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Abstract

Methane from enteric fermentation is the gas with the greatest environmental impact emitted by ruminants.
Lovastatin (Lv) addition to feedstocks could be a strategy to mitigate rumen methane emissions via decreasing the
population of methanogenic archaea (MA). Thus, this paper provides the first overview of the effects of Lv
supplementation, focusing on the inhibition of methane production, rumen microbiota, and ruminal fermentation.
Results indicated that Lv treatment had a strong anti-methanogenic effect on pure strains of MA. However, there
are uncertainties from in vitro rumen fermentation trials with complex substrates and rumen inoculum.
Solid-state fermentation (SSF) has emerged as a cost-effective option to produce Lv. In this way, SSF of agricultural
residues as an Lv-carrier supplement in sheep and goats demonstrated a consistent decrease in ruminal methane
emissions. The experimental evidence for in vitro conditions showed that Lv did not affect the volatile fatty acids
(VFA). However, in vivo experiments demonstrated that the production of VFA was decreased. Lv did not negatively
affect the digestibility of dry matter during in vitro and in vivo methods, and there is even evidence that it can
induce an increase in digestibility. Regarding the rumen microbiota, populations of MA were reduced, and no
differences were detected in alpha and beta diversity associated with Lv treatment. However, some changes in the
relative abundance of the microbiota were induced. Further studies are recommended on: (i) Lv biodegradation
products and stability, as well as its adsorption onto the solid matter in the rumen, to gain more insight on the
“available” or effective Lv concentration; and (ii) to determine whether the effect of Lv on ruminal fermentation also
depends on the feed composition and different ruminants.
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Introduction
Recently, the contribution of the ruminant livestock sec-
tor to greenhouse gas (GHG) emissions has become of
concern and increasingly crucial for animal and environ-
mental scientists. The main GHGs of this sector are me-
thane (CH4) and nitrous oxide (N2O) [1, 2]. Methane
emitted by livestock from enteric fermentation is the gas
with the greatest environmental impact. From a climate

change point of view, CH4 has been reported to be the
most abundant GHG other than CO2 [3]. The magni-
tude estimation of CH4 compared to CO2 differs based
on its higher global warming potential (28 times over a
100-year-time horizon) and shorter atmospheric lifetime,
which is about 12.4 years [4]. Global GHG emissions
from the livestock sector from 1995 to 2005 were be-
tween 5.6 and 7.5 gigatons of CO2 eq./year and repre-
sented ~ 14.5% of the global anthropogenic GHG
emissions [2, 5]. Furthermore, worldwide enteric me-
thane emissions were estimated to be approximately 111
Tg/year and contributed almost one-third of global an-
thropogenic emissions [4].
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The main end-products of ruminal fermentation be-
sides methane are volatile fatty acids (VFA) and micro-
bial protein. These products are absorbed in the
digestive system and incorporated into the metabolism
of the animal host [6]. However, some fermentation
end-products (CO2 and H2) are not absorbed in the
rumen. In this case, CO2 and H2 are consumed by meth-
anogenic archaea (MA) to produce methane, which the
animals release into the atmosphere [7]. Also, it is con-
sidered that around 2% to 12% of the total energy con-
sumed by ruminants can be metabolized to CH4 [8].
Researchers have investigated various approaches to

mitigate ruminal methane emissions and enhance live-
stock productivity aiming for sustainable development
[9, 10]. In this context, Lovastatin (Lv) is a competitive
inhibitor of the HMG-CoA reductase enzyme (3-Hy-
droxy-3-methylglutaryl CoA reductase) [11]. The latter
is the rate-limiting enzyme for the mevalonate pathway
required for the biosynthesis of polyprenols, which have
a significant role in maintaining the function and struc-
ture of the MA membrane [12].
Therefore, this paper provides the first overview of the

effects of Lv supplementation, focusing on the inhibition
of methane production, rumen microbiota, and ruminal
fermentation.
The manuscript critically examines the role of Lv in

the following topics: (i) inhibition of MA, (ii) in vitro
and in vivo ruminal methane mitigation trials, (iii) the
pattern of change in rumen fermentation and digestibil-
ity, and (iv) shifts in the rumen microbiota.

Lovastatin as a strategy to inhibit methanogenic
archaea
Several strategies to mitigate rumen methane emissions
have been developed, such as nutrition (lipid supplemen-
tation, concentrate based diets), chemical inhibitors (3-
nitrooxypropanol, 10-anthraquinone, nitroethane), sec-
ondary plant compounds (tannins, flavonoids, saponins),
and Lv addition to the feedstocks of ruminants, among
others. One crucial issue that could dictate the adoption
and success of such strategies is their feasibility of appli-
cation at the farm level [9, 10, 13].
Furthermore, the adaptive capabilities of livestock pro-

duction systems must prioritize profitability and food
safety to adopt a methane reduction strategy [5]. In this
regard, modulation of the rumen is an option for inhibit-
ing methanogens [14].
It is known that the membranes of MA and eubac-

teria generally consist of a double-layer or a mono-
layer of lipid molecules where proteins can float [15].
Unlike eubacteria and eukaryotes, the lipid compos-
ition of the archaea consists of chains of isoprenoids
linked to the sn-glycerol-1-phosphate backbone by
ether bonds [16]. It has been reported that the

fundamental unit of archaea membrane lipids could
undergo an intermolecular dimerization building a
diglycerol-linked pair of C40 isoprenoid hydrocarbon.
The archaea membrane synthesizes complex isopren-
oid ether lipids (Fig. 1a), which are unique features of
the domain archaea [18]. As a result, a strategy to in-
hibit the growth of MA is via compounds that inhibit
the activities of some key enzymes linked to the syn-
thesis of isoprene units.
Statins are MG-CoA reductase inhibitors that catalyze

the conversion of HMG-CoA to mevalonic acid (Fig. 1b)
[19, 20]. The latter is the pathway for synthesizing iso-
pentenyl pyrophosphate and its isomer dimethylallyl
pyrophosphate, important precursors of molecules such
as isoprenoids, cholesterol, and terpenes [17, 21].
Statins are categorized into three categories: (i) natural

statins, which are produced mainly by fungal fermenta-
tion, for instance, Lv and pravastatin, (ii) semi-synthetic
statins that are derived from a natural statin by chemical
synthesis here include simvastatin, and (iii) synthetic sta-
tins which cannot be naturally produced or by chemical
synthesis of natural statins, e.g., rosuvastatin, pitavasta-
tin, atorvastatin, fluvastatin, and cerivastatin. Those sta-
tins contain two units, i.e., a chiral 3,5-syn-diol acid and
a chiral β-hydroxy-γ-lactone (alternatively its open-chain
analog) [20, 22].
Among the statins, Lv has attracted great interest as

an anti-methanogenic compound. It is a non-
hygroscopic crystalline powder, has the empirical for-
mula C24H36O5, a molecular weight of 404.5 g/mol, and
its water solubility is 0.4 mg/L [19]. It is soluble in N-
dimethylformamide and acetone; it is highly soluble in
CHCl3. Lv exhibits moderate solubilities in methanol,
ethanol, acetonitrile, and isopropanol [23].
The research to date has demonstrated that Lv inhibits

MA by two pathways. The first is related to the cell
membrane; MA contain long chains of isoprenoid ether
lipids as the main components of the cell membrane,
which are synthesized via the mevalonate pathway where
HMG-CoA reductase acts as the rate-limiting enzyme
[24]. Lv inhibits HMG-CoA reductase, thus disrupting
the cell membrane synthesis of MA and impeding the
membrane-bound electron transport of the pathway for
methane production [25]. Finally, the growth of metha-
nogens was negatively affected [26, 27].
The second effect of Lv on inhibition of MA is associ-

ated with the F420 coenzyme. Several oxidation/reduc-
tion reactions are involved in the metabolism of
methanogens, which require different oxidoreductase
enzymes, some of which participate in the electron
transfer during the methanogenesis pathway. For in-
stance, Sharma et al. [28] reported in a prediction model
for NADP oxidoreductase inhibition in the Methanobre-
vibacter smithii strain that Lv and mevastatin showed a
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Fig. 1 Biosynthesis of archaea membrane ether lipids. a Mevalonate pathway and archaeal lipid synthesis. b Inhibitory effect of the lovastatin on
HMG-CoA reductase, the rate-limiting enzyme in the conversion of HMG-CoA to Mevalonate [12, 17]
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higher affinity for this enzyme than the F420 coenzyme.
So, statins could inhibit the activity of the NADP oxido-
reductase protein dependent on the F420 coenzyme, an
electron carrier in the methanogenesis pathway. How-
ever, the experimental evidence on this issue is still unclear,
and the number of studies considered is small [28, 29].

Effect of lovastatin on ruminal methane
production
Lv is widely indicated for the treatment of hypercholes-
terolemia in humans [11]. The cost of Lv is approxi-
mately 7.5 US $/g of industrial-grade ([30], Sigma-
Aldrich, St. Louis MO, USA). Consequently, its use in
animal feeding is restricted [26], and some cost-effective
alternatives to produce Lv have been evaluated. For in-
stance, Lv production by solid-state fermentation (SSF)
has emerged as a suitable option [31].
The SSF and the fermented substrates applied to miti-

gate rumen methanogenesis have the following advan-
tages [32, 33]: (i) lignocellulosic agricultural residues
used for SSF are inexpensive, readily available in farms,
and commonly utilized for livestock feeding, (ii) the fer-
mented substrates should be utilized without pretreat-
ment reducing polluting discharges to the environment
from the Lv extraction process, and (iii) it can give high-
quality yields of secondary metabolites and cellulolytic
enzymes.
Several agricultural residues have been assessed as a

substrate to produce Lv by SSF, but in this review, only
the results of SSF trials where fermented agricultural
residues were used to inhibit the methanogenesis are
discussed. Interestingly, all strains tested belonged to As-
pergillus terreus. The SSF of rice straw gave Lv yields of
0.26 and 0.69 mg/g DM [34, 35]. Despite the high-fiber
content of rice straw, the Lv productivity was close to
that of rice grain (0.57 mg/g DM) [36]. Another sub-
strate in SSF for this target was palm kernel cake (PKC)
which resulted in the maximum production of 0.85 mg/g
DM [37], and finally, the oat straw, which was the high-
est Lv yield (23.8 mg/g DM) [31]. These results generally
suggest low to moderate Lv yields compared to the find-
ings of experiments devoted to statins production [30].

In vitro experiments
Table 1 summarizes the in vitro rumen fermentation
data associated with methane mitigation by pure Lv or
fermented residues as an Lv-carrier treatment.
The addition of Lv provides reliable evidence of

complete inhibition of methane formation by cultured
methanogens. Miller and Wolin [26] evaluated the
addition of pure Lv (4 mg/mL) on strains of the Metha-
nobrevibacter genus co-cultured with fibrinolytic/cellulo-
lytic bacteria. This dose decreased the growth of the
Methanobrevibacter as well as CH4 production. These

results were confirmed by Demonfort et al. [38], who re-
ported for pure cultures of MA and bacteria from the
human digestive system that methanogenesis was inhib-
ited entirely at the same concentration of Lv (4 mg/mL).
This view also was supported by Jahromi et al. [27], who
found that methane production of Methanobrevibacter
smithii strain was inhibited by 96% with an Lv dose of
50 mg/mL, under similar cultivation conditions to those
in the previous research.
Unfortunately, there is no general agreement about

the effects of pure Lv on in vitro trials using rumen fluid
inoculum (RFI) and forages as well as total mixed ra-
tions. First, Busquet et al. [39] evaluated a diet with for-
age to concentrate (f:c) ratio of 50:50, RFI from a dairy
cow, and a dose of Lv of 5 mg/L. There was no signifi-
cant reduction of methane production between treat-
ment and control groups. These results agreed with
those of other studies that reported no effects of Lv (at
dose 3.2 mg/L) on methanogenesis with grass silage and
barley grain ration of (50:50) as substrate and RFI from
steers [41]. A possible explanation for these results may
be the low Lv dosage; it was initially proposed that me-
thane inhibition was highly significant at 4 mg/L [26]
but, this dose was based on pure cultures of MA without
substrate and RFI. However, the addition of simvastatin
(purity > 97%) at a low dose of 10 mg/L reduced the
in vitro rumen methanogenesis only by a poor 9.3%
using a high forage diet (P < 0.05) [43]. The latter is the
only article research that reported the anti-
methanogenic effect of a low-dosage statin with RFI and
a diet to the best of our knowledge.
The role of the presence of solids in the ruminal fer-

mentation tests as well as the complex composition of
dissolved and colloidal organic matter could affect the
Lv availability for inhibiting the MA possibly due to the
well-known phenomenon of hysteresis that characterizes
the interaction of soluble organic compounds and or-
ganic particles in soils and sediments in the field of re-
mediation [44, 45]. For instance, there is no information
on the possible extent of adsorption of Lv onto the
solids (e.g., from diets) present in the complex medium
(and the opposite process of desorption). If adsorption
of Lv were significant, then the Lv concentration avail-
able for inhibiting the MA would be a small fraction of
the added dosage of Lv [46, 47]. That is, there would be
a “sequestration” of Lv that undoubtedly would decrease
its inhibitory effect.
In contrast to earlier findings, Soliva et al. [40] ob-

served a 40% inhibition of methane production in an ex-
periment using the “rumen simulation technique.” They
used a substrate that consisted of a diet based on barley,
ryegrass hay, and soybean, RFI from a dairy cow, and a
pure Lv dose of 150 mg/L. The inhibition level observed
was consistent with the methane mitigation by pure
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simvastatin 100 mg/L (P < 0.05) incubated with a 70%
forage diet and RFI [43].
On the other hand, the experiments with agricultural res-

idues as Lv-carriers showed the following results. Jahromi
et al. [34] reported a 24% inhibition of CH4 formation with
fermented rice straw (concentration of Lv, 4.32mg/L RFI
medium). A later study claimed that fermented purple corn
stover (Lv dosage was 29.5mg/L RFI medium) had a minor
effect on decreasing methane production by 14.6% [42]. As
noted above, in both cases, the fermented agricultural resi-
dues as Lv-carriers were used as the only substrate for
in vitro rumen fermentation trials.
Recent evidence suggested that replacement of ordin-

ary oat straw (18.9% and 28.4%) with fermented oat
straw as an Lv-carrier to achieve initial doses of 100 and
150 mg Lv/L in the RFI medium with a high-grain ration

led to mitigating methane production by 38% under
in vitro conditions [31]. It should be noted that this is
the first work where a fermented agricultural residue
(Lv-carrier) was supplemented to a total mixed ration
(Table 1).
The results suggest that there could be a threshold ef-

fect of pure Lv on in vitro methane production . Likely,
this level would be 100 mg/L [31, 40, 43]. Below this
threshold, no significant difference seemed to be de-
tected. In contrast, beyond that threshold, the methano-
genesis inhibition holds. One could speculate whether
this threshold would be related to possible adsorption of
Lv onto solids of the RFI medium, thus decreasing Lv
availability by the MA [46, 47]. As suggested above, it
would be helpful to conduct more research to distin-
guish between adsorbed and free Lv in the RFI medium.

Table 1 Effect of lovastatin on in vitro ruminal methane production

Source of Lv Donor animals and
experimental diet

In vitro gas production technique Lv,
mg/L

Methane
Inhibition,
%

Reference

Pure cultures of methanogenic archaea

Sigma-Aldrich, St Louis, MO, USA Technique: Hungate tubes
Culture medium: BRN
Inoculum: Methanobrevibacter strains

4 99 [26]

Fermented rice straw extracts Technique: serum bottles
Culture medium: Balch 1 (DSMZ, Germany)
Inoculum: M. smitthii

50 100 [27]

Sigma-Aldrich, St Louis, MO, USA Technique: Hungate tubes
Culture medium: SAB
Inoculum: M. smitthii

4 100 [38]

Ruminal-based inoculum and diets

Sigma-Aldrich, St Louis, MO, USA Ruminant: bovine
Diet: f:ca ratio of (50:50)

Technique: fermentation bottles
Substrate: diet with a f:c ratio of (50:50)
Inoculum: ruminal fluid

5 NSb [39]

Sigma-Aldrich, GmbH, Buchs,
Switzerland

Ruminant: bovine
Diet: hay, ryegrass, and
concentrate

Technique: RUSITEC system
Substrate: diet with a f:c ratio of (50:50)
Inoculum: ruminal fluid

150 40 [40]

Fermented rice straw Ruminant: bovine
Diet: f:c ratio of (40:60)

Technique: calibrated glass syringes
Substrate: fermented rice straw
Inoculum: ruminal fluid

4.3 24 [34]

Sigma-Aldrich, St Louis, MO, USA Ruminant: bovine
Diet: f:c ratio of (60:40)

Technique: serum bottles
Substrate: diet with a f:c ratio of (50:50)
Inoculum: ruminal fluid

3.2 NS [41]

Fermented rice Ruminant: sheep
Diet: hay

Technique: Hungate tubes
Substrate: fermented rice
Inoculum: ruminal fluid

40 9.6 [36]

Fermented purple
corn stover

Ruminant: dairy steers
Diet: no reported

Technique: serum bottles
Substrate: fermented purple corn cob
Inoculum: ruminal fluid

29.5 14.6 [42]

Fermented
Oat straw

Ruminant: bovine
Diet: f:c ratio of (60:40)

Technique: serum bottles
Substrate: diet with a f:c ratio of (30:70)
Inoculum: ruminal fluid

150 38 [31]

Simvastatin, Sigma-Aldrich, Prague,
Czech Republic

Ruminant: bovine
Diet: f:c ratio of (70:30)

Technique: serum bottles
Substrate: diet with a f:c ratio of (64:36)
Inoculum: ruminal fluid

100 26.2 [43]

aForage: concentrate ratio
bNon-significant

Ábrego-Gacía et al. Journal of Animal Science and Biotechnology          (2021) 12:123 Page 5 of 12



In vivo experiments
Experiments under in vivo conditions related to Lv have
mainly focused on the anti-methanogenic effects of the
dietary fermented rice straw as an Lv carrier at different
concentrations in ruminants (Table 2). Reported results
in the open literature are scarce for large ruminants.
Only one article has been published in the scientific

literature with beef cattle as an animal model. Ramírez-
Restrepo et al. [49] evaluated a basal diet supplemented
with four increasing levels of red yeast rice (RYR) as a
source of Lv on dry matter (DM) intake, live weight
(LW) gain, and CH4 emissions from cattle. The findings
of this study suggest a decrease of CH4 g/kg DM intake
by 14.5% with RYR (40 g/d to give a dose of Lv, 0.92 mg/
kg LW) in a diet f:c ratio of 15:85. However, the DM in-
take decreased by approximately 50% after 6 days of
RYR supplementation with higher levels of RYR (110
and 120 g/d), which represented Lv doses of 2.62 and
2.88 mg/kg LW, respectively. The authors also reported
ruminant digestive, muscular, and urinary system disor-
ders that disappeared 3 days after the RYR treatment
was withdrawn, although the authors ascribed those dis-
orders to unknown metabolites of Monascus purpureus
during the rice fermentation, not the Lv.
Regarding research on small ruminants, Morgavi et al.

[36] evaluated the anti-methanogenic effect of fermented
rice as an Lv-carrier to obtain a dose of Lv 2.26 mg/kg
LW, with a diet based on fermented rice and hay (ratio,
50:50). This study showed that the production of rumen
methane (g/kg DM intake) was decreased by 30% in
sheep. This is in complete agreement with the findings

of other studies, in which the effects of Lv produced by
SSF on ruminal methanogenesis were examined. First,
Mohd Azlan et al. [35] reported a decrease in rumen
CH4 production (− 42%) when rice straw (40%) was re-
placed by fermented rice straw in the experimental diet
of goats (dose of Lv 4.14 mg/kg LW). Candyrine et al.
[37] determined that fermented PKC had a lower rumi-
nal methane inhibition (− 20%) when mixed in diets with
an f:c ratio of 50:50 and doses of Lv 4 and 6mg/kg LW
in goats.
Wang et al. [50] evaluated the effect of supplemen-

tation of RYR with a dose of Lv 4.34 mg/kg LW in a
high-forage diet (70%) for goats. Their results sug-
gested a slight decrease in methane production (CH4/
DM intake, L/kg) of 14%. However, Klevenhusen
et al. [48] tested the effect of a dose of commercial
Lv (98% purity) lower than the previous studies (0.94
mg/kg LW) on the ruminal methane production of
a sheep-fed diet containing an f:c ratio of 48:52. Their
results showed no significant effects of commercial Lv
on rumen methanogenesis (Table 2).
More recently, the effects of PKC as an Lv-carrier on

the skeletal muscles of goats were examined [51]. The
goats were fed a ration characterized by an f:c ratio (77:
23) with three proportions of PKC (fermented with A.
terreus) to provide 2, 4, and 6 mg Lv/kg LW. This study
showed degeneration in goats’ selected muscles at the
highest level of Lv. It was concluded that supplementing
fermented PKC at Lv dose > 4 mg/kg LW negatively af-
fected the health and welfare of the treated goats. How-
ever, the adverse effects of Lv on the muscles of treated

Table 2 Effect of lovastatin on in vivo ruminal methane emissions

Source of Lv Animal and experimental diet Technique to
estimate rumen
CH4

Lv,
mg/
kg
LWb

Methane
production, g CH4/
Kg DMIa

Reference

Control Treatment

Commercial Lv (98% purity, Yick-Vic Chemicals &
Pharmaceuticals Ltd., Hong Kong, China)

Ruminant: Sheep
Diet: f:cc ratio of (45:52)

Open-circuit
respiratory
chamber

1.06 25.1 25.9 [48]

Fermented red rice power (Zhejiang Medicines
and Health Products, Hangzhou, China)

Ruminant: Bovine
Diet: f:c ratio of (15:85)

Open-circuit
respiratory
chamber

0.92 20 17.1 [49]

Fermented rice Ruminant: Sheep Diet: Based on
rice (50%) and rice hay (50%)

Sulfur hexafluoride
(SF6)

2.26 35.2 24.9 [36]

Red yeast rice Ruminant: Goats Diet: f:c ratio of
(70:30)

Open-circuit
respiratory
chamber

4.34 20 18.3 [50]

Fermented rice straw Ruminant: Goats Diet f:c ratio of
(40:60)

Open-circuit
respiratory
chamber

4.14 60 35 [35]

Fermented palm kernel cake Ruminant: Goats
Diet: f:c ratio of (73:27)

Open-circuit
respiratory
chamber

6 24.23 19.23 [37]

aDry matter intake
bLive weight
cForage:concentrate ratio
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goats cannot be attributed to Lv per se because the ex-
periment did not test a positive control with pure Lv.
The experiments using fermented agricultural residues

as Lv carriers suggested an anti-methanogenic effect on
cattle, sheep, and goats with a range of Lv doses of 0.92
to 6 mg/kg LW (Table 2). Unfortunately, there are no
systematic studies that compare the effect of the same
dose of Lv on the ruminal methanogenesis in the signifi-
cant domestic ruminants (cattle, sheep, and goats) sim-
ultaneously. Table 2 shows that an Lv 4mg/kg LW dose
was evaluated on goats [35, 37] but not sheep and cattle.
In contrast, the dose of 1 mg/kg LW was evaluated on
cattle and sheep [48, 49] but not on goats. Thus, no firm
trends can be appreciated.
Regarding the influence of feed composition on the Lv

effects on ruminal fermentation, as highlighted in Table
1, in vitro trials suggest a trend in the anti-
methanogenic effect of Lv-dose (> 100 mg/L), which is
independent of substrate type either low- or high-
concentrate diets. Thus, it seems that there is no effect
of the feed composition associated with Lv as a methane
inhibitor treatment [31, 40, 43].
On the other hand, in vivo trials with dietary fermen-

ted rice straw showed that Lv concentration higher than
0.92 (mg/kg LW ) was associated with methanogenesis
inhibition [35, 36, 50]; however, no clear trends on a
possible effect of feed composition were found.
It could be recommendable to obtain more experi-

mental evidence on the effect of feed composition when
Lv was added, both at in vitro and in vivo studies. The

underlying hypothesis would be that feed composition
could influence Lv availability, which would have an ef-
fect on Lv efficacy in ruminal fermentation.

Effect of lovastatin on fermentation and rumen
digestibility
As far as VFA production is concerned, Wang et al. [50]
and Klevenhusen et al. [48] found no significant effects
of pure Lv and RYR treatments on the production and
profile of VFA in goats and sheep, respectively. It was
demonstrated a decrease in acetate molar proportion
(P < 0.05) and a slight increase in molar proportions of
butyrate and propionate when sheep fed fermented rice
[36]. Nevertheless, a significant abatement in the butyr-
ate molar proportion was observed when cattle and
goats were fed diets with fermented rice straw and RYR
as Lv-carriers by Mohd Azlan et al. [35] and Ramírez-
Restrepo et al. [49], respectively.
The effect of Lv on in vitro the VFA pattern has still

not been identified (Table 3), the proportion of propion-
ate was increased. In contrast, acetate and butyrate pro-
portions were reduced by simvastatin and atorvastatin at
100 mg/L; the latter also reduced the total VFA (P <
0.05) [43]. However, a similar dose of Lv (150 mg/L) did
not affect the production and profile of VFA, although
methanogenesis was inhibited (P < 0.05) [40].
Among the key factors that could influence the anti-

methanogenic effect of Lv, we can distinguish (i) solubil-
ity of Lv and availability, (ii) chemical form of Lv, and
(iii) stability of Lv.

Table 3 Effects of lovastatin on rumen fermentation variables

pH NH3-N Total VFA Acetate Propionate Butyrate A:Pa Digestibility Reference

In vitro experiments

≈ ≈ ≈ ≈ ≈ ≈ ≈ ≈ [39]

≈ ↓ ≈ ↑ ↓ ≈ NRb ≈ [40]

↑ NR ≈ ≈ ↓ ≈ ≈ ↑ [34]

≈ NR ≈ ≈ ≈ ≈ NR ≈ [41]

NR NR ≈ ↓ ≈ ≈ ≈ ≈ [36]

≈ ↑ ≈ ↓ ↑ ≈ NR ↑ [42]

≈ NR ↓ ↓ ↑ ≈ ↓ NR [31]

≈ ≈ ↓ ↓ ↑ ↓ ↓ ≈ [43]

In vivo experiments

≈ ≈ ≈ ≈ ≈ ≈ ≈ ≈ [48]

NR NR ↓ ≈ ≈ ≈ ≈ NR [49]

NR NR ↓ ↓ ≈ ≈ ↓ NR [36]

NR ≈ ≈ ≈ ≈ ≈ ↓ ≈ [50]

NR NR ≈ ≈ ↑ ↑ ↑ ↑ [35]

≈ NR ≈ ≈ ↑ ≈ ↓ ≈ [37]
aAcetic to propionic acid ratio
bNR, Not reported; ↓, decreased; ↑, increased; ≈ unchanged
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(i) According to the biopharmaceutical classification
system, statins are class II drugs, poorly water-soluble,
and high transport thru biological membranes [52].
These factors are associated with Lv anti-methanogenic
effectiveness in the rumen ecosystem. In this context,
most (in vitro and in vivo) trials were conducted with
lipophilic statins, for instance, cerivastatin, atorvastatin,
rosuvastatin, Lv, and simvastatin [31, 34, 40, 41]. There
was limited evidence of the experiments with hydro-
philic statins (pravastatin and rosuvastatin) [43]. Lv can
easily cross lipid membranes [25] because of its lipophi-
licity revealed by a poor water solubility of 0.4 mg/L [23,
52]; however, its biological availability could be nega-
tively affected by its poor water solubility.
(ii) Another issue that our research group has noted is

the dosage form of Lv in ruminal fermentation experi-
ments (Fig. 2): the pure Lv commonly is in lactone form
“prodrug” and water-insoluble [54]; there are some ways
to activated into its β-hydroxy acid and water-soluble
form [55]. However, the studies of ruminal fermentation
when pure Lv inhibits methanogenesis did not report Lv
chemical activation. Thus, it can be speculated that Lv
β-hydroxy could be a better alternative to mitigate
rumen methane, at least in short-term trials.
On the other hand, the fungal SSF produced up to

90% of Lv β-hydroxy acid form [53]; as a result, higher
availability of active metabolite Lv in the rumen medium

is expected. This difference in Lv chemical form appears
to explain better results in favor of agricultural residues
as Lv-carriers for treating methane mitigation in
ruminants.
(iii) Another factor is the stability of Lv during the ru-

minal fermentation trials. Although in vitro tests last 3
days or less, possible degradation of Lv and the associ-
ated decrease of its concentration could occur in this
period. Recent evidence suggests that human gut anaer-
obes catalyzed the conversion of Lv lactone into Lv β-
hydroxy acid [38]. Interestingly, Beltrán et al. [56] dem-
onstrated that Lv incubated in phosphate buffer solution
with similar conditions to those of the rumen environ-
ment such as temperature 37 °C, pH 7, in the absence of
microbiota (abiotic control), resulting in the transform-
ation of Lv lactone into its β-hydroxy acid form. More-
over, the authors demonstrated that experiments of
human gut spiked with Lv β-hydroxy acid form could
transform the latter to other unknown metabolites.
Unfortunately, stability studies of Lv and its chemical

forms in ruminal medium and fermentation conditions
are lacking.
In terms of in vivo digestibility studies associated with

the anti-methanogenic activity of Lv, small sample sizes
are a limitation on this issue (Table 3). Moreover, most
of these experiments used fermented agricultural resi-
dues as Lv-carriers. Wang et al. [50] reported that the

Fig. 2 Hydrolysis of lovastatin lactone and the similarity between the chemical structures of lovastatin β-hydroxy acid and the HMG-CoA. a
Lovastatin lactone, b Lovastatin β-hydroxy acid, c HMGCoA, and d Mevalonate. Adapted from Syed and Ponnisamy [53]
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DM digestibility was not significantly affected by re-
placing rice straw (8.2%) with fermented rice straw to
obtain a dose of Lv (4.34 mg/kg LW) in an f:c ratio (70:
30) diet for goats. This was consistent with results by
Candyrine et al. [37], who found that replacing up to
26.3% of PKC by fermented PKC (to obtain a dose of Lv
6 mg/kg LW) in an f:c ratio diet (77:23) did not nega-
tively affect the digestibility of DM. In this context, Mohd
Azlan et al. [35] observed that fermented rice straw in-
creased the digestibility of DM by 13% (P < 0.05) in goats
fed a diet containing 82% of neutral detergent fiber. Also,
this experiment showed that the A. terreus strain degraded
hemicellulose components of the fermented rice straw
during the SSF bioprocess. An increase in the digestibility
might be due to the production of enzymes cellulases,
xylanases, and phenoloxidases by A. terreus strains, which
would enhance the digestion of structural carbohydrates
from lignocellulose feeds [57, 58].
Despite this, in vitro and in vivo trials showed that pure

Lv and simvastatin (100mg/L culture media and 1.06mg/
kg LW ) did not affect the nutrient digestibility of diets
containing 70 and 48% of forage, respectively [43, 48].
In terms of pH and concentration of ammonia nitro-

gen, no effects were observed from the inclusion of pure
Lv or fermented rice to ruminant rations under in vivo
conditions [48, 50].

Effect of lovastatin on rumen microbiota
Initial work in rumen microbiology focused primarily on
cultivating bacteria for a comprehensive understanding of
fermentative metabolism [59, 60]. Afterward, cultured or
uncultured microorganisms were subjected to molecular
genetic methods to identify and quantify [61]. More recently,
the meta-omic integration methodology has provided a
more useful characterization of microbiomes (e.g., to iden-
tity microbial and predictive metabolomic profile) [62–64].
Within this framework, only three works have evalu-

ated Lv impacts on rumen microbiota using high-
throughput sequencing technology [31, 37, 50].
Candyrine et al. [37] assessed the rumen archaea and

bacteria composition of goats when fermented PKC
inhibited methanogenesis. They found that this did not
affect the α (Simpson, Shannon, and Chao 1) and β di-
versity indices (Principal Coordinate Analysis using
Bray-Curtis dissimilarity) concerning the relative abun-
dances of rumen microbiota. Unfortunately, biostatistical
analyses were not reported. These results were consist-
ent with those reported by Ábrego-García [31], who ob-
served no significant differences in the α and β diversity
indices. However, the authors observed some evidence
of differences between selected microbial abundances of
the fermented oat straw as an Lv-carrier (150 mg/L) and
the control groups. For instance, Prevotella abundance

was significantly reduced. The abundances of the Rumi-
nococcaceae family and the genus Ruminococcus were
increased (P < 0.05), whereas the Euryarchaeota phylum
was reduced by 38%.
The experiment of Wang et al. [50] was limited to the

rumen archaea composition. They reported that the
Chao 1 alpha diversity was not affected; however, the
Shannon-Wiener index was higher in the RYR treat-
ment. Furthermore, the relative abundance of Methano-
brevibacter was significantly decreased but increased in
genus Methanomicrobium for the anti-methanogenic
treatment. Due to the limited studies on this topic, the
information regarding rumen microbial diversity was or-
ganized as classic and molecular biology techniques and
discussed below.
As expected, in vivo and in vitro trials demonstrated

that populations of archaea and total methanogens, as
well as Methanobacteriales, were reduced (P < 0.05)
when methanogenesis also declined due to the Lv treat-
ments [34–36].

Rumen bacteria
The effectiveness of fermented rice straw and fermented
rice supplements mixed with diets for small ruminants
(doses of Lv 4.14 and 2.26 mg/kg LW) showed an in-
crease (P < 0.05) in the concentration of rumen bacteria
of sheep and goats, respectively [35, 36]. These findings
were congruent with those of Soliva et al. [40], who used
pure Lv (150mg/L) for in vitro ruminal fermentation
and demonstrated an increase in the bacteria population.
However, Jahromi et al. [34] for in vitro experiments re-
ported a significant decrease in the rumen bacteria
population with fermented rice straw and extracts of this
fermented substrate as treatments for methane
mitigation.

Cellulolytic/fibrinolytic bacteria
No inhibitory effect of pure Lv on the concentration of
cellulolytic/fibrinolytic bacteria was observed. This fact
was initially established in cultures of B. fibrisolvens, R.
albus, R. flavefasciens, F. succinogenes, and S. ruminan-
tium with a dose of 4 mg/L culture medium [26]. Never-
theless, a possible increase in cellulolytic/fibrinolytic
bacteria in the rumen was only associated with fermen-
ted agricultural residues as Lv carriers. For instance,
Mohd Azlan et al. [35] reported that the R. albus popu-
lation increased (cells/mL) three times over with an Lv
dose of 4.14 mg/animal/d in goats. In another study into
in vitro methane mitigation, it was determined that the
concentration of R. albus increased (P < 0.05), but F. suc-
cinogenes was reduced with a dose of Lv 4.3 mg/L RFI
medium [34].
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Fungi
There is no general agreement about the effect of Lv on
rumen fungi. Detailed examination of works by Soliva
et al. [40] and Jahromi et al. [34] demonstrated a signifi-
cant decrease in anaerobic fungi when methanogenesis
was significantly inhibited using pure Lv (150mg/L) and
fermented rice straw as an Lv-carrier (4.3 mg/L), re-
spectively. However, a ten-fold increase in the anaerobic
fungus population was observed with the fermented rice
straw treatment (dose of Lv 4.14mg/kg LW) compared
to the control group in goats [35].

Protozoa
Mohd Azlan et al. [35] and Morgavi et al. [36] carried out
series of experiments to mitigate methane production with
fermented rice and rice straw treatments produced by SSF
with M. porpureus spp and A. terreus (doses of Lv 2.26
and 4.14mg/kg LW) in sheep and goats, respectively. No
statistically significant differences in the rumen protozoa
population were found between the treatment and control
groups in those studies. This result was also observed for
in vitro trials with RFI from sheep. Fermented rice straw
or ethanolic extracts of fermented rice straw were evalu-
ated on the population of protozoa [34]. Finally, there
were no reports in the open literature on the effects on
the rumen protozoa population when methane inhibition
was significantly reduced by pure Lv treatment.

Conclusion
Lv treatment had a strong anti-methanogenic effect on
pure strains of MA. However, there are uncertainties
about results for in vitro fermentation with complex
substrates and RFI.
On the other hand, the SSF of agricultural residues is

a bioprocess that can be adopted for Lv production at a
low cost. Those fermented agricultural as Lv-carriers fed
to ruminants demonstrated a reliable decrease in rumi-
nal methane emission. However, a remarkable feature of
the currently available literature is the lack of positive
control (pure Lv) in animal experiments.
The experimental evidence for in vitro trials showed

that the VFA production was not affected by Lv; however,
the results from in vivo trials demonstrated that produc-
tion of VFA was decreased. The in vitro and in vivo DM
digestibility was not negatively affected by Lv.
Regarding rumen microbiota, no differences were de-

tected in alpha and beta diversity associated with Lv
treatment, but it induced some changes in the relative
abundance. Lv did not have an inhibitory effect on rumi-
nal eubacteria but, there is insufficient evidence to deter-
mine its relationship to fungi and ruminal protozoa.
Additionally, further research is needed on the follow-

ing issues: (i) Lv biodegradation products and stability,
as well as its adsorption onto the solid matter in the

rumen, should be assessed to determine the “available”
or effective Lv concentration, and (ii) to assess whether
the effect of Lv on ruminal fermentation also depends
on the feed composition and different ruminants.
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