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Rumen hydrogen metabolism in relation to the use of methane mitigating feed 

additives such as Bovaer 

 

Introduction 

The current report is related to the metabolism of hydrogen and whether surplus of hydrogen has 
a notable and significant negative effect on animal welfare, a topic raised by The Danish Veterinary 
and Food Administration based on their evaluation of the EFSA Scientific Opinion “Safety and 
efficacy of a feed additive consisting of 3-nitrooxypropanol (Bovaer

 
10) for ruminants for milk 

production and reproduction (DSM Nutritional Products Ltd)”. 

 

Q1: Why is there an accumulation of hydrogen in the rumen as a result of administrating Bovaer? 

Enteric methane from ruminants is produced when carbohydrates (and in minor extent amino acids) 
are fermented in the rumen by anaerobic microorganisms. The fermentations products constitute 
mostly volatile fatty acids (VFA) (acetic acid, propionic acid and butyric acid), but also hydrogen (H2) 

and carbon dioxide (CO2). These products are either absorbed across the rumen wall or used for 

other processes in the rumen. Carbon dioxide and H2 not used for methane formation are eructated 
via the mouth, and the metabolism and potential absorption in the rumen is therefore of minor 
importance under normal conditions. Glucose fermentation pathways to VFA’s and gasses are 
presented in Table 1.  

 

Table 1. Fermentation pathways for glucose to VFA's in the rumen (Boardi et al., 2004). 

Glucose to acetic acid C6H12O6 +2 H2O → 2 CH3COOH + 2 CO2+ 4 H2 

Glucose to propionic acid C6H12O6 + 2 H2 → 2 CH3CH2COOH + 2 H2O 

Glucose to butyric acid C6H12O6 → CH3CH2CH2COOH + 2 CO2 + 2 H2 

 

As can be seem from Table 1 the type of VFA that is produced in the rumen will affect the amount 
of hydrogen subsequently available for methanogenesis. Fermentation of glucose into especially 
acetic acid, but also butyric acid results in hydrogen formation, whereas fermentation of glucose 
into propionic acid is a hydrogen-consuming pathway. This relationship can be altered through the 
type of carbohydrate fed to the ruminant. A sugar-rich diet results in relatively larger butyric acid 
production, a starch-rich diet facilitates propionic acid formation, whereas a fibre-rich (NDF) diet 
will facilitate acetic acid production. Thereby the type of carbohydrate directly affects the amount 
of hydrogen available for further processes in the rumen. Although propionic acid formation 
consumes hydrogen as a substrate, the process cannot capture all hydrogen available and hydrogen 
is quickly incorporated into microbial processes. Excess hydrogen is, amongst other processes, a 
substrate for methanogenesis (1), where carbon dioxide and hydrogen forms methane and water. 
This pathway constitutes an energy loss for the animal of around 3-7 % of the gross energy intake 
in intensive dairy operations. A less energetic favorable hydrogen sink in the rumen is acetogenesis 



4 
 

(2), where carbon dioxide and hydrogen form acetic acid and water (2). Based on thermodynamic 
favorability of reactions, hydrogen partial pressure and availability of substrates, methane is in 
general the major hydrogen sink in the rumen, and acetogenesis only occurs to a minor extent (Ellis 
et al., 2008, Ungerfeld and Kohn, 2006). 

 

Methanogenesis: CO2 + 4 H2 → CH4 + 2 H2O ΔG° = -138.9  (1)  

Acetogenesis: 2 CO2 + 4 H2 → CH3COOH + 2 H2O ΔG° = -78.8 (2) 

 

Hydrogen is thus a central metabolite in rumen fermentation and its partial pressure is an important 
determinant of rumen methanogenesis. The balance of hydrogen ions (H+) and dissolved hydrogen 
gas concentrations directly determines the redox potential of the rumen and therefore the possible 
extent of oxidation of feedstuffs (Hegarty & Gerdes, 1999). Under normal conditions hydrogen gas 
constitutes less than 1% in rumen headspace gas, and the concentration of dissolved hydrogen in 
rumen fluid is between approximately 90 uM and 250 uM (Hegarty & Gerdes, 1999), indicating a 
low solubility and that hydrogen under normal conditions is metabolized at a very high rate. 

3-nitrooxypropanol (3-NOP, Bovaer) is a relatively recent developed compound, and this compound 
has shown inhibiting effects on cow’s methane production in a range of studies (e.g. Haisan et al., 
2014; Hristov et al., 2015; Van Wesemael et al., 2019), including an intensive study with 4 rumen 
and intestinally cannulated cows (Kjeldsen et al., unpublished) and a production study with 48 intact 
cows (Maigaard et al., 2021) at AU. The compound works as an inhibitor of methanogenic 
microorganisms due to its inhibitory effect on the last step in methanogenesis, where 3-NOP inhibits 
methyl coenzyme M-reductase (Ermler et al., 1997). 

This inhibition of a major hydrogen sink (methanogenesis) in theory provides hydrogen for other 
potential sinks, which under normal conditions would be less competitive compared to 
methanogenesis. However, in reality the repartitioning of hydrogen to other sinks seems not to fully 
account for the increase in hydrogen availability by inhibition of methanogenesis, and the net result 
is therefore an increase in rumen hydrogen pressure and a reduction in rumen redox potential when 
methanogenesis is partly inhibited due to e.g. the use of Bovaer. The same picture is seen when 
other effective methane mitigating agents such as nitrate (Olijhoek et al., 2016) are used. 
Quantification of increased soluble hydrogen concentration in the rumen liquid and/or increased 
hydrogen gas in the rumen headspace is challenging. The assumption of accumulation of hydrogen 
in the rumen is therefore based on the concurrent 3-5 fold increases in hydrogen eructated and 
quantified using respiration chambers and GreenFeed units, when Bovaer or other efficient 
methane mitigating agents are used. 

 

Q2: How is this accumulation of hydrogen excreted? 

A minor part of the hydrogen may be used for increased production of propionic acid, as this 
reaction in contradiction to acetic acid and butyric acid production results in hydrogen consumption 
(table 1). Hydrogen may also be used for increased rumen microbial matter production, 
biohydrogenation of unsaturated fatty acids or other hydrogens sinks, but the major part is 
eructated in the same way as methane and carbon dioxide. The scope of a current project at AU is 
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to account for the alternative metabolic pathways of the hydrogen (H) and carbon (C) no longer 
eructated as methane, when Bovaer is used and methanogenesis is restricted. 

Increased partial pressure of hydrogen in the rumen may be accompanied by increased absorption 
across the rumen wall to the blood, as oral ingestion of water enriched with hydrogen in humans 
has been associated with increased partial pressure of hydrogen in the blood (Shi et al., 2012; Sha 
et al., 2018). 

 

Q3: What consequences does this surplus of hydrogen have for the animal? 

The use of Bovaer has in some studies, including the two Danish studies from AU (Kjeldsen et al., 
unpublished; Maigaard et al., 2021), resulted in a decrease in feed intake, but in most studies feed 
intake has not been negatively affected (Kim et al., 2020). In both of the two Danish studies the 
reduction in feed intake was significant, and around 10%. The reason for this inconsistency between 
studies in effect on feed intake is not clear, but may be associated with differences in diet 
composition, production level, breed etc. However, across studies the use of Bovaer has been 
associated with an increase in hydrogen production, and it is assumed that the potential reductions 
in feed intake may be associated with increased rumen hydrogen pressure. 

Although molecular hydrogen gas in blood in pathophysiological studies in other species has been 
associated with positive effects related to immune function and ageing (Shi et al., 2012; Sha et al., 
2018), it has never been reported (to our knowledge) whether increased hydrogen absorption 
induced by higher rumen hydrogen pressure in cattle, could be associated with a depression of feed 
intake. 

 

Different hypotheses for the reduction in feed intake exits: 

1. Higher propionic acid production induces satiety. 

2. Negative feedback of increased rumen hydrogen on fermentation. 

3. Increased (physical) total gas pressure in the rumen. 

 

The use of Bovaer has in some studies increased the rumen concentration of propionic acid and also 
the proportion that propionic acid constitutes of total VFA production. Although the absolute 
propionic acid production and absorption have not been measured as such, this does indicate a 
higher production and absorption of propionic acid. A higher absorption of propionic 
acid/propionate may excite satiety and thereby via metabolic regulation reduce feed intake (Allen 
et al., 2009). However, whether the observed absolute increases in propionic acid concentration in 
the rumen are sufficient to exceed such effect on feed intake is still debatable. 

Hydrogen is a significant end-product of fermentation, and it has therefore been suggested that the 
lack of removal of this end-product of fermentation by methanogenesis will induce a negative 
feedback on rumen fermentation, which is key for rumen function and thereby feed intake.  

Rumen methanogenesis results in the removal of 5 moles of gas (1 CO2 + 4 H2) and the generation 
of 1 mol of gas (1 CH4). Assuming that ideal gas laws applies for these gasses, i.e. that the volume of 
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1 mol of gas is the same irrespective of the type of gas at a given temperature and pressure, it can 
therefore be assumed that methanogenesis significantly reduces the physical volume of the 
involved gasses in the rumen by 80%. Hampering methanogenesis may therefore result in a higher 
physical gas-pressure in the rumen as gas predominantly escapes by eructation, and this may induce 
a negative physical effect on the cow due to the presence of pressure sensors in the rumen wall 
and/or a negative physical/chemical effect on fermentation. However, this hypothesis is still to be 
validated.  

 

Q4: Does the rumen surplus of hydrogen have a notable and/or a significant negative effect on 
animal welfare? 

This question has not been addressed in the literature.  

Concerns for increased risk of poor animal welfare due to use of methane reducing feed additives 
have however been raised along with a call for more animal welfare centered studies of the effects 
of Bovaer before use on a commercial scale (Llonch et al., 2017).  

A reduction in feed intake is a typical sign of malaise (lethargy, lowered behavioral responsiveness 
and signs of pain; as reviewed by Millman, 2007) or pain (Ede et al., 2019), and raises concern for 
potential negative animal welfare effects of increased rumen hydrogen and/or increased total gas 
pressure in the rumen. In addition to reduced feed intake, increased time spent lying and reduced 
grooming behavior are typical signs of malaise. In recent decades different techniques based on 
motivational testing have been developed to assess sickness and malaise (e.g. Aubert, 1999; Weary 
et al., 2009; Weary et al., 2017). These methods would be relevant if potential effects of the use of 
Bovaer on animal welfare is to be clarified. Furthermore, weighted feed preference tests (Webb et 
al., 2014) and studies of conditioned aversion learning could shed light on the degree of acceptance 
of Bovaer-feed and the various doses/concentrations of it. 

It can be speculated that the potential increase in gas pressure in the rumen mentioned above may 
induce physical discomfort for the animal besides the potential reduction in feed intake. 

In situations where high yielding cows are in negative energy balance because feed intake on its 
own is insufficient to fulfill the energy requirement, a further decrease in feed intake due to use of 
Bovaer may increase the risk for ketosis and other diseases related to increased mobilization, and 
thus increase the risk of poor animal welfare. 
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