 18.50 80.45 13.99
MUFA g/100 g TFA 48 16.71 10.30 39.89 1.62
PUFA /100 g TFA 48  13.21 2.10 59.60 1.06
Biohydrogenation activity
C18:2 n-6 % 100 53.04 22.50 89.00 3.86
C18:3 n-3 % 102 61.47 26.10 89.80 3.81
C20:5 n-3 % 78  49.14 9.40 85.60 3.61
C22:6 n-3 % 78  27.77 3.90 71.10 3.63

RESULTS

Correlation between fermentation characteristics and rumen

fatty acid

The relationship between rumen fermentation parameters and fatty
acids from EO treatment showed a weak to moderate Spearman's correlation
(r) (Figure 2). However, different pH levels of rumen fluid affected the fatty
acid profile of BH intermediates, with a strong positive correlation (r = 0.627)
to the proportion of CLA ¢9 t11. In addition, the valeric acid item showed a
strong negative correlation (r = -0.680) to C18:1 t11 but a weak negative (r =
-0.255) to C18:1 t. The main product of rumen BH, C18:0 fatty acids, showed
a strong negative correlation to several rumen fermentation variables such as
iso-valerate (r = -0.534), valerate (r=-0.534) and IVOMD (r = -0.548).
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Fermentation profile

Descriptive statistics regarding the effect of the addition of EOD on
rumen fermentability variables are showed in Table 2. The analysis showed a
very significant increase in the addition of essential oils and their derivatives
as ruminant feed additives to rumen fermentability (P < 0.001) on rumen pH
and acetate concentration. However, it significantly decreased (P < 0.001)
the production of ammonia, propionate, total VFA, and 24 h and 48 h gas
production (Table 3). In addition, EOD treatment also significantly increased
butyrate concentration (P < 0.05) and acetate: propionate ratio (A/P; P <
0.001) but lowered iso-valerate (P < 0.01). The variables of iso-butyrate,
valerate, [VDMD, and IVOMD did not change significantly as the treatment
dose increased. The test percentage /2 on various rumen fermentation profile
variables was in the range 0of 67.92 - 95.43%, which is in the high heterogeneity
category.
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Fatty acid profile and rumen BH activity

In Table 4, the supplementation of essential oils and their derivatives is
shown to have a very significant effect (P <0.001) on the proportion of several
rumen beneficial fatty acids, namely C18:1 n-9, C18:2 n-6, CLA ¢9 t11, C18:2
n-6, C18:3 n-3, C20:5 n-3, and C22:6 n-3. Similar results were also shown
in the MUFA and PUFA fatty acid groups. On the contrary, a very significant
decrease (P <0.01) was identified in the intermediate and final phase fatty acid
products of rumen BH, namely C18:1 t, C18:1 t11, C18:0 and SFA, but not
CLA t10 c12. The implication of increased accumulation of rumen fluid n-6
and n-3 fatty acids as the EOD dose increased had a highly significant (P <
0.001) inhibitory effect on the levels of BH C18:2 n-6, C18:3 n-3, C20:5 n-3
and C22:6 n-3, at 53.32, 61.71, 49.14 and 27.77% respectively (Table 4). The
statistical value of I? rumen fatty acid and BH variables ranged from 59.762 -
93.434%, which is considered to be the level of heterogeneity appropriate for
random effect models.

Meta-regression

The analysis showed that EOD supplementation was closely associated
with the inhibitory effect of rumen BH. Increasing EOD dosage had a negative
linear relationship with the BH activity of C18:2 n-6 (Figure 3; P < 0.01; R?
=0.091) and with the regression formula, namely Y=-2.351 + -0.0211 x. BH
C18:3 n-3 (Figure 4; P <0.001; R> = 0.103); with the reduction equation Y=-
2.598 +-0.0180 x. BH C20:5 n-3 (Figure 5; P < 0.001; R*? = 0.171); with a
linear equation Y= 0.0695 + -0.0243 x and BH C22:6 n-3 (Figure 6; P < 0.05;
R?=0.061); with the equation formula Y=-1.305 + -0.00910 x.

Publication bias

Detection of publication or study bias integrated into the meta-analysis
database through the adjusted selection model method shows non-significant
results (P > 0.05), or there is no publication bias in the total VFA as a primary
parameter in rumen anaerobic digestion. The weight function plot as a visual
assessment is presented in Figure 7.
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DISCUSSION

EOD supplementation as a natural rumen additive showed the effect
of increasing pH in the rumen environment, but this was still within the ideal
range. Changes in rumen fluid pH have been known to influence rumen PUFA
BH patterns significantly. This is certainly related to the high sensitivity of
rumen microbial populations and species associated with various phases of
lipid metabolism to changes in acidity in the rumen environment. In addition,
this is also a direct effect of the strong antimicrobial properties of EOD that
modulate VFA production, nitrogen metabolism, and the rumen microbial
community (Calsamiglia et al., 2007; Kim et al., 2019). Troegeler-Meynadier
et al. (2003) confirmed the effect of high pH buffers (6.4 - 6.9) on increasing
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the concentration of the intermediate fatty acid C18:2 c¢9 t11 during the 24 h
incubation period. However, this was not the case for other types of intermediary
fatty acids, as an increase in pH from 5.5 to 6.5 showed a decrease in CLA c10
c12 concentrations (Lee, 2013). In addition, the negative relationship between
the production of C18:0 with some branched-chain fatty acids and IVOMD is
not yet known. To date, the bacterium Butyrivibrio proteoclasticus is the only
microbe known to act as a producer of C18:0 and butyrate from the terminal
phase of BH. Nevertheless, it does not rule out the involvement of other
microbes (Huws et al., 2010). Genomic analysis of the rumen of dairy cows
characterised by milk high in saturated fatty acids showed an association with
the abundance of several rumen microbial communities, namely lactic acid
bacteria, acetogenic proteobacteria, and fungi (Stergiadis et al., 2021).

In general, EO affects the characteristics of rumen fermentation in
relation to several aspects, namely: 1) increasing cation transport; 2) inhibiting
proteolysisactivity; 3) decreasingammoniaproduction; 3) modulating glutamine
production; and 4) inhibiting the growth of microbial methanogens (Nehme et
al., 2021). Elevated cation transport in the rumen system may correlate with
the mode of action of some EOD such as carvacrol that acts as transmembrane
carriers of monovalent cations, where the exchange of hydroxyl protons with
cations (K*) occurs (Bodas et al., 2012). The broad-spectrum antimicrobial
effect of the EO group has an impact on the reduction of proteolytic bacteria,
where EO exposure causes disruption of bacterial cytoplasmic membrane and
leads to a decrease in protein degradation as well as ammonia concentration
(Ranilla et al., 2023). The effect of EO on increasing acetic acid production
and reducing the rumen ammonia concentration of various types of aromatic
oils was also observed by Benetel et al. (2022), with Thymus vulgaris oil (500
mg/L) causing an increase in the acetate proportion of 1.8%, a decrease in
ammonia concentration of 31.9% and a reduction in IVDMD of 24.8%. In
comparison, thymol supplementation showed a significant decrease in VFA,
ammonia, [IVDMD, and IVOMD concentrations at a dose of 400 mg/L (Yu
et al., 2020). This indicates the suppression of rumen microbial fermentation
activity with EOD as a dietary additive. Patra (2011) explained that low doses
of EO can selectively suppress population growth and substrate availability
for amylolytic, proteolytic, and hyper ammonia-producing bacteria without
affecting fibre degradation as a precursor to the formation of acetic acid and
butyrate. At higher doses (986 mg/L), the EOD type bornyl acetate showed
no significant decrease in VFA concentration, but effectively reduced methane
production in vitro (Joch et al., 2016). Therefore, the effect of the addition of
EOD on the metabolic process of rumen nutrients shows a varied response.
This is because the effect is highly dependent on the EOD source, composition,
and dose. Abiotic factors such as altitude and soil type are reported to have an
influence on changes in the chemical composition of 7hymus EO (Gherairia et
al., 2022). A mixture of EO sourced from lemongrass and coriander showed a
synergistic effect on rumen metabolic parameters, but there was an antagonistic
effect when ginger oil was added (Temmar et al., 2021). Cobellis et al. (2015)
reported the effect of Rosmarinus officinalis EO (1.75%), which tended to
reduce the total rumen microbial population and cellulolytic, but not amylolytic.
The mode of action of Citrus medica EO (45.36% limonene and 21.23%
y-terpinene) showed an effect of disrupting the integrity and permeability of
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cellular membranes of gram-positive and gram-negative bacteria, characterised
by the leakage of nucleic acid components after exposure for 7-12 hours (Li
et al., 2019). Some types of EO showed higher inhibitory efficacy on gram
negative bacteria (Al-Shuneigat et al., 2015). A modelling approach to the
antibacterial action of Croton blanchetianus EO showed a pattern of growth
reduction of Escherichia coli and inactivation of Listeria monocytogenes (de
Vasconcelos et al., 2022).

The results of a meta-analysis of 74 publications on in vivo experiments
in small ruminants showed an insignificant effect on acetate and butyrate
production as the dose of EO inclusion increased (<500 to >1000 mg/kg DM),
but significantly reduced the formation of rumen ammonia (Dorantes-Iturbide
et al., 2022). Therefore, EO supplementation has more impact on reducing
ammonia gas emissions when compared to methane and carbon dioxide
(Carrazco et al., 2020). In addition, evaluating oregano EO at doses of 150
ppm and 0.5 mg/L showed a real reduction in [IVDMD and gas production
parameters on various test substrates (Kilic et al., 2011; Righi et al., 2017).
Conversely, adding EO doses of clove, mint, and cinnamon of up to 300 ppm
showed increased rumen organic matter digestibility in vitro (Rofig etal., 2021).
In addition, EO have a stronger toxic effect than condensed tannin on rumen
methanogens (Cieslak et al., 2013), 0.50% orange EO (78.84% D-Limonene)
contributed to a 12% reduction in ruminant methane production (Jiménez-
Ocampo et al., 2022).

EOD supplementation as a BH inhibitory agent is highly evident from
the decrease in the accumulation of C18:0 as the main product of rumen lipid
metabolism, along with an increase in bioactive fatty acids such as CLA c9
t11, which is an intermediate product of BH. Previous studies have shown
that higher CLA c9 t11 is due to anise oil supplementation at a level of 200
mg/L facilitates linoleate isomerase activity in forming CLA ¢9 t11 from c9
cl2 C18:2 in the first step of BH (Eburu et al., 2017). This also indicates a
specific inhibitory mechanism in late phases of rumen lipid metabolism.
Infusion of garlic EO (0.8 g/d) did not significantly affect the population of
Butyrivibrio and B. proteoclasticus bacterial groups in the rumen of goats (Zhu
et al., 2012). Furthermore, garlic EO derivatives, namely diallyl disulfide and
propyl propane thiosulfinate, have been reported not to restrain the growth
of the Butyrivibrio bacterial group (Ramos-Morales et al., 2013). The same
results were confirmed by Miri et al. (2015), who utilised cumin seed extract
(Cuminum cyminum), which showed no inhibitory effect on the growth of the
rumen bacteria that play a role in the early phase of BH, namely Butyrivibrio
hungatei, Butyrivibrio fibrisolvens and B. proteoclasticus bacteria, which play
a role in the late phase. However, lipase activity was detected to be reduced in
B. proteoclasticus strain B316 as the EO dose was increased. EO also reported
to have strong inhibitory activity against a-glucosidase enzyme (Benouchenne
et al., 2022). The block of the enzyme activity might lead to the modulation of
rumen PUFA BH. Little is known about the metabolic processes on the C20
and C22 fatty acid groups of rumen PUFA. However, EOD additives contribute
to the proportion of these fatty acid groups, similar to the C18 PUFA group.
Sakurama et al. (2014) showed that the anaerobic bacterium Clostridium
bifermentans JCM 1386 was able to convert C20:5 n-3 (eicosapentaenoic
acid or EPA) to C20:4 n-7 (eicosatetraenoic acid). There are indications that
bacteria of this species are found in the rumen fibrolytic bacterial community
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of swamp buffaloes (Boonsaen et al., 2010). Compared to the median level
of BH EPA at 69% from microalgae biomass Nannochloropsis oceanica after
24 h incubation (Alves et al., 2018), the level of protection displayed by EOD
remained superior. Furthermore, BH of C22:6 n-3 (docosahexaenoic acid or
DHA) to C22:0 (docosanoic acid) involves the bacteria B. proteoclasticus P18,
Acetobacter and Bacillus (Jeyanathan et al., 2016; Huang et al., 2020). Aldai
et al. (2018) reported 80% of BH DHA at 6 hours of incubation. The average
BH of EPA and DHA reported through in vivo rumen evaluations was 91% and
89% (Scollan et al., 2001).

The effective dose of EOD in suppressing BH long-chain PUFA in
this meta-analysis study was 300 mg/L. This can be observed from the meta-
regression analysis of each n-6 and n-3 BH activity, where most of the effect
sizes accumulated at these levels. The significant effect of EOD in suppressing
rumen BH activity is accompanied by disruption of rumen fermentation
activity, so the administration level must be considered. Calsamiglia et al.
(2007) recommend safe levels of EOD additive supplementation in the rumen
environment ranging from 50 to 500 mg/L. In addition, the results also confirm
EOD superior effect compared to tannins in suppressing BH C18 PUFA activity
in vitro (Makmur et al., 2022). EOD supplementation is expected to be one
of the promising strategies for improving fatty acid profiles and realising
functional foods from animal sources. Intake of C18:3 n-3, C20:5 n-3, C22:5
n-3, and C22:6 n-3 in the human diet has been reported to reduce the risk of
cancer and cardiovascular disease (Nguyen et al., 2019).

The positive effect of EOD addition can be seen from the abundant
proportion of PUFA and CLA groups in the rumen fluid. These results are
expected to promote the transfer of beneficial fatty acid deposits in ruminant-
derived products. Lydia et al. (2020) reported an increase in n-3 PUFA
in the subcutaneous fat of cattle supplemented with a 1 g/head/day blend
of EO (eugenol, limonene, thymol, vanillin, and guaiacol). However, the
increase showed insignificant results. This may be due to the ability of rumen
microbes to degrade the bioactive components of EO, or the formation of
resistance mechanisms from rumen microbes to the biological activity of these
components (Szumacher-Strabel et al., 2015). The study by Zhang et al. (2022)
showed that oregano EO (130 mg/d) was able to improve the fatty acid profile
and organoleptic and increase the volatile components of Pingliang red cattle
semitendinosus muscle.

Furthermore, Arnica montana EO additive (450-1350 mg EO/kg DM)
reduced the C18:1 t11 content of (Dias et al., 2022). In addition, using EO
as an additive for dairy cattle increased PUFA content, milk-free fatty acids,
and total milk yield (Giannenas et al., 2011; Koknur et al., 2021; Ghoneem
and Mahmoud 2022). In addition, Khiaosa-ard and Zebeli (2013) reported the
results of a meta-analysis of 28 publications on the effects of adding EO and
their bioactive compounds on improving milk protein content and composition.
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CONCLUSIONS

This meta-analysis has shown that EOD supplementation can inhibit
the formation of ammonia, propionate, iso-valerate, total VFA, and rumen gas
production in vitro. In addition, it can increase the proportion of C18:1 n-9,
CLA ¢9 tl1, C18:2 n-6, C18:3 n-3, C20:5 n-3, C22:6 n-3, total MUFA, and
PUFA in rumen fluid. Increasing the EOD level inhibited the activity of BH
C18:2 n-6, C18:3 n-3, C20:5 n-3, and C22:6 n-3. It is expected that ruminant-
derived products will be able to meet health standards regarding fatty acid
profiles by using EOD as a source of natural additives. Further systematic
review should be directed toward animal studies to confirm these findings.
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