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mitigate methane emissions

Executive summary

Inorganic nitrate ingested by ruminants is reduced to nitrite then ammonia by rumen
microbes. This two-step process deprives methanogens of hydrogen thus reducing
methanogenesis while providing a nitrogen source for microbial growth.

Absorption of the intermediate nitrite into the blood can be associated with hypoxia
as a result of formation of methaemoglobin (MetHb) and other metabolically active
intermediates such as nitric oxide. The syndrome is often termed nitrite toxicity.

This review assesses how the risk of MetHb formation may be reduced in nitrate-fed
ruminants to allow confidence in nitrate feeding as a commercial management
practice.

Potential control points were identified in regard to (1) reducing nitrite accumulation in
the rumen contents and its entry into the blood and (2) reducing MetHb accumulation
in the red blood cell.

This report provides

o Detailed appendices containing reviews of current knowledge and the
underpinning literature

o A summary of current knowledge and opportunities for manipulation about each
control point

o A list of critical gaps in understanding of nitrate and nitrite metabolism in
ruminants and potential management interventions that require research to
enable safer management of nitrate-fed ruminants

o Description of the research questions needing answers to permit practical and
safe management strategies for use of nitrate in diets for ruminants

While there are only a few studies describing the metabolic capabilities of nitrate
reducing microorganisms in the rumen, these studies together with studies of
nitrate/nitrite metabolism in microbes in other environments, allowed the following
conclusions to be drawn on how to minimize nitrite toxicity in ruminants.

o High blood MetHb concentrations are a consequence of excretion of nitrite into
the rumen fluid by microbes seeking to protect their internal metabolism from
damage resulting from high intracellular nitrite concentrations.

o The total supply of fermentable dietary N (including nitrate added to mitigate
methane emissions) should not exceed the N requirement for net microbial
synthesis in the rumen which is dependent on the fermentable energy availability
(approximately 1.5 g N/MJ of ME). Higher N diets will increase the risk that
increased urinary N output may promote release of greenhouse gases from the
soil. In practice, this means that inclusion of supplementary nitrate in the diet of
sheep and cattle usually becomes less appropriate when the crude protein
content of the basal diet exceeds 10%.
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o The presence of fermentable energy substrates for rumen microbes when nitrate
is entering the rumen is pivotal to avoiding nitrite accumulation. A corollary is that
the risk of toxicity upon ingestion of nitrate increases when fermentable energy in
the diet (ME concentration in the dietary DM) is limited, e.g. in animals on low
digestibility pastures.

o ‘Detoxification’ (removal) of nitrite in the rumen by conversion to ammonia will be
accelerated if rapidly fermentable starch rather than fibrous substrate is provided
to the rumen microbes.

o Managing the rate of nitrate supply to rumen microbes (e.g. by dispensing it using
molasses blocks or with lipid or polymer ‘slow release’ coatings or by providing
feed ad libitum rather than in pulses) appears effective in reducing
methaemoglobinaemia and nitrite toxicity.

o There are no practical means of preventing uptake of nitrate by rumen organisms
once nitrate is dissolved in the rumen fluid. However, pilot studies have
demonstrated that supplying cultures of nitrite reducing strains of bacteria in
supplements to concentrate-fed ruminants increases their capacity to remove the
potentially toxic nitrite intermediate.

o Modelling multiple sets of published data provided consistent evidence that an
unidentified nitrogenous intermediate is involved in the conversion of nitrate to
nitrite. Identification of this intermediate may elicit new possibilities for
intervention not yet documented.

o Removal from the rumen of nitrite in digesta flowing into the abomasum does
occur. Losses via this route reduce the efficiency of methane mitigation potential;
however, the amount removed is a small fraction of the total nitrate entry into
rumen.

o Removal of nitrite by denitrification to N, in the rumen does not appear to occur.
Small amounts of nitrous oxide (N,O) are sometimes produced. However, further
enhancement of nitrite conversion to N,O would be unwise because N,O has a
higher global warming potential than methane, so it would reduce the net
efficiency of methane mitigation.

o Some oxidation of nitrite to nitrate during its absorption through the gut wall
probably occurs but has not been quantified; ways of accelerating this rate are
not apparent.

o Little is known about the sites, mechanisms or inhibitors of nitrite absorption from
the gastro-intestinal tract of ruminants, and no agents capable of blocking
absorption into the blood stream have been identified for co-feeding with nitrate.

o There are no practical ways of reducing nitrite entry in the red blood cell.
However, there is scope for preventing nitrite-promoted MetHb production by
provision of intracellular anti-oxidants such as ascorbic acid, selenium. Vitamin E
and curcumin that may reduce the redox pressure on MetHb formation in the red
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cell. For these anti-oxidants to be used in practice, delivery mechanisms capable
of producing sufficient absorbable active ingredient would need to be determined

o There is scope for accelerating the rate of regeneration of haemoglobin by
provision of riboflavin to stimulate the NADPH-MetHb reductase pathway. This is
the pathway stimulated by methylene blue, an effective therapeutic treatment that
is, however, no longer allowable for treating livestock suffering from
methaemoglobinaemia.

o Because MetHb reductase activity depends on phosphorylation reactions, it
would be prudent to ensure that phosphorus supply is adequate before providing
animals with dietary nitrate supplements as insufficient P may also reduce the
rate of haemoglobin regeneration.

o There is between-animal variation in susceptibility to nitrite toxicity but whether
this is due to differences in ruminal or mammalian metabolism is unknown. There
may be potential for genetic selection directed to more nitrate-tolerant ruminants.
The possibility that breeding for tolerance may be able to be ‘short-circuited’ by
simple digesta transfer from low-susceptibility animals needs investigation.
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1 Recommendations on nitrate feeding strategies to
minimise nitrite poisoning

This review was undertaken to identify key control points in the metabolism of nitrate and
nitrite in ruminants and to consider options for research to find interventions at these control
points that will make nitrate feeding safer and more effective. It was not within the scope of
the review to consider on-farm management practices for feeding of nitrate. Nonetheless,
the current ‘best management practices for feeding nitrates to cattle’ are summarised below
with comments (in italics) on the presence of supporting/conflicting evidence within the
review and of new aspects of management worthy of inclusion.

e ‘If the basal feed (or water supply) contains or is likely to contain nitrate, do not
provide supplementary nitrate. Feed with potentially high levels of nitrate include:
Nitrogen-fertilized pasture; brassicas; hays made from cereal crops; weeds of stubble
including Capeweed, Mintweed, Crown Beard, Pigweed, Red Root, Marshmallow
and Fat Hen. Sometimes water can contain high levels of nitrate, particularly if it is
drains from highly fertile soils, or has been contaminated with fertilizer or decaying
organic matter.’

o The review provides a summary of natural sources of nitrate in Australian
livestock systems (refer Appendix 4).

¢ ‘Introduce nitrate into the diet of your herd gradually. For the first two weeks, don’t
feed more than 25 grams of nitrate per adult animal per day (or 3.5 grams per kilo of
dry matter intake per day). These amounts are based on an adult animal equivalent
(450kg). Producers will need to account for the actual weight of their animals and
feed accordingly.’

o The review identifies literature showing acclimation to nitrate may increase
enzyme activities of nitrate and nitrite reductase and, more importantly,
improve the ratio of nitrite to nitrate reductase activity. However, caution is
advised in that high metHb levels are often observed in ruminants even
though they have been ingesting nitrate for an extended period (Refer page
19).

o ‘After the adjustment period, never feed cattle more than the maximum safe level of
nitrate. The maximum safe limit is 50 grams of nitrate per animal per day (or 7 grams
per kilo of dry matter intake per day). Again, these amounts are based on an adult
animal equivalent (450 kg). Producers will need to account for the actual weight of
their animals and feed accordingly.’

o Inclusion levels are not directly addressed in this review, but levels should be
determined in relation to the intake of ME and the presence of fermentable
energy (and also P and S availability).

e ‘Exercise caution when feeding nitrate to cattle that are on restricted intake, that
have recently been fasted, or lack adequate levels of digestible dry matter.’
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o After feed restriction, nitrate is consumed faster and therefore the risk of
nitrate poisoning is greater. There is a thorough review of literature referring
to the need to provide fermentable carbohydrate in proportion to nitrate intake
and in synchrony, and to ensure that ammonia is rapidly used for microbial
growth thereby avoiding nitrite accumulation within rumen microbes and
excretion of nitrite into the rumen fluid medium.

‘When feeding nitrates to grazing cattle, they should be given continuous access to
the nitrate source (usually in the form of a lick-block). Avoid pulse-feeding nitrates to
cattle.’

o There is good evidence that metHb formation and nitrite poisoning are related
to the rate of nitrate ingestion (see page 14); high intakes over short periods
can exacerbate nitrite build-up in rumen fluid; ‘protection’ of the nitrate source
by coatings or other means (see p. 15) can be expected to prevent higher
rates of nitrate conversion to nitrite by rumen microorganisms.

‘In a feedlot system where cattle are on total mixed rations, the nitrate should be
dissolved in the liquid supplement, prior to mixing the ration, thus ensuing even
distribution.’

o This is consistent with literature suggesting the benefits from synchronising
time and level of nitrate supply with provision of fermentable carbohydrate to
the rumen.

‘Ensure that cattle being fed nitrates also have adequate sulphur intake, in order to
support rumen health. The ideal level is 2 g of sulphur per 100 g of nitrate.’

o Evidence for sulphur supply affecting nitrate metabolism within the normal
levels of sulphur in ruminant feeds is lacking (refer page 15). Based on
microbes in other ecosystems, an increase in nitrite reductase activity at
higher sulphur levels might be expected, but it is not known if nitrogen-
reducing, sulphur-oxidising microbes occur in the rumen

‘Stop feeding nitrates to cattle for 24 hours before any stressful or physically
demanding activity, such as mustering.’

o This relates to regeneration of haemoglobin and the biology and management
of this is reviewed (refer pages 15, 27-29). Higher concentrations of MetHb in
the blood lead to hypoxia. Hypoxia will be more significant in animals subject
to any form of exertion or stress. After of intake of nitrate in the diet ceases,
MetHb levels should fall to low levels within 24 h.
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2 Recommendations for research to develop new
opportunities for reducing methaemoglobin
accumulation

A package of research is required to provide information to fill gaps in understanding of the
fundamental biology of ruminal/animal nitrate metabolism, and to enable practical safe
delivery of nitrate in the commercial world.

Based on the findings of this review, a research program is needed that enhances
fundamental knowledge on ways to minimise ruminal nitrite absorption and MetHb
accumulation in the blood. The project should:

1. Establish the sites, mechanisms and regulators of nitrate and nitrite absorption in
the gastro-intestinal tract.

2. Demonstrate that synchronising fermentable substrate and nitrate entry into the
rumen can prevent accumulation of ruminal nitrite in commercial animal production
systems.

3. Evaluate the efficacy and practicality of ‘slow-release’ nitrate sources for ruminant
feeding.

4, Quantify the levels of resilience to nitrate feeding between animals and identify the

mechanism of that resilience. If it is rumen-based, can this resilience be
transferred among animals?

5. Confirm that dietary riboflavin or other anti-oxidants accelerate haemoglobin
regeneration and reduce the risk of nitrite toxicity.

Strategic research questions that may identify novel means of controlling nitrate and
nitrate metabolism to reduce risk to animal health are listed below. It is recommended that
as many as possible of these questions are addressed within the above research project:

1. What is the nature of the ‘sequestration’ of nitrate that precedes the appearance of
nitrite after addition of a pulse dose of nitrate to rumen fluid in vitro?

2. Does dietary fibre bind rumen nitrite significantly in rumen fluid and reduce its rate
of absorption?

3. Do VFA concentrations affect nitrate uptake by rumen bacteria? In like manner, do
VFA also affect rate of nitrate or nitrite transfer through bacterial cells or gut wall?

4, Does the presence of CI ion in molasses-salt blocks competitively inhibit nitrite
absorption from the gut?

5. Are there factors (other than tungsten) that limit or enhance nitrate reduction rate
in the rumen, e.g. enzyme inhibitors

6. Is the balance of reductase activities selectively modified by controlling the
quantity of NADH available in the cell

7. Can cultures containing rumen microorganisms with enhanced nitrite reductase
activity be dispensed in a practical way?

8. What is the natural occurrence of, and potential scope for oxidising nitrite to nitrate
in the gut wall?

9. Does the most widely studied bacterial nitrite reductase system (Nir) occur in the
rumen?
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10. What factors reduce the quantity of nitrous oxide formed from nitrate
supplements?

11. Clarify the relative metabolisable energy benefit/cost of urea supplementation (by
urea hydrolysis) and iso-nitrogenous nitrate supplementation (by chemical
reduction).

12. Investigate differences in the microbial species composition (nitrate reducing
microbes versus other microbes; protozoal/fungal numbers/mL) between
ruminants acclimated or not acclimated to dietary nitrate, or tolerant or intolerant of
nitrate in the diet.

13. Determine whether protozoa/fungi play a major role in nitrate reduction in the
rumen?

14. Investigate whether rumen archaea utilise nitrate directly.

15. Clarify whether the presence of NO; in rumen fluid inhibits uptake of acetate. Is
the reverse also true?

16. Does NO3/NO,/NO reduce rumen turnover and contraction rate and contribute to
reduced feed intake?

17. Investigate why about 25% of intra-peritoneally injected nitrite is converted to urea
in mice, whereas virtually no urea is produced from a similar (i/p) injection of
nitrate in mice.

18. Obtain proof-of-principle for safe delivery of nitrate via lick-blocks to cattle in
extensive rangelands. (To support risk assessment, this will require investigation
of the average intake and range of intakes of nitrate via blocks by individuals
within the herd when offered a range of formulations during different seasonal
conditions.)

3 Recommendations for research, in priority order

From the review, it appears that the greatest opportunity to reduce the risk of nitrite
poisoning in ruminants (after all feeding management recommendations have been taken
into account) are related to reducing the formation of methaemoglobin and increasing the
regeneration of haemoglobin from methaemoglobin. Other strategies that may slow nitrate
reduction or increase nitrite reduction in the rumen or slow the rate of nitrite absorption
across the gut wall are also possible research targets. An understanding and exploitation of
observed differences in the susceptibility to methaemoglobin formation between animals
also provides research opportunities.

1. Demonstrate whether between animal differences in nitrite tolerance is due to the
rumen microbes or to the animal

There is strong evidence that animals differ in their tolerance to nitrate supplementation
and formation of methaemoglobin. However, it is not known whether the between-
animal differences are due to different microbial populations in the rumen or to
differences in animal physiology and metabolism. Understanding the nature of these
between-animal differences would help either identify possible mitigation strategies or
provide a basis for an animal breeding/selection program.

A possible research approach would be to identify extreme animals in methaemoglobin
formation when given a nitrate supplement and exchange rumen contents between the
animals to demonstrate whether differences in the rumen microbial population or animal
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factors are responsible for the different tolerances to nitrate. If it is found that rumen
factors contribute to tolerance, the possibility of developing cultures of rumen microbes
with nitrite reducing capabilities (e.g. Wolinella succinogenes) should be considered. If
mammalian metabolic factors are involved, there are possibilities for including various
dietary additives in order to reduce the risk of nitrite poisoning.

Prevent formation of methaemoglobin from blood nitrite

Provision to the animal of antioxidants has potential to reduce the formation of
methaemoglobin from nitrate. A range of antioxidants could be effective including
vitamin E, ascorbic acid, selenite and curcumin.

Stimulate the regeneration of haemoglobin from methaemoglobin

Riboflavin, particularly in the presence of glucose, has been shown to stimulate the rate
of the NADPH-dependent methaemoglobin reductase. Inorganic phosphorus is required
in the biochemical pathways and must be provided in the diet. In addition,
N-acetylcysteine is also known to stimulate the conversion of methaemoglobin to
haemoglobin either via the same reactions or through the synthesis of glutathione.

Riboflavin is also an antioxidant. Thus the first research priority may be a multi-pronged
supplementation of antioxidants and the other compounds listed that will both reduce the
formation of methaemoglobin and stimulate the conversion of methaemoglobin to
haemoglobin. Methods for delivering these compounds need to be devised so they are
not metabolised by microbes in the rumen and are available to the animal.

Slow nitrate release and reduction rate in the rumen

Several strategies for coating or slowing the release of nitrate within the rumen have
already been proposed and tested. These treatments include lipid and polymer coatings,
sesame gum and other compounds. The extent of ‘protection’ will be important as ‘over-
protection’ could result in a reduction in the potential for methane mitigation. The review
also suggests that high concentrations of copper and/or cobalt in the rumen may reduce
the rate of nitrate reduction to nitrite. These strategies could be evaluated in animals
under Australian conditions with low energy availability from poor quality forages where
nitrite poisoning is more likely. There is possibly a second advantage from feeding
cobalt because it is known to stimulate red blood cell formation or erythropoiesis.

Speed nitrite reduction rate in the rumen

The review suggests there are some microorganisms such as W. succinogenes that
have greater nitrite reducing capacity than others. Protozoa also appear to have
considerable nitrate reducing activity. The exact identities of such organisms and their
ability to persist in the rumen need to be clarified. The resulting information would
provide an opportunity for intra-ruminal supplementation with microbial cultures to lower
the concentration of nitrite in rumen fluid by speeding up its conversion to ammonia.

Slow nitrite absorption across the rumen wall

Evidence presented in the review suggests that nitrite is absorbed across the rumen wall
by an active CI/HCO3; pathway which is used for the transport of chlorine. Hence,
sodium chloride containing supplements may help reduce the rate of nitrite absorption
across the rumen wall.
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4 Methane mitigation by dietary nitrate: focus of review

Dietary nitrate is being enthusiastically embraced in human nutrition, but for ruminant
livestock, the future for nitrate supplementation is balanced between nitrate’s desirable roles
as a non-protein nitrogen (NPN) source and mitigator of enteric methane production (a
potent greenhouse gas), and an undesirable health risk of nitrite (NO;) poisoning. After
considering possible feeding management strategies for mitigating methane emissions from
ruminant livestock, the authors of a FAO review of the potential mitigation strategies (May et
al. 2000a; Hristov et al. 2013) made the following observations with respect to the use of
dietary NO:..

Nitrates show promise as enteric CH, mitigation agents, particularly in low-protein diets that
can benefit from nitrogen supplementation, but more studies are needed to fully understand
their impact on whole-farm GHG emissions, animal productivity and animal health.
Adaptation to these compounds is critical and toxicity may be an issue.

Inclusion of nitrate (NOs) in the diet may provide positive benefits which, in an appropriate
legislative context (outlined in Appendix 1) may bring economic benefits:

e The reduction of NO3 in the rumen removes electrons from the electron carrier,
NADH and returns it to its oxidised form, NAD* In rumen microbes, an adequate
supply of NAD" is essential to enable them to digest feed by fermenting glucose and
other sugars to pyruvate and short-chain fatty acids (acetate, propionate and
butyrate) via the glycolytic pathway. In the absence of NO3; which has a high affinity
for electrons, this re-oxidation is maintained by the flow of electrons to CO, which is
reduced to methane. Addition of NOj to the diet has been shown repeatedly to be an
effective method of reducing methane emissions.

e The reduction of NO3 to NO, and then to ammonia also provides the rumen microbes
with a source of Non-Protein Nitrogen (NPN). NPN is used by microbes as a source
of amino groups from which amino acids, proteins and other nitrogenous polymers
are synthesised. In this respect, NO; can be used in diets as an alternative to urea -
a widely used NPN supplement for grazing ruminants.

e It has been suggested that animals receiving iso-nitrogenous amounts of
supplementary NOj in place of urea should retain more ME because fermentable
energy is not emitted as methane. However, this benefit is probably small because
some energy is used in reducing NO; to ammonia, two moles of which are already
present in urea (see Appendix 3).

Importantly, a downside to the use of NO; in diets for ruminants, viz. the potential for NO,
intoxication. Nitrate reduction in rumen microbes occurs via two major redox reactions, NOs
- NO, (Step 1) and NO, > NH; (Step 2). Both steps are catalysed by intracellular
enzymes, i.e. NO; reductase and NO, reductase, respectively. Importantly, Step 2 seems to
be promoted by the presence of fermentable energy in the diet and by acclimation of the
animal to dietary NO:s. If the rate of Step 1 exceeds the rate of Step 2, NO, will accumulate in
the rumen contents and, because the NO, concentration in the blood is normally low, a NO,
concentration gradient forms between the gut and bloodstream and NO, is absorbed. As the
amount of NO, absorbed increases, MetHb concentrations in the bloodstream increase from
normal values (1-2%) to values in excess of 5-10% which can have adverse clinical effects.
In addition, there is an increase in the concentration of nitric oxide (NO) which has many
clinical effects in the animal — some potentially beneficial and some detrimental.

Oxy-haemoglobin (Hb-Fe**; oxyHb) and MetHb in blood form a redox couple that acts
catalytically as a NO, reductase, generating nitric oxide (NO) from NO,. This enzyme system
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responds to the oxygen level in the blood and catalyses the conversion of NO, to nitric oxide
(NO) which in turn lowers vascular tone and, in addition, has many other physiological
effects. The formation of MetHb in the blood is an important indicator of the likelihood of NO,
poisoning. The MetHb is formed by the oxidation (loss of electrons) of ferrous (Fe?")
haemoglobin (oxyHb) to ferric (Fe*") MetHb by reaction with NO,. Each mole of oxyHb that is
converted to MetHb causes the oxidation of 1.5 mol of NO, to NO3; and consumes 1 mol of
protons. MetHb reductase, a NADH-dependent enzyme, is responsible for converting MetHb
back to oxyHb. As the ratio of MetHb to oxyHb increases, vascular tone decreases causing
hypotension. Increased MetHb: oxyHb and lowered blood pressure both diminish the rate of
oxygen transfer to body tissues despite some blood flow rate increases. In addition, the
release of heme from MetHb can lead to inflammation.

The quantity of NO, in blood at any time depends not only on the rate of entry from the gut
and endogenous sources, but also on its rate of removal. A single i/v dose of NO, is rapidly
eliminated from the blood (Lewicki et al. 1994). Elimination of NO, occurs via several routes.
In sheep, only 0.1% of the NO, administered intravenously was removed via the kidneys.
The majority of the NO, was oxidised to NO; but some NO, may have been transferred to
the digestive tract via saliva and other secretions (Lewicki et al. 1998). Isotope studies are
required to identify if these excretory pathways occur in the same proportions with
physiological levels of nitrite

In summary, inclusion of NOj in the diet does reduce methane emissions effectively (Nolan
et al. 2010). However, there is a risk that, under certain circumstances, this mitigation
strategy will induce NO, poisoning and hypoxia in animals. The consequence can be a loss
of production or even death if the factors leading to this condition are not understood and
managed effectively. This is especially important in animals subject to poor quality nutrition
(Callaghan et al. 2014). The benefits in terms of methane mitigation from NO; inclusion in
diets must be weighed against the risks of NO, accumulation in rumen contents and transfer
to the bloodstream. The factors that could reduce these risks need to be understood and
applied to management practices.

The focus in this review is to consolidate understanding of the metabolism of dietary NO; in
the digestive tract and of MetHb in the blood, enabling identification of (i) potential control
points to reduce the risk of NO, toxicity in NOs-fed ruminants and (ii) potential strategies of
intervention. The review is structured according to the hypothesis that the adverse
consequences of NOs; or NO, ingestion can be prevented by managing MetHb accumulation
in blood by (1) reducing NO; entry into the blood and by (2) reducing MetHb concentration in
the red blood cell. Critical control points regulating these two key processes are examined
according to the framework displayed on the following page.

5 Review framework

“Strategies and critical control points by which the risk of
methaemoglobinaemia may be controlled in NO;-fed livestock”

Strategy 1: Reduce ruminal NO, accumulation and its entry into the
bloodstream

(1) Reduce the rate of NO, production from NO;
a. Reduce quantity of NOs ingested or its rate of release in
the rumen
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b. Decrease NO; uptake by rumen organisms (membrane
transport)
C. Increase loss of NOs to lower digestive tract
d. Maximise NOs-N use in microbial synthesis
(2) Accelerate rate of NO, conversion to ammonia by rumen
microbes
a. Maximise the NO, reductase activity
b. Direct NO, to other end-products (e.g. N,O)
(3) Prevent absorption of ruminal NO,
a. Increase oxidation of NO, at the gut wall
b.  Stimulate competitive inhibition of NO, absorption
Strategy 2: Reduce methaemoglobin concentration in the red blood cell (RBC)

(1) Slow the rate of methaemoglobin formation
C. Increase blood NO, loss via kidneys
Increase blood NO, transfer into the gut
Increase excretion of NOs/NO, via saliva
Accelerate transformation of nitrite in the blood
Minimise NO, uptake by the red blood cells
Increase rate of oxidation of NO, to NO;
(2) Accelerate the reduction of methaemoglobin back to
haemoglobin
a. Accelerate the rate of regeneration of oxy-haemoglobin

e "o o

These control strategies are considered in the following report and associated
appendices. All items are considered, but may not be itemised individually subject to
the quantity of information available. To aid application, key assessments are
condensed into ‘Take-home messages’ at the conclusion of key sections.

STRATEGY 1: Reducing NO; entry into the blood

5.1 Reduce the rate of NO, production from NO3

Most animal deaths associated with NO, toxicity have occurred in production environments
where the quantity of feed ingested and its NO3; content are not known. A review of the NO;
intakes associated with (1) water, (2) feeds and forages and (3) feed supplements is
provided in Appendix 1. Common NOs salts are readily soluble and are quickly ionised in the
rumen, so it is necessary to balance the positive and negative possibilities - that is, to
provide a quantity of NO; that is safe for the animal yet delivers significant methane
mitigation?

As a general rule, the total NOs intake (entry into the rumen) should not exceed the current
requirement for microbial synthesis of nitrogenous cell polymers by rumen microbes. This
requirement depends on the current availability of energy substrates and other nutrients
(including other sources of N) in the diet. The risk of poisoning is greater in animals subject
to poor quality nutrition because of low substrate availability to support microbial growth.
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A corollary to this rule is that the quantity of NOs-N entering rumen contents should be
synchronised to match the rate of microbial cell synthesis. Nitrate is generally rapidly
released upon entry into the rumen whereas microbial growth increases for several hours.
High rates of NOj; intake and release in the rumen are therefore undesirable.

A reasonable maximum target value for NO; intake would be 2 g NO3;-N/MJ of ME intake
(CSIRO 2007), equivalent to an inclusion rate of about 2% NO3-N in a low-N diet with a
digestibility of approximately 70%. This rate of NOj inclusion can be expected to reduce
methane emissions by approximately 20 % but is higher than the currently approved
methodology. Nitrate in excess of current microbial N requirement is wasted, leaving the
rumen as ammonia (major pathway) or as NOs; or NO, (which represent losses that,
although relatively minor in quantity, can lead to NO, poisoning). Notably, nitrogen that is not
incorporated into tissues or products is excreted in urine of grazing animals and can give rise
to the generation of greenhouse gases from the soil that could negate the benefits of
reduced methane emissions from the animal.

Recent observations at UNE provide further understanding on the value of matching nitrate
and carbohydrate delivery as a basis for managing NO; supply. The studies summarised in
Table 1 show that is it not just the quantity of NOz ingested but, critically, the manner in
which it is offered that can help minimise potential increases in blood NO, and MetHb
concentrations - our ultimate targets for preventing NO, poisoning (see also Appendix 6).

Table 1. Methaemoglobin concentrations in two studies of sheep given the same
oaten chaff based diet. The diet was either offered ad libitum and was therefore
accessible for the whole day (Study 1), or it was offered once per day and restricted to
1000 g (as fed)(Study 2)

Study Sheep/group Liveweight Feed NO; DM MetHb
conc. intake conc
(kg) (% of DM) (g/day) (% at 2.5)
1 20 33.5+0.85 2.0 1182+69 1.60+0.1
2 6 31.8+3.7 2.0 882+90 14.0+1.6

Study 1: Godwin et al. (sheep fed ad libitum, paper in preparation)
Study 2: de Raphélis-Soissan et al. (sheep fed at 08:00 h, paper in preparation)

The contrast between the two studies indicates a diet containing 2% NO; can be safe and
lead to minimal MetHb if continuously available ad libitum throughout the day (Study 1), or
can lead to high MetHb if provided as a single meal (Study 2). This is a very subtle
difference in feeding for a major difference in MetHb concentration, suggesting any period of
low feed availability (even a few hours) may increase risk of MetHb formation. Presumably
this is due to more rapid feed consumption once feed is available after a fasting period
(Guerink et al. 1979). One strategy for achieving prolonged delivery to the rumen microbes is
by mixing the NO; in the complete ration for ad-libitum fed livestock (de Raphélis-Soissan,
paper in preparation), another is to provide the NO; in a protected form that is released more
slowly to the rumen organisms.

Lipid- or polymer-coating of NO; salts offers a potential mechanism to enable once-a-day
feeding of NO; to be undertaken more safely. Various techniques that have been used to
produce slow-release fertilizer for use on pasture and crops might be adapted for ruminant
feeding, e.g. urea-formaldehyde resin has been used as a component of fertilisers as a
substantial portion of the N present in urea-formaldehyde resins is relatively insoluble in cold
water. There have been attempts to adapt this process to develop slow-release urea
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supplements for ruminants. A slow-release form of NOj; is produced commercially by
GRASP®, Curitiba-Parana, Brazil. This product has been found to reduce the rate of NO;
solubilisation in the rumen while still achieving expected levels of methane mitigation (C.
Lee, pers. comm. — Agriculture and Agri-Food Canada, Lethbridge Research Centre,
Lethbridge, Canada T1J4B1).

In the animal nutrition industry, encapsulation has only been in use for about a decade
(Emanuelle 2006). Micro-encapsulation has been successfully applied to ‘protect’ natural
compounds, like essential oils or vegetable extracts containing polyphenols with well-known
antimicrobial properties. For example, Mamvura et al. (2014) used sesame gum to coat NO;
and slow its rate of release in the rumen. Although such techniques have potential, adoption
has been restricted because of the higher price of treated compared to untreated products
(e.g. Addiscott (2005), p .60) and the low economic returns from methane mitigation.

Delivery of NOg in lick blocks is another practical means of restricting intake and prolonging
the period of entry of NO; into the rumen. Challenges with lick blocks are that intake may
decline with increasing NOs; content and be variable between animals. Between-animal
intakes can vary widely even under apparently similar conditions. For example, Cockwill et
al. (2000) found that intake of molasses blocks (NOs-free) by grazing beef cows averaged
445 g/d but ranged between 0 and 1650 g/d (SEM = 438 g/d). The existence of non-eaters
and over-eaters has been a common finding in similar studies (Nolan et al. 1974). Intake of
blocks containing NO; by cattle in a trial near Charleville was lower than of similar blocks
containing urea (R.A. Leng, unpublished) suggesting NOj-containing blocks are not as
readily accepted by ruminants as blocks containing iso-nitrogenous amounts of urea. With
sheep on a hay-based diet, intake was reduced as NO; concentrations increased, whereas
intake of blocks containing urea increased over the same range of N inclusion (Li et al.
2012). Thus, the range of intakes may be smaller with blocks containing NO; and intake may
also be extended over a longer period - both factors will reduce the likelihood of poisoning.
This self-regulating impact of nitrate intake has also been shown in liquid supplements in
cattle where NOsinclusion reduced molasses intake from licker drums (Goopy 2014).

Sokolowski et al. (1969) found that addition of inorganic sulfur (S) to a NOscontaining diet
improved the utilisation of NO3-N by lambs. In addition, the extra S facilitated NO; and NO,
reduction to NH; in the rumen, thereby reducing the likelihood of methaemoglobinaemia
(Leng 2010). van Zijderveld et al. (2010) showed that the addition of sulfate (SO,)-S (0.85%
total S in dry matter (DM)) to a diet containing NO; (2.6% NO3; in DM) reduced methane
production by ~21% compared with a diet containing NOs; with no added sulfate. The study
of Li et al. (2013) confirmed the effects of S on wool growth and methane production, but
could not identify the expected interaction between NOs and S. There is, therefore, till a lack
of clarity on whether higher S intakes can play a role in moderating nitrite toxicity.

Take-home messages:

1. Nitrate should be supplied in a total quantity not exceeding that required for
microbial cell synthesis (2 g NO3/MJ ME intake) and provided in a diurnal
profile matching the fermentable feed energy supply, with no periods in which
feed is unavailable.

2. Slowing the rate of nitrate solubilisation in the rumen may be achievable by
chemical coating of the nitrate, but there is little data on this.

3. While between-animal variation in supplement intake is recognised, and high
nitrate blocks are not readily consumed, there is insufficient data on the level
of NO3 intake and between-animal variation of in intake when ruminants are
offered lick-blocks containing NO3. This is a key constraint to safe
implementation of the current CFI by industry.
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5.2 Increase uptake of NO3 by rumen organisms

A transport mechanism is required to carry NOj into the cell, e.g. NOs/NO, porter (NNP)
family TC#2.A.1.8. This could represent a site of intervention to reduce NO; uptake by
rumen microbes and therefore its reduction to NO,. Many bacterial species contain NarK-like
transporters that act as either NOa/proton symporters or NOz/NO, antiporters. As yet, based
on sequence homology, these transporters remain, in general, poorly characterised
(Goddard et al. 2008). The NO; reductase systems are intracellular (discussed in more detail
below) and NO; reduction is stimulated by high NO; concentrations in the microbial
cytoplasm. However, some microbes have NOs; or NO, reductase enzymes in their
periplasm (the space between the cell membrane and the peptidoglycan layer).

There appear to be no industry-practical inhibitors of NOj; loading systems, although
inhibitors of these symport systems (Phenylglyoxal, Nigericin) are used for experimental
purposes (e.g. Kucera 2005). Notably, these workers reported that substitution of butyrate or
acetate for chloride in Tris-buffered assay media for anaerobic cultures of intact cells of P.
denitrificans resulted in a marked inhibition at pH 7 of the proton motive force across the
cytoplasmic membrane and an associated reduction in NO; uptake. The possibility of
interactions between short-chain fatty acid concentrations in the rumen and NO3; uptake by
rumen microbes deserves further study. It is not known if VFA could similarly affect NO;
uptake by mammalian cells.

Take-home message: It is unrealistic to prevent rumen microbes taking up nitrate but
their rate of uptake may be affected by rumen VFA conditions in ways that are not yet
well understood.

5.3 Reducing activity of NO3 reductase

Strickland (1931) found that, in washed suspensions of E. coli, NO; was reduced
guantitatively to NO, by H,. Woods (1938) found that two strains of E. coli and one strain of
Clostridium welchii were able to reduce NO; quantitatively to ammonia. In this reaction, there
was a transient appearance of the intermediate NO,. There was initially a high rate of H,
uptake during NO, formation followed by a slower uptake when NO, was reduced to
ammonia.

In the rumen, NO; reductases are found in both bacteria and protozoa, with NO; metabolism
of Wolinella succinogenes most intensively studied. The NO; reductases are of two types,
being assimilatory (a process in which rate of NO; reduction is directly linked to microbial
synthesis and is readily inhibited by high ammonia concentration) and dissimilatory (NO3
reduction is uncoupled from microbial synthesis and is not inhibited by high ammonia
concentration). There are three NOj; reductase systems likely to be operating in rumen
microbes. These are found in intracellular contents and in the periplasm. The biochemistry
and enzymology of bacterial NO; reduction are described in more detail in Appendix 5. It
should be noted that most of the information on reductases has been drawn from studies of
non-rumen microbes and there is little published information on NO; reduction systems of
predominant rumen organisms. Inhibitors of NO; reductases are known (e.g. Cu, Cr, Co, Pb
cations, cyanide, thiocyanate, chloromercuribenzoate, p-hydroxybenzoate
(http://www.brenda-enzymes.org/enzyme.php?ecno=1.7.1.1) but stopping NO; reduction
completely would also prevent methane mitigation. For this reason, the desired outcome is
to inhibit the rate of dissimilatory NOz; reduction to NO, whilst maintaining or increasing the
rate of reduction of NO, to ammonia (as outlined in the following sections).

Take-home message: Completely stopping ruminal nitrate reductase activity is neither
practical nor desirable; however, we need strategies that reduce NO; reductase
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activity while increasing NO, reductase activity to avoid nitrite accumulation in
rumen fluid.

5.4 Maximising NO; use in microbial synthesis

As part of the strategy aimed at avoiding MetHb formation, there is a requirement to
minimise the ruminal absorption of NO, (the MetHb precursor) or its escape by outflow from
the rumen. As already discussed, this can be done by synchronising the availability of NOs in
the rumen with the availability of high energy substrates; the aim is to maximise assimilatory
NO3; and NO, reduction and minimise dissimilatory NO, reduction that is thought to raise
rumen NO, concentration and, in turn, blood NO, concentration.

An overview of rumen fermentation and the pathways that generate NADH for these
reductases is given in Appendix 3. The biochemistry of microbial cytoplasmic and
periplasmic NO, reductases is described in greater detail in Appendix 5. From these
combined understandings of N and energy metabolism, it is hypothesised that there may be
opportunity to selectively modify the balance of reductase activities by controlling the
guantity of NADH available in the cell.

Various studies have shown that the presence of rapidly fermentable carbohydrates can
protect ruminants from NO, poisoning (Barnett and Bowman 1957; Holtenius 1957; Emerick
et al. 1965; Bruning-Fann and Kaneene 1993) but the reasons for the ‘protection’ are not
clear. The presence of the fermentable carbohydrate may stimulate changes in the microbial
population that could favour NO; reduction (Yoshii et al. 2003); NO3z and NO, reductions are
also pH-dependent, having pH optima of 6.5 and 5.6, respectively (Tillman et al. 1965). The
presence of more rapidly fermentable substrate in the diet should therefore be beneficial
because it tends to lower rumen fluid pH which should, in turn, increase NO, reduction rate
and reduce NO; reduction rate thereby lowering NO3; concentration and absorption from the
rumen. Another possibility is that, if NO, reduction is associated with N assimilation, it will be
inhibited at higher ammonia concentrations which depend on the total fermentable N in the
diet.

In many bacteria, both assimilatory and dissimilatory pathways exist. Nitrate and NO,
reduction may occur by the NO3z; and NO, assimilatory enzyme (Nas; which reduces both),
but the Nas enzyme, to our knowledge, has not yet been even looked for in rumen microbes.
In contrast to dissimilatory enzymes, Nas is inhibited by high ammonia concentrations.
Dissimilatory nitrate reductase (Nar, Nap) and nitrite reductase (Nir) enzymes are also
present in rumen microbes and most are linked with an anaerobic electron transport chain
(ETC). The nitrite reducing Nir enzyme, which has not yet been identified in rumen contents,
is the only dissimilatory enzyme that does not depend on an ETC. The Nir reduction is an
energy demanding reaction that is not inhibited by high NO3; or NO; levels. Its major role is
to prevent NO, poisoning in the cell. Nir utilizes NADH originating mainly from the glycolytic
pathway as an electron donor. Higher rates of fermentation of carbohydrates via the
glycolytic pathway which increase the NADH to NAD" ratio may, in turn, stimulate Nir activity
(lIwamoto et al. 2001). In contrast, NO3 reducing pathways, particularly Nar, are more energy
efficient and less dependent on NADH. Selenomonas ruminantium utilises the Nar pathway
(Asanuma et al. 2014) which is stimulated when there is a need to generate ATP via the
ETC (lwamoto et al. 2001). It is hypothesised that Nir may be enhanced relative to Nar when
there is a source of readily available carbohydrates to generate a higher NADH:NAD" ratio in
the microbial cell.

Take-home message: Lower pH should reduce risk of nitrite accumulation and this
together with the higher NADH:NAD+ ratio in the rumen of sheep with highly
fermentable energy intakes points to the risk of nitrite toxicity being least in grain-fed
ruminants.
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5.5 Acclimating the rumen microbial population to NOsin the diet

There is evidence that rumen microbial populations of cattle and sheep can adapt to the
continuing presence of NOj in the diet if the amount of NO; ingested is gradually increased
over days or weeks (Sinclair and Jones 1964; Farra and Satter 1971).

Lin et al. (2013) and Alaboudi and Jones (1985) found that there were changes in the
composition of the rumen bacterial community of steers acclimated to dietary NOs. Further,
NO; disappeared more rapidly from incubations of rumen fluid from NOs-adapted than from
control steers.

Alaboudi and Jones (1985) compared the NOs; and NO, reductase activities in rumen
contents of sheep acclimated over a period of several weeks to dietary KNO; (2.5 g/kgW per
d, equivalent to about 7% NO; in the diet as fed which, notably, is much higher than the
concentration normally offered in practice). These workers found that the activities of both
reductases were higher in rumen fluid from acclimated sheep but, significantly, the fraction of
NO; reducing bacteria in rumen fluid was three-fold higher in the acclimated sheep, whereas
the rate of NO, reduction was five-fold higher than in the control sheep. The higher NO,
reduction activity in acclimated sheep means that their rumen NO, will be removed more
quickly than in control sheep and peak NO, concentrations and rates of absorption into the
bloodstream will be lower. After removal of NO; from the diet, the effects of acclimation
declined and were no longer present after 3 weeks.

There are few other studies of the role of acclimation and the benefits of acclimation are still
unclear. On present knowledge, it can be concluded that NO, concentration, absorption and
accumulation in the bloodstream of acclimated ruminants, and the likelihood of NO,
poisoning will probably be lower in acclimated ruminants than in non-acclimated ruminants.
Nevertheless, this question requires clarification, as high MetHB levels have been regularly
seen in sheep and cattle that have been on nitrate rich diets for weeks or months (e.g. Table
1) and MetHB climbs over time. Acclimation alone can’t be relied on to ensure low MetHB.

Cockrum et al. (2010) studied the effects of dietary NO3; (300 mg NOs/kg BW daily or about
1.2% NOs in feed DM) on the performance of Suffolk ewes identified as being highly tolerant
or less tolerant to the inclusion of NOj3 in the diet. The tolerance ranking was based on
individual performance and signs of NO3;™ poisoning. The inclusion of NO; affected feed
intake and intake was more variable in NOj -treated ewes (CV = 59.3%) than in control
ewes (CV = 13.6%) and intake was lower (P < 0.001) in NO;-treated ewes than in control
ewes. Intake of highly and lowly tolerant ewes was 82% and 23%, respectively, of the control
(non-nitrate) ewes' intake.

The source of the NO3/NO, tolerance may be related to differences in the microbial eco-
system in the rumen or to factors associated with tissues, or both.

Take-home message: The likelihood of NO, poisoning will be lower in acclimated
ruminants than in non-acclimated ruminants. Acclimation leads to significantly higher
levels of both nitrate and nitrite reductase in the rumen; however, factors affecting the
change in the balance of these two processes, ultimately affecting the extracellular
nitrite concentration, are still not well understood. High MetHB levels of some sheep
adapted to NOjz indicate acclimation cannot be relied upon to ensure low MetHB.
There is considerable between-animal variation in tolerance to dietary nitrate, but the
heritability of this trait has not been studied.
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5.6 Conversion of NO,to other end-products (e.g. N2O)

Nitrous oxide (N,O) is produced in small quantities in the human gut and it is also produced
in the rumen of NOs-fed ruminants (details in Appendix 8). The Nir enzyme converts NO, to
nitric oxide (Moreno-Vivian et al. 1999). The greenhouse gas equivalents of N,O and CH,
are respectively 298 and 25 CO, equivalents (Forster et al. 2007). The much higher global
warming potential of N,O means that, if even a small percentage of dietary NOs is converted
to N,O rather than to ammonia, it could partly undo any methane mitigation effect arising
from dietary NO; feeding. For example, for a sheep with a DM intake of 1 kg/d containing 2%
NOs, 20 g or 0.32 mol NOs; is ingested. In theory, this NO3 could lower CH,4 production by
0.32 mol or 129 g CO,-equivalents. If, however, 1% of the dietary NO; (i.e. 0.2 g NO,) were
converted to N,O, this would give rise to 0.071g N,0O, or 21.5 g CO,-equivalents, lowering
the effective methane mitigation effect by 17%.

In a study at UNE (de Raphélis-Soissan et al. 2014), sheep fed 1 kg/d of a diet containing
2% NO; produced 0.05 g N,O (or 14.9 g CO,-eq) per day. Thus, 0.14g NO, would have
been converted to N,O, meaning that 0.7% of their dietary NO; intake was excreted as N,O.
This would have reduced the effective methane mitigation by about 12%.

Take-home message: Nitrous oxide production in the rumen has been little studied;
however, available studies suggest N,O, in certain circumstances, may offset
approximately 15% of mitigation arising from decreased methane production.

5.7 Nitrate absorption across the gut wall

Many reviewers appear to assume that NO; (and NO,) are directly absorbed through the
rumen wall of ruminants. However, Pfander et al. (1956) placed buffer solutions containing
either NO3; or NO, (at 670 mg/L) in the isolated rumen of anaesthetised sheep and found no
evidence of either ion being removed from the rumen or appearing in the bloodstream.

Remarkably, there appear to be few more recent direct measurements of NO; and NO,
uptake across the rumen wall. The argument that NO3 is directly absorbed across the rumen
wall seems to have been accepted on the basis that there is no obvious lag before the
appearance of NOs in the blood when NO; is administered to the rumen. Similarly, it has
been concluded that NO, is also absorbed across the rumen wall because NO; and MetHb
concentrations increase almost immediately after NO, is placed in the rumen (Wang et al.
1961) (see Appendix 6). In the case of NO, uptake across the rumen wall, we (I.R. Godwin
and J.V. Nolan, see Appendix 6) found that uptake of NO, did occur across the rumen wall
of the isolated rumen in an anaesthesised sheep.

Wurmli et al. (1987) have suggested that NO; is probably absorbed across the rumen
epithelium by a CI'/HCO3; exchange mechanism which is also the major route of CI”
absorption. Absorption of CI" is almost completely inhibited in the presence of NOz but it is
not known whether the reverse is also true. Whether the presence of NaCl in blocks may
slow the rate of NO, uptake and reduce the risk of NO, poisoning deserves further study.
Notably, NO; is also a potent inhibitor of acetate uptake (Aschenbach et al. 2009) and this
could partly explain the increase in acetate:propionate ratio seen when NO; is used as a
means of mitigating methane emissions in ruminants.

Nitrate and NO, absorption have been more extensively studied in non-ruminants. Sodium
nitrite is rapidly absorbed from the stomach of mice, the rate constant being about 0.15/h
and prevention of digesta flow to the duodenum with ligatures made no difference to overall
absorption (Friedman et al. 1972). These findings fit with data from Grudzinski (1991) who
found that as little as 10% of nitrite absorption occurred in perfused intestine of the rat. He
also found that nitrite inhibited enterocyte Na-K-ATPase activity which may well influence the
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sodium linked-active transport of many compounds. Hunault et al. (2009) found that, after
oral administration in humans, between 95 and 98% of an aqueous solution of NO, was
absorbed and that there was virtually no first pass effect of the liver.

In terms of NO; affecting the gut (in difference to the gut absorbing or reducing
nitrate/nitrite), dietary nitrate and nitrite increase gastric mucosal protection in rats by
increasing blood flow simply by increasing the non-enzymatic production of NO (Petersson
et al. 2007). Also, NO causes relaxation of the oesophageal groove in calves (Barahona et
al. 1998). Nitric oxide also reduces rumen turnover and contraction rate in sheep (Chen and
Godwin 2013)

Take-home message:

1. Compounds secondary to NO3 metabolism, especially NO, may alter rumen
dynamics and blood flow to the digestive tract, and in turn alter the expected
behaviour of absorptive kinetics of the NO3/NO2.

2. Research is needed to confirm the sites of NO3 and NO2 absorption and how
absorption is regulated.

STRATEGY 2: Reducing methaemoglobin accumulation

5.8 Slow the rate of methaemoglobin formation
5.8.1 Accelerate renal faecal and salivary excretion of nitrate/nitrite

In humans, NO; is absorbed from the upper GIT and 65-75% of an oral loading dose is
excreted in the urine within 24 h while less than 1% is excreted in the faeces (Bartholomew
and Hill 1984). Nitrate is readily filtered by the glomeruli and reabsorbed in the tubules. The
concentration of NO3 in human urine is 0.2-2.0 mmol/L while the concentration of NO, is
virtually undetectable (Green et al. 1982). However, it should be noted that in humans
urinary NO3 excretion may exceed dietary NO;z; intake by a factor of 2 to 60 (Tannenbaum
1994). In a study using anaesthetised dogs with denervated kidneys, Godfrey and Majid
(1998) showed that NO3; excretion paralleled that of filtered load with no evidence of a
tubular maxima, but as circulating NOs levels rose the percentage reabsorption showed a
progressive decline. High levels of NO; entering the loop of Henle result in a reduced diluting
capacity of the thick ascending limb due to a reduction in active chloride transport (Gutsche
et al. 1984). Renal carbonic anhydrase is involved in the reabsorption of NO, because
acetazolamide, an inhibitor of carbonic anhydrase, increases the excretion of NO,, probably
by blocking the production of acid-labile nitrito carbonate ONOCOOQ", the form in which NO,
is actively transported in the kidney (Chobanyan-Jurgens et al. 2012). Use of the diuretic
acetazolamide to increase NO, excretion is a possibility, but as ruminants grazing pasture
generally have quite alkaline urine, the effect may be minimal.

Lewicki et al. (1994) gave an intravenous bolus dose of 400 pmol NO,/kgW to 6 Polish
wethers and monitored the changes in concentrations of NO, and NO; in plasma and urine
for 30 h. The NO3; and NO, were distributed in a volume of 12 L, equivalent to about 25% of
the average liveweight of the sheep and therefore the distribution volume probably
corresponded to extracellular fluid. The results highlighted the rapid turnover of the NO, pool
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(t1/2 =0.49 h) and the slower turnover of the NO; pool. Urine excretion of NO, amounted to
only 0.29% of the administered dose. Urine excretion of NO; was 13.8% of the NO,
administered. The NO3; was most likely formed by oxidation of the administered NO,. These
workers also measured urinary excretion of NO; following intravenous administration of 400
umol/kg W of NaNO;. They found 23.6% of the NO; administered was excreted as NOj in
urine and a further 14.8% of the NO5;-N was excreted as urea and 0.1% was excreted as
ammonia (total 38.5%). These later results were consistent with the earlier study.

Schneider and Yeary (1975) gave a intravenous bolus dose of 20 mg NO,/kgW (45 mmol) to
7 adult cross-bred sheep (weights ranging from 30-74 kg) and monitored the changes in
concentrations of plasma NO, and NO; for up to 24 h.

Data of Lewicki et al. (1994) and Schneider and Yeary (1975) were fitted to kinetic models
representing the elimination of plasma NO, by excretion and oxidation to NO; (represented
by the appearance of NOs-N in plasma) (See Appendix 6). It seems likely that the major
route of elimination of NO, is by oxidation in the blood to NO; and the major route of
elimination of NO3 from blood is by transfer into the gut.

About 25% of NO, injected intraperitoneally in mice appears as urea in the urine and about
50% as NOs. On the other hand, virtually no urea is produced from intraperitoneally injected
NO; (Yoshida et al. 1983). The mechanism for this conversion of NO, to urea is unclear and
further work is required to properly characterise the pathways of NO, elimination from the
bloodstream.

Take-home message: The pharmacokinetics of NO; and NO, not been well studied in
any animal species. In ruminants, it seems likely that the major route of elimination of
blood NO; is by oxidation to NO; and the major route of elimination of NO; from blood
is by transfer into the gut. Some blood NOj; is excreted in saliva but the quantitative
significance of this transfer requires more detailed study in ruminants. Based on the
information available, there appear to be no practical means of increasing the losses
of NO,from blood by increasing the rate of excretion in urine or into the gut.

5.8.2 Reduce nitrite entry into the red blood cell (RBC)

Nitrite is rapidly taken up by red cells (Hon et al. 2010). With plasma concentrations of less
than 100 umol/L there is virtually no accumulation of NO, in the red cell or MetHb formation
(May et al. 2000a). At physiological pH, NO, is an anion (pK, 3.2). Nitrite uptake by RBC is
pH sensitive and is greater at pH 6.9 compared to pH 7.8, suggesting that the entry into cells
is via a charge-sensitive mechanism (May et al. 2000a), with simple diffusion limited
because of the negative charge. How does this anion traverse the reds cell membrane?
Under normal conditions the concentration of NO, in RBC is about 300 nmol/L (Dejam et al.
2005) and as it is continually metabolised via the reactions detailed above, it must be
continually imported from the plasma that has a normal NO, concentration of between 0 and
20 ymol/L, with strong evidence that it is normally below 500nmol/L (Dejam et al. 2005).
Whole blood NO, levels range from 35 to 1193 nmol/L (Kehmeier et al. 2008). The RBC
membrane proteins transport many ions and the (Band 3) anion exchanger represents
nearly a quarter of these proteins. It has carboxyl and amine termini in the cytoplasm
(Campanella et al. 2005). DeoxyHb has a higher affinity for the NH, terminus of Band 3 than
does oxyHb, thus linking oxygen sensing with NO, metabolism.
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However, May et al. (2000a) found that DIDS (4,4'-diisothiocyanato-2,2'-
stilbenedisulphonate), a Band 3 transport inhibitor, did not affect NO, uptake by RBC. The
glucose transport inhibitors, phloretin and cytochalasin were also without effect. DIDS does
however, inhibit nitrite efflux from RBCs (Shingles et al. 1997), indicating that Band 3 may be
involved in the transport of NO, out of RBC. Earlier studies suggest that the RBC membrane
does not present a barrier to NO, entry as rates of MetHb formation in intact cells was
equivalent to that of hemolysates of RBC (Zavodnik et al. 1999). The reaction with
haemoglobin occurring at a slower rate than the rate of entry into the RBC (May et al.
2000a). There are normally present, in equilibrium, in solutions of NO, small amounts of
gaseous nitrogen oxide species such as nitric oxide (NO'), nitrogen dioxide (NO;), dinitrogen
trioxide (N,Os) and dinitrogen tetroxide (N,O,; Fig. 1) (Zhao et al. 1994), all of which would
readily diffuse across the cell membrane. Diffusion of HNO, would also be possible and its
concentration would be increased with a decrease in pH, possibly accounting for the pH
effect noted by lwamoto et al. (2001) .

Removal of sodium and/or the inclusion of phosphate into incubation media reduces the
uptake of NO, into RBC (May et al. 2000b), suggesting that the sodium-inorganic phosphate
transporter system (Shoemaker et al. 1988) is involved in NO, uptake. May et al. (2000a)
suggest that about 25% of NO. is taken up by this transporter and the remainder by diffusion
of HNO, and the various gaseous species.

The rate of NO, uptake by RBC is also dependent on the oxygen status of the RBC. Uptake
of NO, is enhanced in the deoxygenated RBC in humans (Vitturi et al. 2006) but not in those
from rats (Feelisch et al. 2008), pigs (Jensen 2005), sheep (Blood and Power 2007) and fish
(Jensen 2003). Nitrite influx into the red cell is increased with increased temperature as is
the nitrite reductase activity of the haemoglobin (Fens et al. 2014).

Plasma RBC
B cytosol
20 o~ (W)
S350
_ LA 0 4
NO; AE-1 —> NOx

w| e l“* G )

Fig. 1. Scheme showing the proposed mechanism by which Hb deoxygenation
regulates nitrite metabolism by RBCs.

In step 1, nitrite moves into the RBC down an electrochemical/concentration gradient
through either a channel and/or as nitrous acid. Under oxygenated conditions, the nitrite
concentration gradient is regulated by intracellular reactions with oxyHb, resulting in nitrite
oxidation (step 2) and export via anion exchanger (AE-1) (step 3). As RBCs desaturate,
nitrite consumption is accelerated due to deoxyHb reactions, resulting in a species (NOXx)
that can ultimately produce NO after exiting the RBC (step 4) reaching maximal rates at the
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Hb P50. Concomitantly, deoxyHb binds to and inhibits AE-1, thereby preventing export and
maintaining intracellular nitrite levels (step 5)(Vitturi et al. 2009).

Interestingly, acetylcholine increases erythrocyte NO, levels and muscarinic antagonists
decrease the levels via some interaction with the membrane enzyme acetylcholinesterase
(Carvalho et al. 2004). The possibility of using muscarinic antagonists such as atropine or
scopolamine to reduce NO; entry into red cells exists, but is unlikely to be practical due to
the wide ranging side effects of muscarinic antagonists.

Take-home message: Entry of NO, into the RBC depends on pH, Na, P levels and
temperature, but all are critical blood parameters not able to be substantially
modified. Similarly, changing NO, entry by muscarinic antagonists like atropine or
scopolamine would be associated with major metabolic changes in the animal so are
not feasible.

5.8.3 Antioxidant inhibition of methaemoglobin formation

When the capacity for oxyhemoglobin to consume NO, within cells is decreased, high levels
of intracellular ascorbate can partially prevent NO,-induced MetHb formation due to a direct
reaction of ascorbate with NO,. However, this reaction is relatively slow due to the ability of
erythrocytes to scavenge NO, (May et al. 2000a).

Curcumin prevents NO,-induced methaemoglobin formation in both haemolysates and intact
red cells, but will not reverse methaemoglobin once formed (Unnikrishnan and Rao 1992),
largely because it is an oxygen radical scavenger as well as a NO, scavenger (Unnikrishnan
and Rao 1995). The efficacy of ascorbate or curcumin to prevent MetHb formation in
ruminants is unknown, but neither is likely to escape the rumen fermentation process
unscathed.

Take-home message: Antioxidants, such as ascorbate and curcumin, may reduce the
natural oxidant pressure on haemoglobin, allowing greater ‘buffering’ from the
onslaught induced by NO,, but their practical application in ruminant animals may be
difficult.

5.9 Accelerate transformation of nitrate/nitrite metabolism in blood and body
tissues

Most recent research on NO,/NO3; metabolism is in the medical setting, due to its link to the
production of NO and the many physiological effects that this mediator drives. Nitric oxide is
normally considered to be generated from arginine via the activation of endothelial nitric
oxide synthase (eNOS). The earlier literature suggests that NO, was a relatively inert by-
product of NO metabolism (Kleinbongard et al. 2003); however the present view suggests
that NO, is indeed a physiological mediator of NO signalling particularly during hypoxia (van
Faassen et al. 2009). The reduction of NO, to NO can be stimulated by the addition of
copper, with Cu®* ions attached to albumin, being reduced by the body’s own antioxidants to
Cu™* which then acts to reduce NO, non-enzymatically to NO (Oplander et al. 2013).

Nitrite is thought to be a storage form of NO in blood that can be transported to various
tissues and delivered as NO during specific physiological or pathological conditions that
require or manifest with vasodilation (Gladwin 2004). The NO is generated by the reduction
of NO, by deoxyhaemoglobin in the red blood cell (Fig. 2).
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Fig. 2. Nitrite-haemoglobin interactions in the red blood cell (adapted from (Vega-Villa
et al. 2013)

Haemoglobin’s primary role is as a reversible carrier of oxygen whose structure can be
modulated between relaxed (R-state, high oxygen affinity) and tense (T-state, low-oxygen
affinity) conformations. Oxyhaemoglobin and deoxyhaemoglobin scavenge NO with extreme
rapidity. When well oxygenated, haemoglobin inhibits vessel dilation by NO,, by scavenging
NO. However when deoxygenated, haemoglobin does not inhibit nitrite-induced dilation.
When the dilation is due to NO generation from a source independent of NO,, both oxy- and
deoxyhaemoglobin exhibit inhibition of vessel dilation (Dalsgaard et al. 2007; Isbell et al.
2007; Rodriguez et al. 2009; Vitturi et al. 2009). However there is evidence that NO,
mediated vasodilation may be haemoglobin independent (Li et al. 2008).

The rate constants for NO scavenging by oxyHb (5 x 10’ M™s™) and deoxyHb (3 x 10’ M*'s™)
are very rapid and similar (Huang et al. 2007). The rate of NO, reduction by haemoglobin is
three-fold faster with cell-free solutions of haemoglobin compared to intact red cell
haemoglobin (Vitturi et al. 2009; Jensen and Rohde 2010). Stored blood also has a higher
NO, reductase activity that results in a greater methaemoglobin concentration when
exposed to nitrite (Almac et al. 2014). Early in vitro studies suggested that 1 mole of nitrite
produces 2 moles of methaemoglobin (Greenberg et al. 1943).

The reaction of NO, with oxyHb is autocatalytic in vitro, but unlikely to be so under
physiological conditions (Patel et al. 2011). The reaction progresses slowly at low NO,
concentrations (k = 0.21-0.33 M-1 s—1) (Bellavia et al. 2013). At high NO, concentrations,
the reaction becomes very efficient and autocatalytic (Rodkey 1976; Kosaka et al. 1979;
Doyle et al. 1981).

The simplified equation:
4ANO, + 4HbFe?*-0, + 4H* > 4 HbFe* + 4NO5 + O, + 2H,0

has many intermediates of unknown importance and basically yields MetHb and NOs.

The reaction of deoxyHb with NO, produces MetHb and iron nitrosyl haemoglobin (Hb-NO)
in a two-step process where NO, is reduced by deoxyHb to yield MetHb and NO. The NO
then goes on to bind to a vacant deoxyHb to yield Hb-NO.

NO, + HbFe®* + H" > NO + HbFe®*" + OH’
NO + HbFe*" - HbFe**-NO
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When Hb is fully deoxygenated and in the T state it reacts slowly to reduce NO,, but as each
NO, molecule is reduced it generates both MetHb and NO, which in turn binds with another
deoxyHb to form HbNO. When MetHb or HbNO are present as a tetramer then it is likely to
promote a Hb conformational change to the R state. The more oxidation and nitrosylation of
haems that occurs the more R state deoxyhaems will be present. The R state deoxyhaems
show a faster reaction rate with NO, and hence the autocatalytic kinetics displayed (Huang
et al. 2005b; Cantu-Medellin et al. 2011). This has the physiological implication of driving the
production of NO more rapidly when oxygen tensions are low in tissue arterioles, resulting in
vasodilation and greater blood flow (with oxygen delivery). Many intermediate compounds
and reactions have been proposed, measured and largely dismissed as being of little
consequence (Patel et al. 2011). It should be noted that gaseous NO when bubbled through
fresh sheep blood led to substantial methaemoglobin formation largely from
deoxyhaemaoglobin (lwamoto et al. 1994).

Take-home messages:

1. Nitrite is thought to be a storage form of NO in blood that can be transported to
various tissues

2. Preventing the interaction of blood NO, with haemoglobin is probably
impossible and it should be noted that virtually all research on this topic is
with  ‘physiological’ concentrations of NO, not ‘pharmacological’
concentrations that arise with NO; feeding.

5.10 Enhancing nitrogen oxide (NOx) efflux from the red cell

Much research has investigated the mechanism of NO escape from the RBC, because of its
important role in vasodilation. Given the high concentration of haemoglobin in RBC
(~20mmol/L) and its great propensity to scavenge NO, the lifespan of NO would only be
about 1 ps and its diffusion distance would be about 0.1 ym (Cosby et al. 2003). As a
consequence other mechanisms or species of NO efflux have been sought. Suggestions of
export via the formation of nitrosothiols which are formed from N,O; binding to thiols such as
glutathione have been made (Nagababu et al. 2006). N,Os3 is a strong nitrosating agent,
which is in turn formed from the reaction of NO, with HbFe*-NO (Fernandez and Ford 2003)
or alternatively HbFe**-NO, reacts with NO to form N,O; (Basu et al. 2007). The N,Oj; itself
could also diffuse out of the red cell and dissociate into NO and NO, (Jeffers et al. 2005).
Despite these suggestions mass spectrometry studies have shown no efflux of NO or N,O;
from red cells even when exposed to 16 mmol NO,/L (Mikulski et al. 2010).

Nitrite exits the red cell via Band 3 protein as its movement is inhibited in red cell ghosts
following the addition of DIDS (Shingles et al. 1997).

There appears to be no mechanism for enhancing NO, (and/or its metabolites) removal from
the red cell. However, Fricker et al. (1997) suggest that some ruthenium (lll) complexes are
efficient at binding NO and would play a role in reducing the hypotension associated with
NO, poisoning. Whether they would affect methaemoglobin formation is unknown. Use of
agents such as cyanamide and disulfiram to reduce NO formation from tissue based haem-
containing enzymes also reduces the effect of NO,-induced hypotension (Whatman et al.
2013).

Take-home message: The red blood cell is normally an oxygen-rich environment so
has a range of mechanisms to protect its functionality from damage by oxygen
radicals, including NO. Antioxidants may be able to decrease MetHb concentration by
preventing its formation and also by accelerating NO disposal.
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5.11 Accelerating reduction of methaemoglobin back to haemoglobin in the
red cell

Under normal circumstances, MetHb levels rarely exceed about 2% of total haemoglobin,
simply because the small amounts produced by autoxidation or the action of oxidising
chemicals are readily reduced by enzyme systems in the red cell. There are two enzyme
systems capable of reducing MetHb.

The system normally most active is the NADH-dependent methaemoglobin reductase
(NADH cytochrome b5 methaemoglobin reductase) (Agar and Harley 1972). With excessive
NO, input as in NO, poisoning, this enzymatic reduction is simply overwhelmed and
methaemoglobinaemia results. A second enzyme system that is normally inactive, NADPH-
dependent methaemoglobin reductase, can be activated by the electron donor methylene
blue. Methylene blue is reduced to leucomethylene blue and is oxidised back to methylene
blue providing electrons for the non-enzymatic reduction of metHb back to haemoglobin
(Janssen et al. 2004) (see Fig. 3).

NADH Methemoglobin Leukomethylene NADP+ Glucose-6-
Fe+++ blue j phosphate
[ NADH cytochrome- | § NADPH .
Glycolysis bs methemoglobin | & methemoglobin ‘\ G6PD
reductase ‘g reductase \
(o]
pert
Glucose-6- NAD+ Hemoglobin Methylene blue NADPH 6-Phospho-
phosphate gluconate

Methylene Blue Rescue Pathway

Reduction of Hemoglobin to Methemoglobin under Normal Circumstances and after the Administration of Methylene Blue.
Under normal circumstances, the NADH-dependent—cytochrome-bs methemoglobin reductase system efficiently reduces methemoglobin
to hemoglobin. Methylene blue provides an alternative means by which methemoglobin can be reduced. In patients with G6PD deficiency,
the production of NADPH is impaired, thereby limiting the conversion of methylene blue to its active metabolite, leukomethylene blue.

Fig. 3. Oxidation/reduction pathways for haemoglobin in red blood cells and
partnership with methylene blue (Janssen et al. 2004)

Methylene blue has been considered the standard treatment for acute
methaemoglobinaemia (Janssen et al. 2004). Interestingly, using a modelling approach,
Kinoshita et al. (2007) provided strong evidence that during physiological levels of
methaemoglobin production, it is NADPH-methaemoglobin reductase activity that
predominates and that NADH-methaemoglobin reductase only becomes active when
methaemoglobin levels rise due to an overwhelming of NADPHMR as would happen in NO,
poisoning. The inconsistency in modelled and measured data shows there is a lack of clarity
on the relative importance of the NADH- and NADPH-linked reductase systems. Matsuki et
al. (1978) suggest that this enzyme is a flavin reductase and showed that incubation of
nitrite-treated red cells with added riboflavin reduced their MetHb levels much faster than
controls. NADHMR is a soluble 245 amino acid protein found in the cytosol of the cell
(Borgese et al. 1987) and is responsible for the majority of the reduction of MetHb in the red
cell. Membrane bound varieties of the enzyme exist but play little role in the red cell
(Borgese et al. 1987). There are three co-dominant alleles for NADH-methaemoglobin
reductase in cattle, with all three present in Bos indicus, but only one present in Bos taurus
(Fulton et al. 1978).
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The second enzyme system found in the erythrocyte is NADPH dependent MetHb reductase
is normally inactive but can be activated by electron donors such as methylene blue
(Janssen et al. 2004). It normally contributes about 6% of the total methaemoglobin
reduction. However, in the presence of methylene blue the activity of NADPH MetHb
reductase is increased some 400-fold (Tomoda et al. 1980). This enzyme relies on the
availability of NADPH generated by the pentose phosphate pathway, and clinically
methylene blue is only used as an antidote to methaemoglobinaemia if the patient is tested
and shown to have normal glucose-6-phosphate dehydrogenase (G6PD) activity. It is listed
as the antidote for nitrite poisoning in standard veterinary textbooks (Brightling 2006).
However, the drug is no longer recommended for use in animals destined for the food chain.
It should also be noted that Dorset sheep have very low G6PD activity (Calabrese et al.
1983). G6PD deficiency in humans is commonly called favism, because consumption of fava
(faba) beans generally results in a haemolytic episode due to the presence of a compound
called divicine found in these beans. This compound has profound cytotoxic activity in
G6PD erythrocytes, but paradoxically reduces methaemoglobin levels in normal
erythrocytes, that have an active pentose phosphate pathway (Benatti et al. 1985).

5.11.1 Stimulation of the NADPH-methaemoglobin reductase pathway

This flavin-mediated reductase activity has been exploited in human medicine during the
treatment of NADH MetHb reductase deficiency, where riboflavin is used as an alternative to
methylene blue (Hultquist et al. 1993). The use of riboflavin as an alternative to methylene
blue in ruminants is a realistic possibility. Riboflavin is synthesised in the rumen, but the
effects of exogenous addition of riboflavin and its efficacy against NO, poisoning are
unknown. Zinn et al. (1987) found that riboflavin supplementation of calves resulted in a
slight increase in intestinal delivery and absorption of the vitamin.

NADH-MR relies on the production of NADH from the phosphorylation of glyceraldehyde-3-
phosphate by glyceraldehyde-3-phosphate dehydrogenase in the glycolytic pathway to fuel
the reaction with electrons. This step of the glycolytic pathway also requires the input of
inorganic phosphate, whose addition enhances the glycolytic rate and the reduction of
MetHb (Godwin et al. 2015). The glycolytic rate of erythrocytes is largely governed by the
ratio of NAD/NADH. Hypophosphataemia associated with parturition is also known to cause
methaemoglobinaemia in cattle (Ogawa et al. 1987).

Extracellular NADH can also aid in the reduction of methaemoglobin, if the levels of plasma
lactate dehydrogenase are elevated by displacing the pseudo-equilibrium of the intracellular
lactate dehydrogenase reaction so that intracellular NADH rises (Kennett et al. 2005). The
glycolytic rate of erythrocytes increases by as much as 3-fold when the haemoglobin
becomes deoxygenated (Giardina et al. 1995). The deoxygenated state producing a
stimulation of glycolytic enzyme activity through the effect of an increased
deoxyhaemoglobin N-terminus binding affinity with Band 3 membrane protein, which in turn
releases membrane bound glycolytic enzymes (Low et al. 1993).

Treatment of acute methaemoglobinaemia in ruminants probably should involve intravenous
administration of glucose to stimulate (or at least maintain) an adequate supply of NADH
and/or NADPH from the glycolytic and pentose phosphate pathways. Blood glucose supply
in ruminants is derived from gluconeogenic pathways rather than from direct gastrointestinal
absorption and is generally lower than in non-ruminant species.
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Take-home messages:

1. One of the great opportunities for reducing MetHb accumulation (by accelerating
its reduction back to haemoglobin) may lie in accelerating the NADPH-MetHb
reductase pathway as is currently achieved by using methylene blue. Riboflavin
may offer an alternate means to accelerate this pathway.

2. It should be noted that phosphorus deficiency in cattle is common in northern
Australia, and it would be prudent to ensure that P supply is adequate before
dietary nitrate supplementation.

5.12 Genetic susceptibility of the red cell to nitrite

The activity of NADH—MetHb reductase is higher in foetal than adult sheep (Kempel et al.
1999) and declines after birth in most species (Vetrella et al. 1971; Agar et al. 1972). Fitting
with this is the earlier observation by Emerick et al. (1965) who showed that pigs of different
ages infused with NO, had the same initial peak of methaemoglobin, but the rate of decline
was much faster in younger animals. The enzyme activity also increases over time in cattle
exposed to dietary NO; (Godwin et al. 2015) and to rats exposed to NO, in drinking water
(Csallany and Ayaz 1978). An early study with sheep showed that pre-treatment of animals
with daily intraperitoneal injections of KNO, for 35 d delayed death, and increased the
dosage of NO, required to cause a lethal increase in methaemoglobin (Diven et al. 1964).
The potassium concentration of erythrocytes is a polymorphic trait in many ruminant species
(Agar et al. 1972) and the rate of methaemoglobin formation is slower and its reduction
faster in high potassium cells (Godwin 2014). Sheep also possess two normal adult
haemaoglobin types with different oxygen affinities that displays incomplete dominance in
inheritance (Agar et al. 1972). Whether the propensity for these haemoglobin types to
oxidise to methaemoglobin differs is unknown, but would likely be due to the differing oxygen
affinities (Huang et al. 2005a). Sheep foetal haemoglobin has a greater NO, reductase
activity probably to aid in vascular homeostasis via the production of NO (Blood and Power
2007). Newborn calves have a high blood and salivary NO,: NO3; concentration ratio, despite
insignificant intakes of both compounds, and it has been suggested that this makes newborn
calves more susceptible to NO, toxicity (Blum et al. 2001). Although bovine foetal
haemoglobin is more susceptible to oxidation by NO, than is adult bovine haemoglobin
(Betke et al. 1956), its higher NADH-methaemoglobin reductase activity (Lo and Agar 1986)
compensates for that susceptibility. Erythrocytes from diabetic humans are less susceptible
to NO,-induced methaemoglobin than erythrocytes from healthy controls, probably as a
result of differences in the levels of various antioxidant systems (Coleman et al. 1998).

Take-home message: Between-animal variation in susceptibility to NO, toxicity is
known and some mechanisms by which animal genotypes may differ (e.g.
haemoglobin, potassium and glutathione types) can explain these differences in part
but not in whole. These specifically identified pathways currently do not offer a
practical means of reducing MetHb risk, but there would be merit in understanding the
mechanism of nitrate tolerance in sheep.

5.13 Other antioxidant enzyme systems in the red cell

Incubation of red cells with NO, increases lipid peroxidation, an indicator of oxidative
reactivity (Batina et al. 1990). It has also been recently reported that another enzyme termed
AOP2 or antioxidant protein, also exists within the haem pocket that also prevents the
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oxidation of haemoglobin, both induced and spontaneous (Umbreit 2007). Its quantitative
role is yet to be determined.

The erythrocyte also protects haemoglobin from oxidation by decomposing hydrogen
peroxide produced within the cell by utilising the oxidation of reduced glutathione. Oxidising
radicals are generally removed by the action of a suite of enzymes — superoxide dismutase,
the red cell (May et al. 2000a) and does not lead to the precipitation of denatured
haemoglobin as Heinz bodies (Sinha and Sleight 1968).

Sheep and cattle also possess genetically determined normal and deficient levels of
glutathione (Tucker and Kilgour 1970); however there appears to be no difference in their
red cell antioxidant enzyme activities (Suzuki and Agar 1983). Despite this, sheep red cells
glutathione peroxidase and catalase. The disarming of oxygen radicals by these enzymes
helps protect haemoglobin against oxidation from by-products of its own cargo — oxygen.
Catalase predominates in the disposal of peroxide in the red cell (Gaetani et al. 1996) and
acts as a general transported oxidant defence system mechanism (Agar et al. 1986).
Russian research suggests that NO, at levels as low as 100 umol/L inhibits catalase activity,
but does not inhibit haemoglobin peroxidase activity. As a consequence, NO, leads to an
increase in the rate of peroxide metabolised by haemoglobin, which further intensifies NO,
oxidation and methaemoglobin formation (Titov and Petrenko 2003). Nitrite certainly leads to
methaemoglobin formation, but otherwise does not particularly lead to strong oxidant stress
within with high GSH levels have a more rapid rate of reduction of NO.-induced
methaemoglobin when incubated with glucose (O'Dea and Agar 1980).

5.13.1 Stimulation of erythrocyte antioxidant systems to prevent methaemoglobin
formation

Sodium selenite greatly enhances methaemoglobin reduction by enhancing glutathione
oxidation in rat erythrocytes (lwata et al. 1977). More recent evidence suggests that NO,
rapidly depletes cells of reduced glutathione, rendering them much more susceptible to
MetHb formation (Michaelsen et al. 2009). The supplementation of animals with selenite as a
methaemoglobin ameliorant is a possibility. Many substances outlined below may have an
effect on methaemoglobin synthesis/reduction and whether the mostly minor effects are
additive is unknown and research testing their combined efficacy could be fruitful.

Ascorbic acid reduces methaemoglobin formation in rats, humans and humans deficient in
G6PD but not in sheep (Calabrese et al. 1983) and not consistently in cattle (Atyabi et al.
2012). Vitamin E was effective at reducing NO,-induced methaemoglobin formation in cattle
RBC (Atyabi et al. 2012). N-acetylcysteine is often used to treat methaemoglobinaemia in
cats poisoned with paracetamol. It was assumed that N-acetylcysteine removed the
paracetamol by way of a metabolic process involving glutathione (Gaunt et al. 1981).
However, Wright et al. (1996) suggest that N-acetylcysteine either directly reduces
methaemoglobin or stimulates the synthesis of glutathione within the red cell, which then
reduces MetHb.

Nitrite activates K-Cl co-transporter in sheep LK erythrocytes and also decreases GSH
levels - an effect that is characteristic of thiol-oxidising agents (Lauf et al. 1995). The activity
of K-CI co-transporter was positively correlated to the formation of MetHb (Adragna and Lauf
1998). Telmisartan, an angiotensin Il receptor antagonist, produces a concentration
dependent slowing of the rate of methaemoglobin formation in red cells incubated with NO,
(Abbas et al. 2011).

In a preliminary report, Everse (1990) found that methaemoglobin in solution when incubated
with methionine and riboflavin and irradiated with white light is reduced to haemoglobin very
rapidly, but the presence of oxygen will lead to peroxide formation and reverse the process.
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An early Russian study (Genkin and Volkov 1960) found that glutamate administered
subcutaneously prior to subcutaneous administration of NO, markedly lowers the production
of methaemoglobin in rats. This finding has recently been cited by an in vitro study
investigating properties of haemoglobin-based oxygen carriers, which showed that both
glutamate and tyrosine contribute to the stabilisation of distal histidine residues which

to Jainudeen et al. (1964) and Winter (1962)), long-term NO; feeding of cattle may result in
compensatory erythropoiesis leading to a higher haemoglobin level and packed cell volume
stabilise the haem pocket, preventing the formation of methaemoglobin (Wei et al. 2014).
This is a surprising effect, however, because the levels of amino acids such as glutamine are
unlikely to be limiting in ruminants. Accordingly, however, this was not observed by Godwin
et al. (2015) who supplemented sheep with nitrate for 54 d, even though NADH-
methaemoglobin reductase levels had increased.

Stimulation of erythropoiesis using substances such as CoCl, (Ebert and Jelkmann 2014) as
occasionally used illegally in race horses, may be an alternative way of overcoming the lack
of oxygen carriage caused by methaemoglobinaemia (although cobalt is known to cause a
transient methaemoglobinaemia in rats (Horiguchi et al. 2004). Many substances stimulate
methaemoglobin reduction in vitro, but are unlikely to be effective in vivo, largely because
they are either not absorbed/available into the circulation and/or cannot traverse the red cell
membrane. For example, inositol hexaphosphate greatly stimulates methaemoglobin
reductase (Taketa and Chen 1977), but would not be absorbed from the gut, synthesised in
the body or cross the red cell membrane.

Take-home message: As mentioned previously, anti-oxidants such as Vitamin E,
selenite and N-acetylcysteine show promise as a means of reducing MetHb
production while other means of protecting haemoglobin (e.g. by glutamate
stabilisation) seem less practical. Stimulation of erythropoiesis using substances
such as cobalt chloride also deserves further consideration.

5.14 Nitrite intoxication

In addition to the reduced oxygen carrying capacity of the red blood cells due to the high
concentration of MetHB, other effects of NO, intoxication include a marked drop in blood
pressure (Asbury and Rhode 1964; Whatman et al. 2013) with an increase in the Frank-
Starling stretch-induced intrinsic regulation of the cardiac output (Angelico et al. 2012).

Circulating NO, has a wide range of effects and readily increases cyclic GMP production,
inhibits hepatic cytochrome P450 activity, and upregulates heat shock protein 70 and heme
oxygenase-1 expression in a variety of tissues in a dose dependent manner (Bryan 2006).
Rats intraperitoneally injected with NO, showed that nitrite rapidly entered the circulation and
reached steady-state concentrations in most tissues in about 5 min. The increases in tissue
NO, were also accompanied by increases in tissue NO3; and nitrosation and nitrosylation
products (Bryan 2006) but there is no indication of nitrosamine formation in meat from
nitrate-fed animals in contrast to cured meats. Nitrite readily diffuses between blood and
cerebrospinal fluid in lambs (Conahey et al. 2008).

Nitrite is also oxidised to NO;s by ferrocytochrome c-cytochrome oxidase which effectively
acts as a NO, oxidase (Paitian et al. 1985). The magnitude of this oxidation is unknown in
mammals, but may be as high as 5.6 mmol/h per g of liver in trout (Doblander and Lackner
1996).

Following a modelling exercise using data collected in rats, Kohn et al. (2002) found that
peak plasma NO, levels occurred 30 min after oral dosing and methaemoglobin levels
peaked after 100 min.

Most data on NO3; and NO, metabolism have been collected from naturally occurring levels
of these compounds in non-ruminant animals. The pharmacodynamics and
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pharmacokinetics of these compounds may be quite different when NOs is fed at methane
mitigating levels (1-2% of DM) in ruminants.

Take-home message: Nitrite toxicity affects a wide range of species, yet the
pharmacodynamics and pharmacokinetics of NO, are poorly understood in any
species. Studies addressing this issue are urgently needed to both understand and
treat NO, intoxication appropriately.
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6 APPENDICES

Appendix 1 - NO3 supplementation in Australian livestock —
Legislative Framework

The Federal Government's Clean Energy Act 2011 established a carbon pricing
mechanism. This Act was repealed and the carbon pricing mechanism (carbon tax)
abolished from 1 July 2014.

The Carbon Farming Initiative Amendment Bill 2014 established the Emissions Reduction
Fund that commenced on 1 July 2014 to replace the carbon pricing mechanism and provide
a transition for the Carbon Farming Initiative (CFI) by amending the: Carbon Credits (Carbon
Farming Initiative) Act 2011. The 2014 Bill provided for:

‘the Clean Energy Regulator to conduct auctions and enter into contracts to purchase
emissions reductions; enable a broader range of emissions reduction projects to be
approved; and amend the project eligibility criteria and processes for approving projects and
crediting carbon credit units’. and also to establish ‘transitional arrangements in relation to:
the Register of Offsets Projects, which will be renamed the Emissions Reduction Fund
Register (that) will include information about contracts to purchase emissions reductions;
and existing Carbon Farming Initiative projects and methodologies and applications for new
projects.”

In effect, the Carbon Farming Initiative Amendment Bill 2014 has expanded the Carbon
Credits (Carbon Farming Initiative) Act 2011 which defines the scope for the development of
emissions avoidance activities that may be eligible for credits under the CFI scheme.

The CFI Bill lists three types of emissions avoidance projects that could be eligible under the
CFIl. Emissions avoidance projects fall under two primary types of methodology
determinations: sequestration and emissions avoidance.

Introduced animal emissions avoidance projects are considered to be among such
eligible projects. These are projects that promote the avoidance of emissions of methane
from the digestive tract of an introduced animal or emissions of methane or nitrous oxide
from the decomposition of introduced animal urine or dung.

‘Reducing emissions from ruminant livestock by feeding NO; supplements’ is one
such project that is included in the list of positive activities for emissions avoidance. When
advising the Minister in May 2013, the Domestic Offsets Integrity Committee recommended
that ‘this proposed activity is_suitable for inclusion on the Positive List’ (of emissions
avoidance measures), and has since been implemented in law
(http://Iwww.comlaw.gov.au/Details/F20141L.01129). In giving this advice, the Committee
noted: ‘that there is potential for toxicity issues to arise in association with this activity in
certain circumstances. This issue can and should be addressed through any methodology
developed for this activity’.

Implications of the legislation. In order to implement successful methane mitigation
strategies based on feeding NO; in the diets of ruminant livestock, a more detailed
understanding of changes in the metabolism of the rumen in response to dietary NO3 and in
the types of microorganisms and their capabilities and interactions is required. In addition,
the potential for NO, poisoning of supplemented animals needs to be successfully
addressed.
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Appendix 2 - Fermentation by rumen microorganisms

The main microbes in the rumen include bacteria, protozoa and fungi and archaea. These
microbes obtain the nutrients they need from forages, concentrates and supplements
ingested by the animal. The major components in these feeds are complex carbohydrates,
proteins and lipids that digested by the rumen microbes under anaerobic conditions
(fermentation). The fermentation process generates ATP that is required by the rumen
microorganisms for their maintenance and to synthesise the various polymers needed for the
microbes to grow. However, because of the anaerobic conditions, surplus end-products,
including volatile fatty acids, ammonia and the microbial polymers retain relatively large
amounts of metabolisable energy that, after absorption from the gut, become available for
further oxidation under aerobic conditions by the ruminant host. Gases such as CO,,
methane and H; produced in the rumen are directly eructated or inhaled and later exhaled
from the lungs. The fermentative pathways found in mixed microbial fermentations of
bacteria, protozoa, fungi and methanogens are described in Fig. 2.1. The fermentative
properties of many of the bacterial species found in the rumen have been described (Table
2.1, from Russell and Hespell (1981).
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Fig. 2.1. The pathways of microbial mixed-acid fermentations (from http://basic-
microbiology.blogspot.com.au/2011/11/fermentations.html
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Table 2.1. Fermentative properties of different species of bacteria found in the rumen

(after Russell and Hespell (1981)

Bacterial species Function Products
Fibrobacter (Bacteriodes) succinogenes CA F,A,S
Ruminococcus albus C.X F,AEH,C
Ruminococcus flavefaciens C,X F.A,SH
Butrivibrio fibrisolvens C.X,P,R F,ALB,E,H,C
Clostridium lochheadii C.PR F,AB,E,H,C
Streptococcus bovis A,S,SS,PR LAF
Ruminobacter (Bacteriodes) amylophilus APP,R F,A,S
Prevotella (Bacteriodes) ruminocola AX,P,PR F.AP,S
Succinomonas amylolytica AD AS
Selenomonas ruminantium A,SS,GU,LU,PR AL,P,H,C
Lachnospira multiparus P,PRA F,AELH,.C
Succinivibrio dextranosolvens P.D F,AL,S
Methanobrevibacter ruminantium M,HU M
Methanosarcina bakeri M,HU MC
Treponema bryantii P,SS F,AL,SE
Megasphera elsdenii SS,LU A,P,B,V,CP,H,C
Lactobacillus sp SS L
Anaerovibriolypolytica L,GU AP,S
Eubacterium rumantium SS F.AB,C
Oxalobacter formigens @) F.C
Wolinella succinogenes HU S,C

Major substrates utilised: C —cellulose; X-xylan; A-amylose; D dextrin; P-pectinolytic; PR-protein; L-
lipid; M-CO, (methanogen); GU-glucose utilising; LU-lactose utilising; SS- soluble sugars; HU-
hydrogen utilising; O-oxalate

Products formed. F-formate; A-acetate; E-ethanol; P-propionate: L_lactate; B-butyrate; S-succinate;
V- valerate; CP-caproate; H-hydrogen; C-CO,; M-methane.

The fermentation process begins when complex carbohydrates (starch and cellulose) are
first hydrolysed to di- and mono-saccharides by extracellular enzymes before being imported
into cells. Hexoses and other soluble sugars are actively transported into cells. Glucose is
imported, for example, either by a highly specific glucose transport system or by a
phosphoenolpyruvate-glucose  phosphotransferase  system. A  facilitated-diffusion
mechanism is responsible for glucose transport in Streptococcus bovis when glucose
concentrations are high (Russell 1990).

Glucose and other hexoses are fermented to pyruvate, mainly by the Embden-Meyerhoff-
Parnas glycolytic pathway (Fig. 2.1) or via the Pentose Phosphate pathway. For each mole
of hexose fermented, 2 mol NAD" are reduced to NADH + H* and 2 mol of ATP are
generated. If fermentation is rapid and NADH builds up in the cell, pyruvate may be reduced
to lactate with no net formation of NADH. However, most of the pyruvate formed is usually
converted to formate or acetyl-CoA. Two cytoplasmic enzymes are responsible for the
degradation of pyruvate, viz. lyase (PFL), both of which generate ATP without using NADH
as an intermediate electron carrier (Doelle 1975) The acetyl-CoA is converted to short chain
fatty acids including acetate, propionate and butyrate. Smaller amounts of higher and
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branched chain fatty acids are also produced, (e.g. valerate, iso-valerate, isobutyrate).
Acetyl-CoA cleavage is catalysed, by phosphotransacetylase (PTA) and acetate kinase
(ACK), to acetate or to butyrate via acetoacetyl-CoA. Notably, some strains of rumen
bacteria cannot transform acetyl-CoA into acetate and so must reduce it to ethanol (Allison
et al. 1964). In this case, the acetyl-CoA is reduced to ethanol in two steps, by aldehyde
dehydrogenase (ALDH) and alcohol dehydrogenase (ADH). A build-up of ethanol occurs
only under particular conditions, and generally not in mixed cultures. Ethanol production by,
for example, R. albus is eliminated with a corresponding increase in acetate and H,
formation (lannatti et al. 1973). The lactate, ethanol and VFA produced in the cytoplasm are
exported to the external medium.

Formate synthesised in the cytoplasm must be removed to avoid intracellular acidosis, so it
is either catabolised to CO, and H, by cytoplasmic formate dehydrogenase, or it is exported
via the FocA channel to the periplasmic space where it is degraded to CO, and H, by
formate:hydrogen lyase (Lu et al. 2011).

During the oxidation of hexoses, the energy required for microbial maintenance and growth
is released by substrate-level phosphorylation in two key reactions, viz. the NAD-linked
dehydrogenation of glyceraldehyde-3-phosphate, and the cleavage of pyruvate by the
pyruvate-formate lyase. Depending on the ATP requirements for maintenance of microbial
cells, the amounts of microbial biomass formed can vary from about 11 to 20 g cell dry
matter per mol ATP generated (Hespell and Bryant 1979).

Acetate, propionate and butyrate in rumen fluid are absorbed and are major sources of
oxidisable substrate (energy) for ruminant tissues. The microbial cells formed in the rumen
flow to the intestines and are digested and absorbed. These cells are approximately 50%
crude protein and are a major source of essential amino acids for the host animal but also
provide the animal with additional oxidisable substrates and other nutrients (Leng and Nolan
1984).

Hydrogen production and transfer in the rumen

The principal means of regenerating NAD"* from NADH in rumen microorganisms is by
NADH-ferredoxin oxido-reductase coupled to a hydrogenase (Fig. 2.2).
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Fig. 2.2. NADH ferredoxin oxidoreductase coupled to hydrogenase is responsible for
H, generation in rumen bacteria when concentration of H, in the cell is low

The reduction of protons by NADH ferredoxin oxidoreductase generates H, and can only
occur when the concentration of H, is sufficiently low (lannotti et al. 1973). Anaerobic
conditions are essential; the reaction is thermodynamically unfavourable under standard
conditions and the activity of this oxidoreductase is suppressed by high py, (Gottschalk
1986) H, is also produced in the periplasm by formate:hydrogen lyase.

Bacterial hydrogenases are single polypeptide chains (Wu and Mandrand 1993) or enzymes
with multiple sub-units (Sawers 1994) and may contain iron/sulphur clusters and nickel. In
rumen protozoa (Paul et al. 1990) and fungi (Yarlett et al. 1986), hydrogenases are mainly
located in membrane-enclosed organelles known as hydrogenosomes. These are the
principal sites of H,, acetate, CO, and ATP generation by reactions catalyzed by
pyruvate:ferredoxin oxido-reductase, hydrogenase and lactate dehydrogenase (Muller and
Lindmark 1978).

In the context of this review, it should be noted that the reduction of NO; to ammonia also
regenerates NAD". This should help promote a more efficient fermentation and digestion of
feed materials, especially the more rapidly fermented carbohydrates.
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Appendix 3 - Chemistry — oxidation states of nitrogen in
the environment

Nitrogenous forms in the environment

A small fraction of the N, in the atmosphere is incorporated into nitrogenous polymers in
living organisms and is inter-converted between more oxidised and more reduced forms.
NO; (NO3) is the most oxidised nitrogen compound in the biosphere, oxidation state +5. It
serves as a nutrient and an electron acceptor for many bacteria, archaea and some
eukaryotes. Nitrogen is found in reduced forms in proteins and nucleic acids in all living
organisms where its oxidation state is the same as ammonium (NH,"), -3). The inter-
conversions carried out by living cells involve both oxidative and reductive processes
catalysed by various enzymes shown in Fig. 3.1.
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Fig. 3.1. The N cycle in nature showing the N compounds arranged according to their

oxidation states with arrows showing the principal oxidative and reductive pathways
Enzyme key: 1-2, glutamine synthetase—glutamate synthase (GS—-GOGAT); 3,
glutamate dehydrogenase (GDH); 4, nitrogenase; 5, assimilatory NO3 reductase
(Nas); 6, assimilatory NO2 reductase (sirohaem-Nir); 7, dissimilatory and
respiratory NO3 reductases (Nap and Nar); 8, respiratory NO2 reductases (Cu-Nir
and cd1-Nir); 9, nitric oxide reductase (Nor); 10, nitrous oxide reductase (Nos); 11,
ammonia monooxygenase; 12, hydroxylamine oxidase; 13, NO2 oxidase.(from
Cabello et al. (2004)

After its reduction to NH,*, NO3 can also be used as a source of N by archaea, bacteria,

fungi, algae and higher plants (Moreno-Vivian and Ferguson 1998). Most living organisms
can incorporate NH," into amino acids, proteins and other nitrogenous polymers.
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Nitrate as an oxidising agent

The focus in this review is on the development of appropriate management practices for
supplementing ruminant livestock with NO3; or NO, to reduce the formation of methane - a
potent greenhouse gas. Briefly, the reduction of NO; and NO, by rumen microorganisms can
utilise electrons that might otherwise be used in the reduction of CO, to methane, thereby
reducing methane emissions. The reduction of CO, to methane in the rumen requires 8 mol
electrons, e.g. 4H,, viz.

4H2 + HCOg_ + H+ > CH4 +3H20 AGO’ =-175 kJ

Reduction of NO3 to NH," by rumen microbes also uses 4H, and the NH," formed can also
be used as a nitrogen source for growth. In addition, the reduction of NO; to NH," is
energetically more favourable under standard conditions, viz.

4H, + NO3 + 2H" > NH," + 3H,0 AGO’ =-598 kJ

In Reaction 2, NOs is first reduced to NO, that is then reduced to NH,". If NO3 reduction is
faster than NOj; reduction, NO, will accumulate (Dawson and Allison 1988). Importantly, NO,
inhibits growth of many rumen microorganisms, especially methanogens, cellulolytic bacteria
and protozoa (lwamoto et al. 2002). In ruminants, NO; may therefore potentially affect
digestibility and the efficiency of microbial growth, although the evidence on this is
conflicting. Animals can potentially become susceptible to NO, intoxication if NO,
accumulates in rumen fluid and is absorbed into the bloodstream (Allison and Reddy 1984).
This can lead to NO, poisoning in the animal with unwanted reductions in production and
sometimes death.
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Appendix 4 - Naturally occurring sources of NOz in non-
supplemented diets

Drinking water for livestock in Australia can be run-off water in steams or collected in dams,
or bore water. Information on N in Australian water sources is very limited. Information on
contaminants in water can be found in a review commissioned by MLA entitled Water quality
effects on ruminant health and productivity (Kurup et al. 2011). Monitoring of NOj in
groundwater is inconsistent and patchy in Australia. Nevertheless, NO; contamination of
ground water is apparently widespread in both rural and urban areas and is associated with,
for example, grazing animals, dairying and fertilizer applications and effluent disposal. Non-
agricultural sources of NOs include lawn fertilizers, septic systems, and domestic animals in
residential areas. Additionally, airborne nitrogen compounds given off by industry and
automobiles are deposited on the land in precipitation and dry particles. The median NO3-N
concentration is low, i.e. less than 2 mg NO;-N/L (Lawrence, 1983), but NO;-N
concentrations from 0.001 to 29 mg/L have been recorded. Higher concentrations have
usually been found in areas of intensive agriculture with a history of repeated annual
applications of nitrogenous fertiliser (watercorporation.com.au). In Western Australia,
elevated NO; concentrations are ascribed to naturally occurring plant decay underground
and various municipal localities have been granted exemption from compliance with the NO;
guidelines by the Department of Health. Nitrate from agricultural fertilizers and animal
manure can pass through the soil and reach underlying aquifers so that concentrations in
these aquifers often exceed 10 mg NOs-N/L. Nitrate can persist in ground water for decades
and can continue to accumulate and reach levels exceeding 100 mg NO3-N/L as more N is
applied to the land surface every year (LWRRDC 1999).

NO; concentrations in feeds and forages

Cereal grains and protein concentrates rarely contain NOj in sufficient concentrations to be
of concern for livestock feeding and are low-risk feeds. However, various forages can
accumulate NO3 under particular conditions. In addition, certain weeds commonly found in
pastures or crop fields, e.g. dock (Rumex spp) and Johnson grass (Sorghum vulgare) can
also accumulate NOs. Nitrate concentrations are typically higher in stems and lower in
leaves (where there is more NOjz; reductase activity) and are extremely low in seeds (Pfister
1988). In grasses, the majority of the NOj is in the stem. In pearl millet, for example, the
stems contained three times more NO; than leaves (Krejsa et al. 1987) (Krejsa et al.
1987)and in maize and rye grass stems, the highest concentrations have been detected
nearer to the ground. As a result, feeding forage crops presents the greatest risk of
poisoning.

Accumulation of NO3 in plants is influenced by a number of factors that are listed below.

Plant species. More than 80 species including a number of common agricultural crops can
accumulate NO; to high levels under extreme conditions. Cultivars of perennial rye grass
and the sorghum family (sorghum, sudan, pearl millet and their crosses) are particularly
prone to NO3; accumulation.

Stage of maturity. Under normal growing conditions, NO; concentrations in plants tend to
decrease as plants mature. Nitrate concentrations are higher in young plants (or in regrowth)
and lower in mature plants (Pfister 1988).

Fertilizer application. Nitrate concentration in plants is directly related to levels of
application of NO; fertilizer. An outbreak of nitrite poisoning that occurred in Qld after hungry
sheep and cattle were held in yards where Dactyloctenium radulans (button grass) was
growing was attributed to their intake of forage with a high NO; concentration (from 4.0 to
12.9% ) resulting from plant uptake of N from faeces and urine (McKenzie et al. 2004).
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Plant growing conditions. Nitrate levels increase in plants when conditions limit plant
growth but still permit the uptake of NO;. Thus, cold temperatures, frost damage, drought
and treatment with growth retarding herbicides may elevate NO3; concentrations in plant
materials (Krejsa et al. 1987). Overcast conditions can increase plant NO3; concentrations
because NO; reductase activity is low during periods of poor illumination that limit the rate of
photosynthesis (Pfister 1988).

Soil moisture content affects uptake and utilization of NO3 by plants. During drier periods,
when plant growth is limited, plants continue to take up NO; but have reduced NO;
reductase activity (Pfister 1988). The effect of water stress on NO; content of pastures is
pertinent to Australia. Pfister (1988) reported high levels of NO; in plants shortly after the
end of a severe drought. Nitrate concentrations in stems of water-stressed pearl millet
increased from approximately 5 g/kg to 9 g/kg within two days of the commencement of
irrigation (Krejsa et al. 1987). Up to 7 tol4 d may be required for NO3; concentrations in
pasture to return to low levels following drought-ending rains (Fjell et al. 1991). Other factors
such as soil mineral content and herbicide treatment also affect NO; accumulation (Pfister
1988).

Nevertheless, under normal growth conditions, the concentrations of NO; in forages are low
and are insignificant in relation to the amount of fermentable nitrogen required for the
microbes to efficiently digest the biomass in the rumen. Only rarely can NO; concentrations
be expected to become high enough to exceed the rumen requirements for fermentable
nitrogen. The exception to this may be in temperate areas with high rainfall and heavy
dressings of N fertilizers. In such cases, NOs-N concentrations as high as 2.5% of forage
DM (or 45% of the total N in the forage) have been recorded (O'Donovan and Conway
1968).

Addition of NOs to feed or supplements

Nitrate, like urea, can be used as a dietary non-protein N (NPN) supplement that is
converted in the rumen to ammonia. Ammonia is a major source of N for amino acid
synthesis, and protein and other polymers in growing rumen bacteria and fungi. Protozoa
also metabolise NO3; and produce ammonia, but they excrete the ammonia and use amino
acids synthesised from other precursors. In comparison with urea, NO3 has the advantage
that it reduces methane emissions in ruminants. However, currently it is about twice as
expensive as urea per unit N

During periods of grazing on green forages, ruminants tend to ingest forages quickly,
swallowing boluses without excessive chewing and later comminute the feed whilst resting
and ruminating. After entering the rumen, plant cells may survive intact for several hours and
may undergo changes due to stress that result in rapid proteolysis and release of N into the
rumen environment (Kingston-Smith and Theodorou 2000). When plants with high NO;
concentrations are ingested, the effect of this stress on the rate of release of NO3 into rumen
fluid is unknown. Nevertheless, it is reasonable to expect that the duration of NO; release
will be extended when the NO; enters the rumen in living cells. This situation can be
contrasted with that arising when soluble inorganic NO; salts are ingested when the peak
concentrations of NO; after ingestion of the same quantity of NO; are likely to be higher.

Supplementary NO; can be included in the diet of ruminants in various ways. Solutions
containing NO3; can be sprayed onto chopped hays or in to concentrates during mixing.
Nitrate can be included in blocks or provided in drinking water. When these materials are
ingested, NO; (being highly soluble) will be quickly released into the rumen fluid producing a
sudden peak in NO3; concentration. It is therefore likely the NO3 will become available before
the fermentation of the meal has had time to generate new ATP for microbial growth and
before the need for assimilation of NO3-N to meet cell synthesis has become significant.
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Appendix 5 - NOz and NO; metabolism in ruminal
microorganisms

NO; reduction by rumen microbes

To gain energy for maintenance and growth, microorganisms oxidise feed substrates using
O, or other electron acceptors. Because the rumen is highly anaerobic, rumen microbes
usually shed unwanted electrons by reducing CO, to form methane. However, NO3; and NO,
have a higher affinity for electrons than does CO, and so, when present, are potential
alternative electron acceptors. Their inclusion in the diet of ruminants can be expected to
reduce their methane emissions. However, when the rate of reduction of NO; to NO,
exceeds the rate of NO, reduction to ammonia, NO, can build-up in the rumen fluid and NO,
absorption into the bloodstream can lead to NO, intoxication in the animal.

Bacteria

Some of the bacteria capable of reducing NOs; and NO, in the rumen include. Selenomonas
ruminantium, Veillonella parvula, Wolinella succinogenes (Stewart and Bryant 1988) and
Veillonella Alcalescens (Inderlied and Delwiche 1973), Fibrobacter succinogenes,
Ruminococcus albus and Ruminococcus flavefaciens (Chaucheyras-Durand et al. 2010).
Allison and Reddy (1984) identified 5 major groups of bacteria from sheep that had been
adapted to dietary NOs;. Two groups that exhibited the ability to reduce NOs; and metabolise
formate were presumptively identified as selenomonads; a third group could metabolise
formate and reduce NO; and produced mainly lactate. A fourth group identified as
Anaerovibrio spp could not reduce NO; and produced mainly propionate from glucose.

Asanuma et al. (2002) has argued that many other NOs/NO, reducing bacterial species must
be present in the rumen. There may however be strain differences within species. Yoshii et
al. (2003) identified four distinct types of S. ruminantium (Nos 7, 12, 15 and 22) based on
their relative abilities to reduce NO3z; and NO,. For all strains, NO; reductase activity was
higher than NO, reductase activity and the specific activity of respiratory NO; reductase was
higher than of the assimilatory reductases. NO; reduction rate was enhanced in
S. ruminantium when cultured with an amylolytic sp. in a medium containing starch and, as a
result, NO, accumulated. On the other hand, Asanuma et al. (2003) isolated a new NO,-
reducing bacterial strain, and demonstrated that NO, reduction in the rumen could be
enhanced by introducing the new bacterial variant. This offers a possibility that cultures of
NO, reducing strains of bacteria could be developed for feeding to livestock known to be at
risk of NO, poisoning.

Protozoa and fungi

Iwamoto et al. (2001) found that protozoa have considerable ability to reduce NO; and NO,
in rumen contents (although some of this activity could be due to intracellular bacteria). They
found that, under certain circumstances, NO, removal by reduction to ammonia is increased
in the presence of protozoa (perhaps because they remove starch and reduce populations of
amylolytic bacteria). Yoshida et al. (1982) concluded that protozoa play a very important role
in NO, reduction in the rumen. They also argued that protozoa may use lactate as a
hydrogen donor for NO3; and NO, reduction.

Lin et al. (2011) found rates of NO3; removal by a protozoa-rich fraction were similar to those
in the whole rumen contents, implying that protozoa were highly active in reducing NOs. In
contrast, NO3; removal by a bacteria-rich fraction from the same rumen contents in vitro was
slower for the first 12 h after which it was similar to whole rumen contents. A fungi-rich
fraction appeared to metabolise NO3, but only slowly.

Aerobic fungi express two pathways of dissimilatory nitrate reduction in response to low
environmental oxygen tension. Takaya (2002) found the fungus Fusarium oxysporum
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expressed the pathway of respiratory nitrate denitrification catalyzed by nitrate reductase
and nitrite reductase. These enzymes are coupled with ATP generation through the
respiratory chain and produce nitric oxide.

Archaea

Some members of the archaea have the ability to metabolise NOj, but whether rumen
methanogens have NO; reducing abilities is apparently unknown. If they do, it is conceivable
that, when NOs; is available, they might switch from reducing CO, to methane, to reducing
NO;z; to ammonia. This would, in part, explain the methane mitigating effect of dietary NO;
supplementation.

In the archaea, NO; reduction processes and especially their regulation are less well
understood than in bacteria (Cabello et al. 2004). In Nature, dissimilatory NO3; reduction
appears to be more common than NO; assimilation (Martinez-Espinosa et al. 2001) and
genes coding for putative NO3 transporters, and NO3; and NO, reductases have been found
in their sequenced genomes. These sequences contain MGD cofactor encoding genes and
the archaeal NO; reductases appear to be molybdo-enzymes (Cabello et al. 2004). Genome
sequencing has revealed that ABC-type NO; transport systems are widespread in archaea
but, being ATP-powered are energy—expensive, making their involvement in dissimilatory
NO; reduction unlikely (Moir and Wood 2001). Nevertheless, NO; uptake may not be
required for respiratory NOs reduction in archaea (cf. bacteria), but the putative ATP-
dependent transporters could be involved in NO3 assimilation (Cabello et al. 2004).

NO; and NO, reducing enzymes in rumen microorganisms

It is important to recognise that much of our knowledge of NO; reducing systems (especially
genomic descriptions) in bacteria have been obtained with microorganisms that may not be
predominant species in the rumen. The following information is subject to this caveat.

NO; reductases. Three distinct types of NO; reductases catalyze the two-electron reduction
of NO; to NO; in bacteria, viz. a periplasmic dissimilatory reductase (Nap), a membrane-
bound respiratory reductase (Nar) and a cytoplasmic assimilatory (Nas), reductase. All three
types of reductases can be present in the same organism and contain a molybdenum
cofactor at their active sites.

B NO, +2H"
N\
@ NOy +H,0
" NapAB . .
2 nH/NO,* NO, NOS o bt & Periplasm
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NO,-+2H" NO,+2H  NO,+H,0 Cytoplasm
NO,' ’Hp

4(NADH+H")

NO;' «8H"
ANAD"+8H"

M‘.’ZHZO

Fig. 5.1. Reduction of NO3z to NO, during assimilatory and dissimilatory (cytoplasmic
or periplasmic) pathways operated by Nap, Nar and Nas (Gates et al. 2011b)
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It seems desirable to define an enzyme in its functional context rather than to categorise it
because, depending on the metabolic fate of NO,, any NO; reductase can have different
functions under various conditions. Moreno-Vivian and Ferguson (1998) describe how
distinctions can be made between assimilatory, dissimilatory and respiratory functions.

The periplasmic dissimilatory Nap is widespread in gram-negative bacteria. This reductase
has a dissimilatory function and does not seem to have a significant role in NO3 assimilation
or anaerobic respiration. The Nap system probably facilitates the generation of a proton
motive force (PMF) when the electrons from NADH are passed through NADH
dehydrogenase (Richardson and Watmough 1999) and acts as a dissimilatory enzyme that
helps bacteria maintain an appropriate redox potential for fermentation processes and
optimal growth (Sears et al. 1997). Nap may also assist bacteria to transition from aerobic to
anaerobic metabolism, and to make use of alternate reductants (Siddiqui et al 1993). In
addition, Nap may enable the bacteria to use high NO, levels to inhibit the growth of
competing bacteria (Siddiqui et al. 1993).

The respiratory membrane-bound Nar is also dissimilatory and generates a transmembrane
PMF that supports ATP synthesis (Moreno-Vivian et al. 1999). The respiratory Nar and Nrf
both require electron donors such as hydrogen or formate, whereas Nap and Nir require
fermentative substrates such as glucose or lactate (Simon 2002).

Nitrate reduction in the cytoplasm depends on the Nas reductase (Fig. 3.1). NasB and NasC
genes encode a cytoplasmic NAD(P)H dependent reductase in heterotrophic bacteria and
fungi. The presence of NO3 and NO, stimulates the activity of Nas; the enzyme is however
inhibited by high ammonia concentrations (Moreno-Vivian et al. 1999). This enzyme is only
active when ammonium is required for polymer synthesis in the cell but it may be important
when ammonia concentration in the external medium is low. An important question in
relation to rumen microbes: Is ammonia formed by this process used without being first
excreted?

NO, reductases. Two types of respiratory NO, reductases are found in bacteria, viz. the Nrf
encoded enzyme which reduces NO, to ammonia, and Nir which converts NO, to nitric oxide
(Moreno-Vivian et al. 1999). Nitrite formed by NOj reduction can be reduced to ammonium
or to nitric oxide (NO) by different types of NO, reductases (Brittain et al. 1992). There is no
evidence that denitrification occurs in the rumen (Kaspar and Tiedje 1981) but some non-
denitrifying organisms have soluble NO; reductases in the cytoplasm that reduce NO; to
NO, or nitric oxide (NO) and, depending on the species, use ferredoxin, FADH, or NADH as
the electron donors. A number of microbes produce N,O during NOz reduction. To enable
these systems to operate, transporters are needed to import the NO3; and export the NO, or
NO.

In E. coli, a cytoplasmic NADH-dependent enzyme encoded by the nirB gene (Harborne et
al. 1992) catalyses the reduction of NO, to ammonium thereby preventing toxic
accumulation of NO, and regenerating NAD".

Fig. 5.2 shows the cytoplasmic NO, reducing pathway of Nrf in the rumen microbe, Wolinella
succinogenes which uses a non-fermentable substrate (formate or dihydrogen) to generate
an electrochemical proton potential across the cytoplasmic membrane.
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Fig. 5.2. Respiratory NO, reduction in W. succinogenes. Formate dehydrogenase
(Fdh), respiratory NO, reductase (Nrf) and Hydrogenase (Hyd) are represented with
their respective subunits (FdhA, FdhB; NrfA, NrfH; HydB, HydA, HydC) MK:
menaguinone (Simon 2002)

Importantly, W. succinogenes is a genuine rumen bacterium and populations of this microbe
increase in animals being acclimated to dietary NOs.

A summary of the different NO; and NO, reductase enzymes found in anaerobic bacteria is
given in Table 5.1.
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Table 5.1 Types of enzymes involved in nitrate metabolism and their functions in

anaerobic microbes

Characteristic

NO, reductase

Assimilatory,
NO,"

Assimilatory Nas

NO, respiration

Dissimilatory

NO, reduction

Nir

Respiratory Nir

Nrf

Respiratory Nrf

Dissimilatory Nir

Location Cytoplasm Periplasm Periplasm Cytoplasm
Reaction NOz_“>NH4+ NOz_eNO NOz_éNH4+ NOz_éNH4+
catalyzed
Structural nasB2/nirA2 nirS/nirk nrfA nirBD
genes
Prosthetic FADS, FeS?, cyted,&/Cu cytc FAD, FeS,
groups siroheme siroheme
NO, transport Yes No No Yes
Function Biosynthesis of N PMF PMF oH If and NO?2
compounds (denitrification)  (ammonification) detoxification

Regulation?

O, No Yes Yes Yes

NH,* Yes No No No

NO3; /NO," Yes Yes Yes Yes

®Following the gene designation in K. oxytoca for the NADH-NO, reductase.

bFollowing the gene designation in cyanobacteria for the ferredoxin-NO, reductase.

°FAD is present in the NADH-NO, reductases, but it is absent from the cyanobacterial assimilatory
ferredoxin-dependent NO, reductase.

FesS, iron-sulfur centers.

‘cytcd,, cytochrome cd; complex.

"2H U dissipation of reducing power.

9Some differences in regulation in prokaryotic organisms have been reported.

Transport mechanisms

Biological membranes are highly impermeable to polar or charged molecules, so dedicated
channels or transporters are needed to enable ions to move across the cytoplasmic
membrane(Lu et al. 2013). Cation channels in particular must have a high degree of
selectivity so that they can exclude the smallest cation, i.e. the proton, yet allow larger
cations to pass, thereby enabling proton potentials across the membrane to be maintained

Page 46 of 81


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC94119/table/T2/#TF2-a
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC94119/table/T2/#TF2-b
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC94119/table/T2/#TF2-c
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC94119/table/T2/#TF2-d
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC94119/table/T2/#TF2-e
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC94119/table/T2/#TF2-f
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC94119/table/T2/#TF2-g

B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

(Lu et al. 2013). The formate-NOj; transporters in microbial cells move various small anions
such as CI, formate, NO; and hydrosulphide through the membrane. Notably, the FocA
channel is co-transcribed with pyruvate-formate lyase which catalyses the cleavage of
pyruvate to acetyl-CoA and formate (Lu et al. 2013).

Owing to the cytoplasmic location of the Nas enzyme, NOj; transport across the cytoplasmic
membrate is required before NO3 reduction by this enzyme can occur (Moreno-Vivian et al.
1999). Two types of NO; transporters are involved in bacterial assimilatory NOz reduction:
the ATP-dependent ABC transporters; and the monomeric NarK-type PMF-dependent
transporters. In most bacterial Nas systems, NO3z; seems to be transported by an ABC-type
transporter consisting of an integral membrane subunit, a cytoplasmic ATP-binding
component and a periplasmic substrate-binding protein (Moir and Wood 2001). Nitrate and
NO, transport systems (and genes coding for their components) have been thoroughly
studied in cyanobacteria and Klebsiella. However, in the rumen microbe, B. subtilis, an
electrogenic NO; uptake mediated by a different transporter, the nasA gene product is
present (Ogawa et al. 1995).

Ammonium can move across membranes by diffusion (especially in alkaline media).The
enzymes responsible for ammonium assimilation (GS-GOGAT and GDH) are present in all
living organisms but ammonium transporters (Amt) are found in bacteria, archaea and
eukarya. Amt proteins constitute an active NH," uniport dependent on a PMF that may also
facilitate diffusion of ammonia in both directions across the plasma membrane (Soupene et
al. 2002; Cabello et al. 2004). In this way, ammonium ions, particularly those generated by
dissimilatory NO; reductases can be used by other microbes for synthetic purposes.

Assimilatory reduction of NO; to ammonia

Nitrate assimilation is a mechanism allowing N to be incorporated into bacterial polymers
during their growth (Lundberg et al. 2004; Lundberg et al. 2009). The overall process
requires reducing equivalents, i.e. 8 electrons, for the assimilatory reduction of NOj3 to
ammonia

NO;™ + 2H" +2e” — NO, + H,0
NO, + 8H" + 6e” — NH," + 2H,0

Nitrite reduction is performed by a cytoplasmic NasB sirohaem-dependent NO, reductase
(Lin & Stewart 1998) or NirBD (Berks et al. 1995)or periplasmic enzymes encoded by the nrf
operon — the latter also being involved in ‘NO, dissimilation’. One of these enzymes is the
multiheme cytochrome ¢ NO, reductase of E. coli, encoded by the nrf operon. This enzyme
catalyses the formate-dependent NO, reduction to ammonium (Einsle et al. 2002). Both the
formate- and NADH-dependent pathways (Nrf and Nir, respectively) appear to be totally
repressed during aerobic growth, but are partially induced during anaerobic growth in the
absence of NO,; and they are induced further and become more active when NO, is present
(Page et al. 1990).

The assimilatory reductases from most heterotrophic bacteria are apparently dependent on
the pool of cytoplasmic reduced pyridine nucleotides which enables them to be coupled to
organic carbon catabolism (Moreno-Vivian and Flores 2007). Assimilatory NO; reduction
would potentially dispose of some excess reductant present in a reduced organic carbon
pool (Kirchman 2000). However, the biochemical mechanism by which assimilatory NOj
reductases of heterotrophic bacteria access this pool of cellular reductants is not well
understood, particularly because analysis of the primary structure of these proteins suggests
that they do not have NADH or NADPH binding domains (Lin and Stewart 1998; Richardson
et al. 2001; Gates et al. 2011a) identified a key role for a putative Rieske-type [2Fe-2S]
ferredoxin in P. denitrificans that is widely conserved in other bacterial Nas systems and
showed that this protein is essential for coupling of NADH oxidation to both NO3 and NO,
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reduction. For assimilatory NOz reduction, electrons were probably derived from NADH
within the cytoplasm. Electrons from FAD-containing NO, reductase (NasB) flow to the NO;
reductase (NasC), possibly via the small ferredoxin (NasG). In the Nas system, there are two
transporters; NasA and NasH, predicted to be involved in NO; and NO, transport,
respectively. This hypothesis is depicted in Fig. 6.

Dissimilatory reduction of NO3 to ammonia

Dissimilatory NO3; reduction to ammonia (DNRA) occurs in the rumen because of its low
redox potential, especially when there is a ready source of fermentable substrates.
Microorganisms benefit from DNRA which is used (a) to detoxify the accumulated NO,, (b) to
serve as an electron sink allowing the re-oxidation of NADH, and (c) to release energy
through electron transport phosphorylation (ETP). Under NOs-limiting conditions, the need
for an electron sink is more important and thus NO, is converted to ammonium.

The main energy-producing step of DNRA is the reduction of NO3; to NO,. The reduction of
NO, to ammonium is catalysed by soluble periplasmic NO, reductase which is not NADH-
dependent and which prevents conservation of energy. Therefore, when fermentable organic
matter is limiting, NO, is not converted to ammonium and therefore accumulates (Tiedje
1988). Nevertheless, some soluble NO, reductases, e.g. sulfite reductase, are NADH-linked.
In the presence of sulphide, NO, reduction to ammonium may be enhanced because
sulphide is an alternative substrate for the nitrite reduction pathway (Brittain et al. 1992). The
presence of sulfide in the environment also enhances DNRA systems (Brunet and Garcia-
Gill 1996).

DNRA activity is higher in carbon rich, electron acceptor poor environments, and so
anaerobic environments are best for DNRA populations. DNRA becomes the main NO; and
NO, reduction pathway at chemical oxygen demand and nitrogen ratio (COD/N) values
greater than 53 (Akunna et al. 1992). All of the microorganisms carrying out DNRA are able
to couple H,, or formate oxidation to ATP production via DNRA (Brunet and Garcia-Gill
1996). Various physiological electron donors for DNRA have been identified, and include
compounds such as glucose, pyruvate, lactate, glycerol, and formate, as well as inorganic
electron donors such as H,

In the rumen of animals grazing on dry mature roughages, or in penned animals given basal
diets of low digestibility straws and agricultural by-products, nitrogen for cell growth may
often be limiting. Under these circumstances, when NOs is provided as the major source of
nitrogen in the diet, it is likely that NO5 assimilation pathways would predominate. However,
if NOz is being supplemented with a view to methane mitigation, its rate of release in the
rumen may determine whether DNRA processes occur. If supplementary NO3 is ingested in
a single meal, the rate of NO; release may well exceed the amount currently required for cell
synthesis. In this case, DRNS may predominate when intake is highest - soon after the meal
is offered, or when a grazing bout commences -and NO, may accumulate.

A summary of the enzymes and transporters known in the paradigm microbe, E. Coli is given
in Fig. 5.3.
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Fig. 5.3. A diagram showing the known enzyme and transporter molecules of N
metabolism in E. Coli (after Andrade and Einsle (2013). Nitrate reductases NarGHI and
NarZYW face towards the cytoplasm. Nitrate is imported and the toxic product, NO,, is
exported into the periplasm by the exchanger NarK and NarU. The periplasmic NOz and NO,
reductases NapAB and NrfA serve in detoxification, while the NH4" transporter AmtB and
the cytoplasmic NO, reductase NirBD, with the corresponding NO, channel NirC, are
required for assimilation N for bacterial polymer synthesis.
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Appendix 6 - The fate of NO3 salts after intraruminal dosing
NOz and NO, kinetics

Pathways of nitrate metabolism in the body

After NO;z; enters the rumen and is dissolved in the rumen fluid, it is reduced by microbes to
NO, and then to ammonia. These compounds are incorporated into microbial materials,
absorbed through the rumen wall, and pass distally from the rumen in digesta. After
materials enter the bloodstream they may be eliminated via the kidneys or by recycling to the
gut. The pathways are represented in Fig. 5.1.

Dietary NO;
Rumen Rumen NO; > Rumen NO, > Rumen NH,
\ S o
S o L 7
\ <3 Rumen microbial N
—
MetHb v v
v 5 Plasmaurea
Plasma v
Plasma NO3 <€ Plasma NO2
1
I
v \'/ v

Fig. 6.1. Pathways by which dietary NO; may pass through the rumen contents and
blood plasma in ruminants

University of New England (UNE) studies

At UNE in 2009, we studied the rate of disappearance of NO; dosed into the rumen of 8
sheep and found the decrease in concentration of NO; via all pathways was well described
by a single exponential function in all animals. This suggests NO; removal is a
concentration-dependent process. Other published studies also show that NO; removal from
rumen fluid is concentration-dependent. However, there are published studies that suggest
that NO, is not formed immediately by reduction of the disappearing NO; (Leng 2008). This
result implies a possible transient (unknown) N intermediate exists in conversion of NO; to
NO,. Some of these studies are re-examined in more detail below.

Re-analysis of data from Jameson (1958)

Jameson (1958) gave a single intraruminal dose of 25 g KNOj; to two grazing sheep (24 and
36 kg) and monitored the resulting appearance of NO, and ammonia in rumen contents.
Unfortunately, there was too much variation in ammonia concentration to enable a three-
compartment model to be fitted with confidence. A two-compartmental model was fitted to
the data using WinSAAM, incorporating an assumption that rumen fluid was replaced once
per day (k value = 0.042/h).The fitted data for a two-compartment model showing
disappearance of NO3; and appearance of NO, is given below.
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Fig. 6.2. Solution for a two-compartmental model describing the perturbations in
concentrations of NO; and NO, in rumen fluid of sheep after a single intraruminal
injection of 25 g KNO;

The model suggests the NO3; dose was diluted in a rumen fluid volume of 6.6 L (which is
reasonable) and the NO; disappearance from the rumen fluid was well described by a single
exponential function (ty» = 2.5 h). The data suggest 85% of the NO; was converted to NO,
(concentration peaked after about 2 h) and 15% of the NO3; was either incorporated directly
by rumen microbes or flowed to the lower gut. For the NO, pool, 5% remained in microbes or
passed to the lower gut and about 95% was presumably reduced to ammonia. There were
too few data to confidently determine whether or not there was any delay before NO,
reduction and NO; appearance. The last point for the secondary NO, pool is poorly fitted and
suggests that concentration-dependent kinetics may not apply to NO, turnover.

Re-analysis of data from Wang et al. (1961)

Wang et al. (1961) injected 70 g KNOg intraruminally into a cow and monitored the
concentration of NO3, NO, and ammonia in rumen contents.

1.20
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Fig. 6.3. Nitrate (mg N/L), NO, (ug N/L) and ammonia (mg N/L) concentrations in rumen
fluid after an addition of 70 g KNO3 (42 g NO3z or 9.5 g N) to the rumen of a Hereford
cow (Wang et al. 1961)

The NOj; concentration declined rapidly (ty, about 2.3 h) with appearance of NO, and
ammonia which reached their peak values after about 3 h.
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When results of Wang and co-workers were fitted to a two-compartment model (NO3; and
ammonia in rumen fluid) using WinSAAM (Fig. 6.4), the estimated rumen fluid volume (12 L)
was much lower than expected for a cow weighing approx. 350 kg. The reason for this
discrepancy is not known but no further analysis was undertaken with these data. It does
appear, however, that most of the NO; dose was reduced to, and recovered in, rumen fluid
ammonia.
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Fig. 6.4. Decline in concentration of NO; (4) and increase and decrease in
concentration of ammonia (M) in a cow after intraruminal dosing with 70 g KNO;
(Wang et al. 1961)

Further data of Wang and co-workers in Fig. 6.5 shows the appearance of MetHb in the
blood (peak %). Notably, the dilution of **N in the combined [NOs+NO,] pool was quite rapid,
indicating that considerable quantities of unlabelled NO; and/or NO, were entering the
rumen - a point that was not discussed by the authors but is difficult to explain unless it is
from _endogenous sources. The enrichment of [NO3+NO,]-N was not a simple exponential
decay, reflecting the effect of analysing both NO3-N and NO, N in the one sample and fitting
the average enrichment.
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Fig. 6.5. The decay in enrichment of [NO3; + NO,]-N (¢) and the appearance of labelled
ammonia-N (m) in rumen fluid after an intraruminal dose of 120 g *°’KNO; (1.7 atoms %
excess). The appearance of MetHb (peak approx. 16%) is also given (A ). (after Wang
et al. (1961)

Page 52 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

The results of this experiment suggest the peak for rumen NO; was about 2 h which was
also approximately the time of the peak ammonia enrichment.

Re-analysis of data from Alaboudi and Jones (1985)

Alaboudi and Jones (1985) offered acclimated sheep (50-60 kg) two meals, each of 600 g of
a hay/grain diet, each day at 1000 and 1600 h. The diet contained 1.5 kg KNOg/kg W
providing a total of 50 g NO3 each day, i.e. diet contained 4.2% NOs. The changes in NO;
and NO, concentration in rumen fluid and in blood MetHb concentration after a meal are
given in the figure below.

16
14

Nitrate, nitrite concentration
(mg N/L)

[0 r ’ L
-2 $ 50 100 150

Time after meal offered (min)

Fig. 6.6. The increase in NO; and NO, concentration in rumen fluid and in blood
methaemoglobin concentration after acclimated sheep were offered 600 g of hay:grain
containing 25 g NO; (Alaboudi and Jones 1985)

The rate of ingestion of the meal is not known, and so the pattern of build-up in NO;
concentration that occurred in the rumen could not be modelled easily and may not be well
represented by the fitted curve. However, it is clear the peak in NO, concentration occurred
later than the NO; peak. The peak in blood MetHb concentration appears to be closer in time
to the peak for rumen fluid NO,, suggesting absorption of NO, occurs rapidly (and probably
directly from the rumen). Despite the relatively high concentration of NO; in the diet, the
formation of MetHb was quite low and of little clinical significance. Notably, the diet
contained 50% grain (oats and barley).

Re-analysis of data from Barnett and Bowman (1957)

Barnett and Bowman (1957) used rumen fluid collected from an abattoir to set up artificial
rumens to which they added different substrates and examined the kinetics of added NOs.
The results are given in Figs 1-4 below (Fig. 1, no supplement, Fig. 2, powdered cellulose,
Fig. 3, glucose, Fig. 4, dried grass).

Leng (2008) noticed that the NO3; removed apparently did not appear immediately in NO, or
ammonia. Notably, the NO; that disappeared in the first 5 h, appeared later (from 5-30 h) as
NO,, so that NO, concentration (mM) at 35 h of incubation had increased to almost half the
NOs-N concentration (mM) at the start of the incubation period. Leng suggested there might
be an initial sequestration of NOz; or NO, within rumen microbial cells and that a
considerable fraction of the NO3-N dose might be released later as NO,. It is also possible
that initially the rate of NO; reduction to ammonia keeps pace with the rate of NO,
appearance from NOs, but that the rate of NO, reduction slows over time due to NH;
accumulation or shortage of substrate, then NO, builds up, creating the impression that
there is a delay in NO, appearance. There is also evidence that NO, binds to fibre (Shahidi
and Hong 1993; Amarowicz et al. 1996) and so fibre in rumen contents may ‘sequester’ NO,
until its binding capacity is saturated.
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Fig. 6.7. Effect addition of different substrates to rumen contents in vitro (Barnett and
Bowman 1957)

Re-analysis of data from Lewis (1951)

We re-evaluated a similar experiment (Lewis 1951) in which NOz; (12 g NaNOg, 8.75g NOs)
was dosed into the rumen of a wether (3 years old given 1.6 kg/d meadow hay) 16 h after
feeding. We used WIinSAAM to fit a two-compartment model describing the disappearance
of NO3 and the appearance of NO, after the NO; dose was administered into the rumen. The
situation appeared similar to that found by Barnett and Bowman (1957) in that NO, did not
appear immediately. To obtain a good fit to the data, it was necessary to program a ‘lag’ of
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0.93 h between the NO3 and NO, compartments. The fitted data are shown in the Fig. 6.8
below.

e
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Fig. 6.8. The output from a model fitted in WinSAAM showing the decrease in NOj;
concentration in rumen fluid (A ) after administration of 8.75 g NO; into the rumen and
the appearance, after a delay, of NO, in rumen fluid (o, data from Fig 1, (Lewis 1951).
The dotted line with no experimental data represents the NO; in a putative pool
thought to be responsible for the delay in appearance of NO,

As in other studies, the disappearance of NO3; appeared to be concentration-dependent but
was more rapid than in the studies discussed above (ty> = 0.5 h). However, the delay in the
appearance of NO, is difficult to explain if only concentration-dependent kinetics are applied.
It is possible that nitrite reductase activity would be better explained by applying Michaelis-
Menten kinetics but, even with this assumption, it is difficult to reconcile the results.

Notably, the model indicates that the formation of rumen fluid NO, was not quantitative and
there was a substantial loss of NO3; before its conversion to NO, [L(0,1) versus L(2,1)]. (This
would in part represent the flow of NOj to the lower digestive tract and its absorption across
the rumen wall.)

Interestingly, Woods (1938) made the following observation: Experiments on the effect of pH
on the initial rate of H, uptake with NO; yielded a curious result. It was found that below pH
7.3 there is a marked lag period of about 5 min. before the rate becomes linear. This lag
period is less marked or absent at pH 7.3 and above. This phenomenon has been observed
with two other batches of organisms and no explanation can be offered for it.

UNE studies by Nolan, Hegarty and Li (paper in preparation)

In the published work on reduction of NO; in the rumen re-evaluated above, the quantities
of NO; administered have been delivered in relatively large meals. (Even with the N
studies of plasma NOj kinetics by Lewicki et al. (1998) relatively large amounts of NO;
with a low N enrichment were used.) It seems probable that the quantities of NO; fed,
and in particular, the NO, produced, may have altered the conditions in the rumen fluid to
the extent that microbial activities were altered or compromised.

At UNE, we studied the kinetics of a single intra-ruminal dose of *>°NO; in 8 sheep given a
diet of chaffed oaten hay (9.7 MJ ME, 60 g CP, 2.9 g NO3/kg DM) containing iso-
nitrogenous additions of either NO; (2.5% of DM) or urea-N (1.2% of DM). However, the
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ration was given in small meals (31 g) at hourly intervals, so that the sheep probably
ingested small amounts of NO; every hour. The *’NO; administered was a small fraction of
the total NO3; entering the rumen.

A 3-compartment model (NOs;, ammonia and bacterial N isolated from rumen fluid) was used
to describe the transfers of N from NO3; to NH; and bacterial N in the rumen of the sheep.
Enrichments of N in rumen NH; and bacterial compartments after a single intraruminal
administration of *NO; or *NH; were visually and statistically well-fitted by this model. The
model solutions enabled the completeness of reduction of ruminal NO3 to NH;3 to be
estimated; in addition, NH; and bacterial compartment masses and N transfers between
them were quantified.
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Fig. 6.9. Output from a 3-compartment rumen model for a sheep (shown as lines over-
plotted on experimental data represented by symbols) for enrichment of NH;-N (A)
and bacterial N (m) after intraruminal injection of >NH,-Cl (A), and NOs-N (no data,
simulated solid line), NHs-N (A) and bacterial N (m) after intraruminal injection of the
same amount of N as K*®NOj; (B). The sheep was ingesting a diet of chaffed oaten
hay containing 1.2% urea and 0.06% NO; in the dry matter. All 4 sets of enrichment
data were fitted simultaneously using the one model.

In contrast to the results of the ‘intraruminal NO; loading’ experiments discussed above,
these results suggest the small amount of NO; administered was rapidly reduced to NO; and
then to ammonia in the rumen — this is evident from the apparently rapid decay in NO3
enrichment and the almost immediate appearance of label in rumen fluid ammonia (Fig. 6.9).

The solutions for the model output for sheep given iso-nitrogenous amounts of urea and or
NO; are given in the figures 6.10 ad 6.11 below.
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Fig. 6.10. Urea-supplemented sheep. A steady state model showing compartment
sizes (M(i), g N) and inter-compartmental flow rates (R(i,j), g N/d) in the rumen fluid of
sheep (mean % SE). The model was fitted to experimental tracer data from
compartments 2 and 3 for each of the sheep given a diet of chaffed oaten hay
supplemented with 12 g urea or 5.52 g urea-N/d (see example of fit for one of the
sheep in Fig. 2a).
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Fig. 6.11. NOjs-supplemented sheep. A steady state model showing compartment
sizes (M(i), g N) and inter-compartmental flow rates (R(l,j), g N/d) in the rumen of
sheep (mean = SE). The model was fitted to experimental tracer data from
compartments 2 and 3 for each of the sheep given a diet of chaffed oaten hay and a
supplement of KNO; supplying 24.4 g NOsor 5.52 g N/d (see example of fit for one of
the sheep in Fig. 2b).

Some NO;3-N (about 27%) of that entering the NO; compartment) was not converted to NH;
and therefore was unavailable to oxidize metabolic H, and thereby reduce methane
emissions;. 73% of the NO3 entering the rumen was chemically reduced to NHs; while the
remaining 27% was directly assimilated by bacteria (19%) or absorbed across the gut wall or
removed as NO; or NO, in digesta flowing out of the rumen (8%).
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The results show that only a small fraction of the NO; reduced in the rumen was directly
assimilated by rumen microbes (about 6% of the N incorporated by microbes in the sheep
fed NOg). If assimilatory processes occurred within individual microbes (i.e. NO3 reduction to
ammonia and ammonia incorporation into cell polymers), then *N in labelled NO; taken up
by microbes would be incorporated into **N-labelled cell polymers without first labelling *N-
ammonia in the rumen fluid medium. There is very little information on the relative
importance of assimilatory and dissimilatory pathways of NOjz reduction in mixed rumen
populations of microorganisms (see Lin and Stewart (1998)). According to our study, most of
the N administered intraruminally as **NOj is quickly reduced to >N-ammonia which then
entered rumen fluid before being taken up by microbes for incorporation into cell polymers.
This suggests the microbes performing the NO; reduction excreted NO, or ammonia into
rumen fluid and other microbes assimilated the rumen ammonia for cell polymer synthesis.

Effect of rate of ingestion of dietary NO; on MetHb formation

At UNE, de Raphélis-Soissan et al. (paper in preparation) offered sheep 1000 g oaten chaff
containing NO; daily as either as a single meal offered at 08:00 h, as 2 meals of 500 g
offered at 08:00 and 20:00 h, or as meals of 83.3 g at hourly intervals.

The concentration of MetHb was always below a clinically significant concentration (<12%)
but was closely dependent on the rate of ingestion (and probably absorption) of feed/NO;
(see Fig. 6.12 below). It can be concluded that nitrite build-up in rumen fluid and nitrite
absorption is closely relate to the rate of NO3 entry into the rumen fluid at any point during
the day. Management procedures that reduce the size of the pulses of NO; entering the
rumen and spread the entry of NO3; over a longer period will be likely to reduce the peak
concentrations of NO, in rumen fluid, and so reduce the risk of NO3 poisoning. Coated forms
of NO3 may help achieve this goal.

Feed intake recorded at intervals after feed containing NO3; was first offered to sheep at
08:00 h and the response in MetHb concentrations in blood is shown in Fig. 6.12 with the
same responses from similar sheep fed ad libitum.
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Fig. 6.12. Feed intake (g, blue line) recorded at intervals after feed containing NO3; was
first offered to sheep at 08:00 h and the response in MetHb concentrations in blood
monitored (red line). Figures show responses of sheep to (a) a single meal of 1000 g
offered at 08:00 h, (b) as 2 meals of 500 g offered at 08:00 and 20:00 h, or (c) as meals of
83.3 g at hourly intervals
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Intake rate after a single meal offered in the morning was initially quite high and this form of
feeding produced a higher MetHb peak concentration than when the same quantity of feed
was offered twice daily. When feed intake was relatively uniform throughout the day, MetHb
remained at baseline levels. These findings are similar to those of (Guerink et al. 1979) who
found that MetHb concentration increased with rate of forage intake.

In a study of fed-lot cattle, Velazco et al. (2014) found that NOs-fed cattle ingested more
meals over the day than cattle given meals containing the same quantity of N as urea (14.7
vs 7.39 meals/day; P < 0.05) and the meals were smaller (0.77 vs 1.82 kg/meal). The reason
for the difference in intake patterns is not clear. It is possible that cattle become aware of the
adverse metabolic consequences of ingesting NO; too quickly and modify their feeding
behavior to reduce this effect (du Toitl et al. 1991).

Conclusion. The results show that MetHb concentration in blood is closely associated with
patterns of NOj ingestion over time. It is possible that cattle respond to adverse metabolic
consequences when they ingest NO; too quickly and subsequently modify their feeding
behavior, taking more frequent but smaller meals, to reduce this effect. However, there are
differences between sheep in the magnitude of the MetHb response to similar intakes of NO;
and feeding behaviour of animals given NOz-supplemented diets may show corresponding
between-animal differences.
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Appendix 7 — Absorption of rumen NO, from the gut

UNE, Godwin/Nolan Expt — April 2014 (anaesthesised sheep)

One study (Pfander et al. 1956) showed NO3; and NO, were not absorbed from the rumen
and, surprisingly, there is little other direct evidence of NO; and NO, absorption from the
rumen, reticulum and omasum. Nevertheless, there is a general consensus in more recent
publications that this occurs.

At UNE, we (I.R. Godwin, J.V. Nolan, unpublished) studied the removal of NO, from the
rumen contents and appearance of NO; and MetHb in blood of an anaesthesised sheep
after 5 g KNO, was administered intraruminally. The rumen was tied off at the pylorus to
prevent distal flow of rumen contents and to eliminate the potential for post-ruminal
absorption of NO, or ammonia. The results are shown in Fig. 7.1 below.
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Fig. 7.1. Disappearance of ruminal NO, (A) after an intra-ruminal dose of 1018 mg
NO,-N and appearance of NO, (m) and NO; (o) in blood

The over-plotted lines in Fig 7.1 are the solution to a model fitted to the experimental data
using WinSAAM.

Table 7.1. Rate constants fitted by WIinSAAM to a three-compartment model
describing loss of NO; from the rumen compartment and appearance of NO, and NO;
in the blood of an anaesthesised sheep.

Category Form Solution Minimum Maximum FSD
L(0,1) D 1.00E-05/d

L(2,1) A 3.51 0.1 100 0.330
L(3,2) A 93.1 0.1 1000 0.343
L(0,3) A 0.099 0.099 10 92.1
P(1) A 4.5 Litres 4.5 8 0.082
P(2) A 14.7 2.7 15 0.382
P(3) D 14.7
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Conclusion. NO, was absorbed directly from the rumen, albeit slowly (t;, = 4.7 h),
contradicting earlier reports by Pfander et al. (1956). All NO,-N removed was later detected
in blood NO, and later blood NOs3, suggesting reduction of NO3 to ruminal ammonia (L(0,1))
was negligible. This could indicate that rumen microbial activity was compromised by the
added NO, which produced an unphysiologically high initial concentration of NO, in the
rumen. On the other hand, most of the NO, entering the blood was quickly oxidised to NOs.

Factors affecting NO, (and NOgs) concentration in the blood — re-analysis of
published studies of pathways of removal of NO, (and NO3) from the
bloodstream

NO, enters the blood from endogenous sources and by uptake from the gut. The rate of
removal of blood NO, has been the subject of a number of studies (e.g. (Lewis 1951; Barnett
and Bowman 1957; Farra and Satter 1971; Schneider and Yeary 1975; Wagner et al. 1983).
There is a general consensus that NO; is oxidised to NO3, or excreted via the kidneys, or
excreted into the gut as depicted in Fig. 7.2

Gut (absorption) (" \-—> Oxidation to nitrate
Plasma nitrite-N > Excretion via kidney
Endogenous S
3 Excretion into gut
\ J

Fig. 7.2. Entry and excretion of plasma NO,-N in ruminants

Reanalysis of data of Lewicki et al. (1994) and Schneider and Yeary (1975)

Data of Lewicki et al. (1994) and Schneider and Yeary (1975) were fitted to kinetic models
representing the elimination of plasma NO, by excretion and oxidation to NO; (represented
by the appearance of NOs-N in plasma).

Lewicki et al. (1994) gave an intravenous bolus dose of 400 pumol NOy/kgW to 6 Polish
wethers and monitored the changes in concentrations of NO, and NOj; in plasma and urine
for 30 h. The results were first fitted to a simple two-compartment model using WinSAAM but
the data for the NO; pool were poorly fitted and are not shown here. A better fit (Fig. 7.3)
was obtained by including an intermediate pool, even though the actual identity of such a
pool was unclear. The NO; and NO, were distributed in a volume of 12 L, equivalent to
about 25% of the average liveweight of the sheep and therefore the distribution volume
probably represented extracellular fluid. The results highlight the rapid turnover of the NO,
pool and the slower turnover of the NO; pool.
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Fig. 7.3. Elimination of NO»,-N from plasma of sheep and the appearance of plasma
NO; (data of Lewicki et al. (1994))

Schneider and Yeary (1975) gave a intravenous bolus dose of 20 mg NO,/kgW (45 mmol) to
7 adult cross-bred sheep (weights ranging from 30-74 kg) and monitored the changes in
concentrations of plasma NO, and NOs for up to 24 h. Their data were less well distributed
throughout the sampling period than data of (Lewicki et al. 1994) but were fitted without the
need for inclusion of an intermediate pool. The fitted curves are over-plotted on the
experimental data in Fig. 7.4.
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Fig. 7.4. Elimination of NO,-N from the plasma of sheep and the appearance of some
of this N as plasma NO; after oxidation (data of Schneider and Yeary (1975)

The ty, for NO; in the plasma compartment was 0.47 h, but elimination of NO3; was slower
(t1/2 of 4.2 h)

Conclusions. In general, the results of both plasma NO, challenge studies were similar.
The bolus NO, doses, in the quantities used in these studies, were rapidly eliminated from
the plasma (ty, values, 0.48 h) and there was a concurrent increase in blood NO;
concentration which, in comparison with the NO, pool, had a relatively slow turnover rate
(also see analysis below of data of (Lewicki et al. 1998). Variability in the data prevented
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strong conclusions to be made about the kinetics of elimination of plasma NO, by non-
oxidative routes, e.g. by excretion via the kidneys.

Kinetics of plasma NO; elimination

Lewicki et al. (1998) administered an intravenous dose of *°N-NO; (95.4% atom % excess;
0.4 mmol NO3z/kgW) to sheep (51 kg) and monitored plasma NO3, urinary NO3, ammonia and
urea concentrations for 50 h. These findings fit a hypothesis that there is transfer of NO3; into
the gut followed by microbial reduction of the NO3; to ammonia and then absorption of the
ammonia leading to synthesis of urea in the liver. In accord with this hypothesis, blood urea
was measurably enriched after 15 min and reached a maximum enrichment after 6 h. The
results have been re-evaluated by fitting a kinetic model to the published data and the figure
shows the transfer of plasma NO; to urea. The model allows for the remaining urea to be
transferred out of the animal tissues (presumably mainly by urinary urea excretion, even
though urea itself is also known to be transferred to the gut).
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Fig. 7.5. Appearance of >N-urea in plasma (B) of a sheep after the sheep was given an
intravenous dose of *®NO; The model was used to predict the rate of loss of *°N from
plasma >NO; (4).

In this study, NO; turnover (t;, of approx. 8 h) was again much slower than the turnover of
NO,. The volume of distribution of urea and NO3; was about 10 L which is consistent with
published studies suggesting that NO; and NO2 are distributed in extracellular and interstitial
fluid. The total excretion in urine of the NO3-N dose in all forms of nitrogenous materials by
the end of the 50-hour sampling period was only 24% of that administered.

According to this model, only about 2.5% of the N leaving the plasma NO; pool was directly
transferred to plasma urea. However, by the end of the sampling period, 14 % of the NO;
dose was excreted as urea in urine. Thus some labelled urea may also have been recycled
to the rumen and lower digestive tract and converted to labelled ammonia which is then
converted again to urea. The fraction excreted as ammonia after 50 h was 0.1%. The total
recovery of >N was only 38% of that administered. Of the remaining *°N in the body (62% of
that administered as '°NO;), some was presumably transferred to the gut as already
suggested, but the ammonia was apparently ultimately incorporated into tissue proteins and
other materials. The fate of the remaining *°N is, however, uncertain. According to some
researchers, it is possible NOs-N is incorporated locally in tissues, but this suggestion
requires further investigation.
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Appendix 8 - NOjz reduction in the human intestine:
Production of nitrous oxide and nitric oxide

Dissimilatory NO; reduction to ammonium (DNRA) is considered to be the main NO;
reducing process in human faecal microbiota (Allison and Macfarlane 1988; Vermeiren et al.
2009). Denitrification pathways have been demonstrated but in the study of Allison and
Macfarlane (1988) accounted for only 3% of the reduced NO3. On the other hand, when NO,
was added to faecal slurries, 23% of the NO, was recovered as gaseous products (Allison
and Macfarlane 1988). These workers concluded that large quantities of NO, may be
preferentially denitrified in the colon. When ®N-NO; was added, here was almost complete
recovery of *>N in ammonia in microbial environments (Vermeiren et al. 2009). Nevertheless,
small amounts of NO and N,O are produced during NOj3 reduction in the colon. It was first
suggested that NO and N,O may be side products of DNRA (Vermeiren et al. 2009), but a
later study showed that two biological processes can generate NO (see

Fig. 8.1). The bacterial reduction of NO; to NO, and the production of H,S by the
fermentation of readily available sulphur sources (cysteine or methionine) are both required
for the chemical process producing NO (Vermeiren et al. 2012a). Excluding starch from the
diet increased NO production (Vermeiren et al. 2012a), possibly because fermentation of
sulphur containing amino acids was increased. This in turn may have resulted in higher H,S
levels and therefore a higher NO production.

NO;5 5042‘/ protein fermentation
ﬁ:h:gicul /ﬁnlngit'ul
NO;” ———== HNO, H,S/HS"
Chemical
NO Oxidized sulfur compounds

Fig. 8.1: Proposed biological and chemical processes leading to NO production in the
human large intestine (Vermeiren et al. 2012a)

The addition of NO3 to faecal slurries reduced both hydrogen and methane accumulation
(Vermeiren et al. 2012b). In this study, NO; acted as an electron acceptor, with NO;
reduction out-competing CO, reduction and methanogenesis. In addition, there was
evidence of a direct inhibition of the methanogens by NO; and NO,. The VFA profile was
altered with NO; increasing the acetate to butyrate ratio. Allison and Macfarlane (1988)
argued that changes in VFA profile may not be linked only to the inhibition of
methanogenesis because the same observation was made in individuals that do not produce
methane.
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Nitrous oxide production in the rumen

The pathway of denitrification shown below apparently does not occur in rumen microbes
and N, is not a final product

NO; = NO; - NO 2 N,O 2 N,

However, as in the human colon, the production of N,O from NO; and NO, does occur.
Some rumen bacteria including Wolinella succinogenes appear to perform a dissimilatory
reduction of NO, to ammonia which is then secreted into the medium (Averill 1996).
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Appendix 9 - Methane production in the rumen

Methanogens belong to the phylum Euryarchaeota of the domain Archaea, and are divided
into the following five orders, namely Methanosarcinales, Methanomicrobiales,
Methanobacteriales, Methanococcales and Methanopyrales. Unlike bacteria, methanogens
lack peptidoglycan in the cell wall which is replaced in different orders by pseudomurein,
heteropolysaccharide or protein (Balch et al. 1979). All methanogens have coenzyme F420,
which is necessary for hydrogenase and formate dehydrogenase, Methanogens also require
coenzyme M, which they either import or produce themselves (Rouviere and Wolfe 1988).

Methanogen populations in the rumen (and in model rumen systems operated over a 240-h
period) were studied by means of the small subunit (SSU) rRNA phylogenetic framewaork for
group-specific enumerations. Members of the family Methanobacteriaceae were the most
abundant methanogens in the rumen, accounting for 89% (+ 1.0%) of total population of
archaea in the rumen fluid and 99% (+ 1.8%) of archaea in a protozoal fraction from rumen
fluid. The percentage of archaea in the model rumen systems after 48 h declined from 84%
(x 8.5%) to 54% (x 7.8%) which could be explained by the loss of protozoa from these
systems. It has been estimated that methanogens associated with protozoa are responsible
for 9 to 37% of the methane production in the rumen (Finlay et al. 1994). Anaerobic fungi
such as Neocallimastix frontalis have also been found to transfer H, to associated
methanogens with the result that their enzymatic activity is increased and metabolism is
shifted towards acetate production (Mountfort and Asher 1985).

Methanogens have symbiotic relationships with bacteria, protozoa and fungi in the rumen
involving interspecies H, transfer. Protozoa have both intracellular and extracellular
associations with methanogens (Sharp et al. 1998). Unlike H*, H, generated by oxidation of
NADH in the cytoplasm or by cleavage of formate in the periplasmic space can be
transferred between different microbes in the rumen).

As mentioned earlier, H, is a non-polar gas so is sparingly soluble in water and, because it
does not ionise, is unaffected by pH. The dissolved H, is a source of energy for
methanogens which use it to reduce CO, to methane as follows:

4'H2 + COz 9CH4 + 2H20

Dissolved H; in rumen fluid is highest after feeding when methane production is also highest
(Clapperton and Czerkawski 1969) and a linear relationship has been found between
dissolved H, concentrations and rates of methane formation (Hungate 1967).

Formate entering rumen fluid is generally converted quickly to H, and CO, (Hungate et al.
1970) and most methanogens in the rumen utilize H, and CO,. However, under some
conditions, formate can be converted to methane without prior oxidation to CO, (Fina et al.
1960) according to the equation.

4HCOOH -- 3CO;, + CH, + 2H,0

Boone et al. (1989) calculated the potential for H, and formate diffusion between microbes
and argued that at H, concentrations commonly found in nature, H, would not diffuse rapidly
enough to dispersed methanogenic cells to account for the normal rate of methane
synthesis. These workers argued that formate diffuses more rapidly than H, so may be a
primary carrier for inter-species electron transfer between syntropic microbes. In ecosystems
with no methanogens, formate is rapidly degraded to CO, and H, and rarely accumulates
(Hungate et al. 1970).
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Some methanogens use alternative substrates. For example, Methanosarcina grows only
slowly on H, and CO, but uses methanol and methylamines for methanogenesis (Hungate et
al. 1970). Methanol that is produced by fermentation of diets that contain pectins (Neumann
et al. 1999). Volatile fatty acids (VFA) are potential substrates for methanogenesis (e.g. in
biogas fermenters) but are not commonly used as substrates for methanogenesis in the
rumen as the time taken for their conversion to H, and CO, is incompatible with a relatively
fast digesta turnover.

Page 68 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

7 References

Abbas RF, Sulaiman AA, Marouf BH, Hussain SA (2011) Concentration-effect relationship
for the radical scavenging activity of telmisartan in nitrite-induced hemoglobin
oxidation: In-vitro study. International Journal of Comprehensive Pharmacy 8, 1-5.

Addiscott TM (2005) 'Nitrate, Agriculture and the Environment." (Wallingford, Oxfordshire
UK,CABI. :

Adragna NC, Lauf PK (1998) Role of nitrite, a nitric oxide derivative, in K-Cl| cotransport
activation of low-potassium sheep red blood cells. Journal of Membrane Biology 166,
157-67.

Agar NS, Evans JV, Roberts J (1972) Red blood cell potassium and haemoglobin
polymorphism in sheep. A review. Animal Breeding Abstracts 40, 407-436.

Agar NS, Godwin IR, Suzuki M, Hablethwaite J, Roberts J, Hume ID (1986) Comparative red
blood cell metabolism in three wallaby species, Macropus eugenii, Macropus parma
and Thylogale thetis (Macropodidae: Marsupialia). Comparative Biochemistry and
Physiology 85A, 297-299.

Agar NS, Harley JD (1972) Erythrocytic methaemoglobin reductases of various mammalian
species. Experientia 28, 1248-9.

Akunna JC, Bizeau C, Moletta R (1992) Denitrification in anaerobic digesters: Possibilities
and influence of wastewater COD/N-NOX ratio. Environmental Technology 13, 825-
836.

Alaboudi AR, Jones GA (1985) Effect of acclimation to high nitrate intakes on some rumen
fermentation parameters in sheep. Canadian Journal of Animal Science Journal 65,
841-849.

Allison C, Macfarlane GT (1988) Effect of nitrate on methane production and fermentation by
slurries of human faecal bacteria. Microbiology 134, 1397-1405.

Allison MJ, Dougherty RW, Bucklin JA, Snyder EE (1964) Ethanol accumulation in the
rumen after overfeeding with readily fermentable carbohydrate. Science 144, 54-55.

Allison MJ, Reddy CA (1984) Adaptations of gastrointestinal bacteria in response to changes
in dietary oxalate and nitrate. In 'Proceedings of the Third International Symposium
on Microbial Ecology ' (Eds MJ Klug, CA Reddy.) pp. 248-256. (American Society for
Microbiology. Washington, DC: Washington, DC)

Almac E, Bezemer R, Hilarius-Stokman PM, Goedhart P, de Korte D, Verhoeven AJ, Ince C
(2014) Red blood cell storage increases hypoxia-induced nitric oxide bioavailability
and methemoglobin formation in vitro and in vivo. Transfusion 54, 3178-3185.

Amarowicz R, Kmita-Glazewska H, Karamac M (1996) Nitrite-binding properties of cabbage
lyophilsates and dietary fibre from cabbage and pea. Nahrung (Wissenschaftliche
Kurzberichte-Short Communications) 40, 44-46.

Andrade SLA, Einsle O (2013) The tricky task of nitrate/nitrite antiport. Angewandte Chemie
International Edition 52, 10422-10424.

Angelico F, Loffredo L, Pignatelli P, Augelletti T, Carnevale R, Pacella A, Albanese F,
Mancini I, Di Santo S, Del Ben M, Violi F (2012) Weight loss is associated with
improved endothelial dysfunction via NOX2-generated oxidative stress down-
regulation in patients with the metabolic syndrome. Internal Emergency Medicine 7,
219-27.

Asanuma H, Sanada S, Asakura M, Asano Y, Kim J, Shinozaki Y, Mori H, Minamino T,
Takashima S, Kitakaze M (2014) Carperitide induces coronary vasodilation and limits
infarct size in canine ischemic hearts: role of NO. Hypertension Research, Japan 37,
716-23.

Asanuma N, lwamoto M, Kawato M, Hino T (2002) Numbers of nitrate-reducing bacteria in
the rumen as estimated by competitive PCR. Animal Science Journal 73, 199-205.

Asanuma N, Yoshii T, Hino T (2003) Isolation of a new nitrite-reducing bacteia, and
augmentation of nitrite reduction in the rumen by introducing one of the isolated
bacteria. Japanese Journal of Zootechnical Science 137, 1-17.

Page 69 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

Asbury AC, Rhode EA (1964) Nitrite intoxication in cattle: The effects of lethal doses of nitrite
on blood pressure American Journal of Veterinary Research 25, 1010-3.

Aschenbach JR, Bilk S, Tadesse G, Stumpff F, Gabel G (2009) Bicarbonate-dependent and
bicarbonate-independent mechanisms contribute to nondiffusive uptake of acetate in
the ruminal epithelium of sheep. American Journal of Physiology - Gastrointest Liver
Physiol 296, G1098-107.

Atyabi N, Yasini SP, Jalali SM, Shaygan H (2012) Antioxidant effect of different vitamins on
methemoglobin production: An in vitro study. Veterinary Research Forum 3, 97-101.

Averill BA (1996) Dissimilatory nitrite and nitric oxide reductases. Chemical Reviews 96,
2951-2964.

Balch WE, Fox GE, Magrum LJ (1979) Methanogens: reevaluation of a unique biological
group. Microbiological Reviews 43, 260-296.

Barahona MV, Sanchez-Fortun S, San Andres MD, Ballesteros E, Contreras J, San Andres
M (1998) Involvement of the L-arginine/nitric oxide neural pathway in non-adrenergic,
non-cholinergic relaxation of the bovine oesophageal groove. Journal of Autonomic
Pharmacology 18, 65-73.

Barnett JA, Bowman IBR (1957) In vitro studies on the reduction of nitrate by rumen liquor.
Journal of Science Food and Agriculture 8, 243-248.

Bartholomew B, Hill MJ (1984) The pharmacology of dietary nitrate and the origin of urinary
nitrate. Food and Chemical Toxicology 22, 789-95.

Basu S, Grubina R, Huang J, Conradie J, Huang Z, Jeffers A, Jiang A, He X, Azarov |,
Seibert R, Mehta A, Patel R, King SB, Hogg N, Ghosh A, Gladwin MT, Kim-Shapiro
DB (2007) Catalytic generation of N,Oz; by the concerted nitrite reductase and
anhydrase activity of hemoglobin. Nature Chemical Biology 3, 785-94.

Batina P, Fritsch P, de Saint Blanquat G, Mitjavila MT (1990) In vitro kinetics of the oxidative
reactivity of nitrate and nitrite in the rat erythrocyte. Food Additives and Contaminants
7 Suppl 1, S145-9.

Bellavia L, DuMond JF, Perlegas A, Bruce King S, Kim-Shapiro DB (2013) Nitroxyl
accelerates the oxidation of oxyhemoglobin by nitrite. Nitric Oxide 31, 38-47.

Benatti U, Guida L, Grasso M, Tonetti M, De Flora A, Winterbourn CC (1985) Hexose
monophosphate shunt-stimulated reduction of methemoglobin by divicine. Archives
of Biochemistry and Biophysics 242, 549-56.

Berks BC, Richardson DJ, Reilly A, Willis AC, Ferguson SJ (1995) The napEDABC gene
cluster encoding the periplasmic nitrate reductase system of Thiosphaera
pantotropha. Biochemical Journal 309 (Pt 3), 983-92.

Betke K, Greinacher |, Tietze O (1956) Oxydation menschlicher und tierischer
oxyhamoglobine durch natriumnitrit. Archiv fur Experimentelle Pathologie und
Pharmakologie 229, 220-232.

Blood AB, Power GG (2007) In vitro and in vivo kinetic handling of nitrite in blood: effects of
varying hemoglobin oxygen saturation. American Journal of Physiology - Heart and
Circulatory Physiology 293, H1508-17.

Blum JW, Morel C, Hammon HM, Bruckmaier RM, Jaggy A, Zurbriggen A, Jungi T (2001)
High constitutional nitrate status in young cattle. Comparative Biochemistry and
Physiology Part A Molecular and Integrative Physiology 130, 271-82.

Boone DR, Johnson RL, Liu Y (1989) Diffusion of the interspecies electron carriers H(2) and
formate in methanogenic ecosystems and its implications in the measurement of
K(m) for H(2) or formate uptake. Applied and Environmental Microbiology 55, 1735-
1741.

Borgese N, Pietrini G, Gaetani S (1987) Concentration of NADH-cytochrome b5 reductase in
erythrocytes of normal and methemoglobinemic individuals measured with a
guantitative radioimmunoblotting assay. Journal of Clinical Investigation 80, 1296-
302.

Brightling T (2006) 'Livestock Diseases in Australia." (C.H. Jerram & Associates: Mt
Waverley Victoria)

Page 70 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

Brittain T, Blackmore R, Greenwood C, Thomson AJ (1992) Bacterial nitrite-reducing
enzymes. European Journal of Biochemistry 209, 793-802.

Brunet RC, Garcia-Gill LJ (1996) Sulphide induces dissimilatory nitrate reduction to
ammonia in anaerobic freshwater sediments. FEMS Microbiological Ecology 21, 131-
138.

Bruning-Fann C, Kaneene J (1993) The effects of nitrate, nitrite, and N-nitro compounds on
animal health. Veterinary and Human Toxicology 35, 237-253.

Bryan NS (2006) Nitrite in nitric oxide biology: Cause or consequence?: A systems-based
review. Free Radical Biology and Medicine 41, 691-701.

Cabello P, Roldan MD, Moreno-Vivian C (2004) Nitrate reduction and the nitrogen cycle in
archaea. Microbiology 150, 3527-46.

Calabrese EJ, Moore GS, Williams PS (1983) An evaluation of the dorset sheep as a
predictive animal model for the response of G-6-PD deficient human erythrocytes to
a proposed systemic toxic ozone intermediate, methyl oleate hydroperoxide.
Veterinary and Human Toxicology 25, 241-6.

Callaghan MJ, Tomkins NW, Benu I, Parker AJ (2014) How feasible is it to replace urea with
nitrates to mitigate greenhouse gas emissions from extensively managed beef cattle?
Animal Production Science 54, 1300-1304.

Campanella ME, Chu H, Low PS (2005) Assembly and regulation of a glycolytic enzyme
complex on the human erythrocyte membrane. Proceedings of the National Academy
of Science U S A 102, 2402-7.

Cantu-Medellin N, Vitturi DA, Rodriguez C, Murphy S, Dorman S, Shiva S, Zhou Y, Jia Y,
Palmer AF, Patel RP (2011) Effects of T- and R-state stabilization on
deoxyhemoglobin-nitrite reactions and stimulation of nitric oxide signaling. Nitric
Oxide 25, 59-69.

Carvalho FA, Mesquita R, Martins-Silva J, Saldanha C (2004) Acetylcholine and choline
effects on erythrocyte nitrite and nitrate levels. Journal of Applied Toxicology 24, 419-
27.

Chaucheyras-Durand F, Masseglia S, Fonty G, Forano E (2010) Influence of the
composition of the cellulolytic flora on the development of hydrogenotrophic
microorganisms, hydrogen utilization, and methane production in the rumens of
gnotobiotically reared lambs. Applied and Environmental Microbiology 76, 7931-7.

Chen J, Godwin IR (2013) The effects of nitric oxide synthetase stimulation and inhibition on
rumen motility in sheep. Recent Advances in Animal Nutrition in Australia 19, 29-30.

Chobanyan-Jurgens K, Schwarz A, Bohmer A, Beckmann B, Gutzki FM, Michaelsen JT,
Stichtenoth DO, Tsikas D (2012) Renal carbonic anhydrases are involved in the
reabsorption of endogenous nitrite. Nitric Oxide 26, 126-31.

Clapperton JL, Czerkawski JW (1969) Methane production and soluble carbohydrates in the
rumen of sheep in relation to the time of feeding and the effects of short-term
intraruminal infusions of unsaturated fatty acids. British Journal of Nutrition 23, 813-
26.

Cockrum RR, Austin KJ, Kim JW, Garbe JR, Fahrenkrug SC, Taylor JF, Cammack KM
(2010) Differential gene expression of ewes varying in tolerance to dietary nitrate.
Journal of Animal Science 88, 3187-97.

Cockwill CL, McAllister TA, Olson ME, Milligan DN, Ralston BJ, Huisma C, Hand RK (2000)
Individual intake of mineral and molasses supplements by cows, heifers and calves.
Canadian Journal of Animal Science 80, 681-690.

Coleman MD, Hayes PJ, Jacobus DP (1998) Methaemoglobin formation due to nitrite,
disulfiram, 4-aminophenol and monoacetyldapsone hydroxylamine in diabetic and
non-diabetic human erythrocytes in vitro. Environmental Toxicology and
Pharmacology 5, 61-7.

Conahey GR, Power GG, Hopper AO, Terry MH, Kirby LS, Blood AB (2008) Effect of inhaled
nitric oxide on cerebrospinal fluid and blood nitrite concentrations in newborn lambs.
Pediatric Research 64, 375-80.

Page 71 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

Cosby K, Partovi KS, Crawford JH, Patel RP, Reiter CD, Martyr S, Yang BK, Waclawiw MA,
Zalos G, Xu X, Huang KT, Shields H, Kim-Shapiro DB, Schechter AN, Cannon RO,
3rd, Gladwin MT (2003) Nitrite reduction to nitric oxide by deoxyhemoglobin
vasodilates the human circulation. Nature Medicine 9, 1498-505.

Csallany AS, Ayaz KL (1978) Effects of nitrate, nitrite and vitamin e on methemoglobin
formation in rats. Toxicology Letters 2, 145-147.

CSIRO (2007) Nutrient Requirements of Domesticated Livestock. (Eds M Freer, H Dove, JV
Nolan.) (CSIRO: Melbourne, Australia)

Dalsgaard T, Simonsen U, Fago A (2007) Nitrite-dependent vasodilation is facilitated by
hypoxia and is independent of known NO-generating nitrite reductase activities.
American Journal of Physiology - Heart and Circulatory Physiology 292, H3072-8.

Dawson KA, Allison MJ (1988) Digestive disorders and nutritional toxicity. In 'The Rumen
Microbial Ecosystem.' (Ed. PN Hobson.) pp. 445-459. (Elsevier Applied Science:
London)

de Raphélis-Soissan V, Li L, Godwin IR, Barnett MC, Perdok HB, Hegarty RS (2014) Use of
nitrate and Propionibacterium acidipropionici to reduce methane emissions and
increase wool growth of Merino sheep. Animal Production Science 54, 1860-1866.

Dejam A, Hunter CJ, Pelletier MM, Hsu LL, Machado RF, Shiva S, Power GG, Kelm M,
Gladwin MT, Schechter AN (2005) Erythrocytes are the major intravascular storage
sites of nitrite in human blood. Blood 106, 734-9.

Diven RH, Reed RE, Pistor WJ (1964) The physiology of nitrite poisoning in sheep Annals of
the New York Academy of Sciences 111, 638-43.

Doblander C, Lackner R (1996) Metabolism and detoxification of nitrite by trout hepatocytes.
Biochimica et Biophysica Acta 1289, 270-4.

Doelle HW (1975) ATP-sensitive and ATP-insensitive phosphofructokinase in Escherichia
coli K-12. European Journal of Biochemistry 50, 335-342.

Doyle MP, Pickering RA, De Weert TM, Hoekstra JW, Pater D (1981) Kinetics and
mechanism of the oxidation of human deoxyhemoglobin by nitrites. Journal of
Biological Chemistry 256, 12393-12398.

du Toitl JT, Provenza FD, Nastis A (1991) Conditioned taste aversions: how sick must a
ruminant get before it learns about toxicity in foods? . Applied Animal Behaviour
Science 20, 35-46.

Ebert B, Jelkmann W (2014) Intolerability of cobalt salt aserythropoietic agent Drug Testing
and Analysis 6, 185-189.

Einsle O, Messerschmidt A, Huber R, Kroneck PM, Neese F (2002) Mechanism of the six-
electron reduction of nitrite to ammonia by cytochrome c nitrite reductase. Journal of
the American Chemical Society 124, 11737-45.

Emanuelle SM (2006) 'Microencapsulation and its application in animal nutrition, 4th Mid-
Atlantic Nutrition Conference.' University of Maryland, College Park, MD, USA.
Emerick RJ, Embry LB, Seerley RW (1965) Rate of formation and reduction of nitrite-
induced methemoglobin in vitro and in vivo as influenced by diet of sheep and age of

swine. Journal of Animal Science 24, 221-30.

Everse J (1990) Photochemical reduction of methemoglobin and methemoglobin derivatives.
Free Radical Biology and Medicine 9, Suppl. 1, 81.

Farra PA, Satter LD (1971) Manipulation of the ruminal fermentation. Ill. Effect of nitrate on
ruminal volatile fatty acid production and milk composition. Journal of Dairy Science
54, 1018-1024.

Feelisch M, Fernandez BO, Bryan NS, Garcia-Saura MF, Bauer S, Whitlock DR, Ford PC,
Janero DR, Rodriguez J, Ashrafian H (2008) Tissue processing of nitrite in hypoxia:
an intricate interplay of nitric oxide-generating and -scavenging systems. Journal of
Biological Chemistry 283, 33927-34.

Fens MH, Larkin SK, Oronsky B, Scicinski J, Morris CR, Kuypers FA (2014) The capacity of
red blood cells to reduce nitrite determines nitric oxide generation under hypoxic
conditions. PLoS One 9, €101626.

Page 72 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

Fernandez BO, Ford PC (2003) Nitrite catalyzes ferriheme protein reductive nitrosylation.
Journal of the American Chemical Society 125, 10510-1.

Fina LR, Sincher HJ, Decou DF (1960) Evidence for production of methane from formic acid
by direct reduction. Archives of Biochemistry and Biophysics 91, 159-62.

Finlay BJ, Esteban G, Clarke KJ, Williams AG, Embley TM, Hirt RP (1994) Some rumen
ciliates have endosymbiotic methanogens. FEMS Microbiology Letters 117, 157-61.

Fjell DL, Blasi DA, Towne G (1991) Nitrate and prussic acid toxicity in forage: causes,
prevention, and feeding management. Kansas State University, USA, Departments of
Agronomy & Animal Science.

Forster P, Ramaswamy V, Artaxo P, Berntsen T, Betts R, Fahey DW, Haywood J, Lean J,
Lowe DC, Myhre G, Nganga J, Prinn R, Raga G, Schulz M, Van Dorland R (2007)
Changes in Atmospheric Constituents and in Radiative Forcing. In 'Climate Change
2007.The Physical Science Basis. Contribution of Working Group | to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change.' (Eds S
Solomon, D Qin, M Manning, Z Chen, M Marquis, KB Averyt, M Tignor, HL Miller )
(Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.:
Cambridge University Press, Cambridge, UK and New York)

Fricker SP, Slade E, Powell NA, Vaughan OJ, Henderson GR, Murrer BA, Megson IL,
Bisland SK, Flitney FW (1997) Ruthenium complexes as nitric oxide scavengers: a
potential therapeutic approach to nitric oxide-mediated diseases. British Journal of
Pharmacology 122, 1441-9.

Friedman MA, Greene EJ, Epstein SS (1972) Rapid gastric absorption of sodium nitrite in
mice. Journal of Pharmaceutical Sciences 61, 1492-1494.

Fulton RD, Caldwell J, Weseli DF (1978) Methemoglobin reductase in three species of
Bovidae. Biochemical Genetics 16, 635-40.

Gaetani GF, Ferraris AM, Rolfo M, Mangerini R, Arena S, Kirkman HN (1996) Predominant
role of catalase in the disposal of hydrogen peroxide within human erythrocytes.
Blood 87, 1595-9.

Gates AJ, Butler CS, Richardson DJ, Butt JN (2011a) Electrocatalytic reduction of nitrate
and selenate by NapAB. Biochem Soc Trans 39, 236-42.

Gates AJ, Luque-Almagro VM, Goddard AD, Ferguson SJ, Roldan MD, Richardson DJ
(2011b) A composite biochemical system for bacterial nitrate and nitrite assimilation
as exemplified by Paracoccus denitrificans. Biochemical Journal 435, 743-753.

Gaunt SD, Baker DC, Green RA (1981) Clinicopathologic evaluation N-acetylcysteine
therapy in acetaminophen toxicosis in the cat. American Journal of Veterinary
Research 42, 1982-4.

Genkin AM, Volkov MS (1960) The inhibition of methemoglobin formation by glutamate.
Byulleten' Eksperimental'noi Biologii i Meditsiny 49, 72-74.

Giardina B, Messana |, Scatena R, Castagnola M (1995) The multiple functions of
hemoglobin. Critical Reviews in Biochemistry and Molecular Biology 30, 165-96.

Gladwin MT (2004) Haldane, hot dogs, halitosis, and hypoxic vasodilation: the emerging
biology of the nitrite anion. Journal of Clinical Investigation 113, 19-21.

Goddard AD, Moir JWB, Richardson DJ, Ferguson SJ (2008) Interdependence of two NarK
domains in a fused nitrate/nitrite transporter. Molecular Microbiology 70, 667-681.

Godfrey M, Majid DS (1998) Renal handling of circulating nitrates in anesthetized dogs.
American Journal of Physiology 275, F68-73.

Godwin IR (2014) Are sheep with HK erythrocytes less susceptible to nitrite poisoning? In
‘International Symposium on the Nutrition of Herbivores/International Symposium on
Ruminant Physiology (ISNH/ISRP). Canberra, Australia’, 8-12 september 2014.

Godwin IR, Li L, Luijben K, Oelbrandt N, Velazco J, Miller J, Hegarty R (2015) The effects of
chronic nitrate supplementation on erythrocytic methaemoglobin reduction in cattle.
Animal Production Science 54, (in Press).

Goopy JP (2014) MLA project B.CCH.6450, Milestone 5.2. Meat and Livestock Australia,
Sydney.

Page 73 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

Gottschalk G (1986) Bacterial fermentations (Ch. 8). In 'Bacterial metabolism." (Springer-
Verlag.: New York)

Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS, Tannenbaum SR (1982)
Analysis of nitrate, nitrite, and [*°N] nitrate in biological fluids. Analytical Biochemistry
126, 131-138.

Greenberg LA, Lester D, Haggard HW (1943) The reaction of hemoglobin with nitrite.
Journal of Biological Chemistry 151, 665-673.

Grudzinski | (1991) Studies on the mechanism of the toxic action of sodium nitrite on
intestinal absorption in rats. Archives of Environmental Contamination and
Toxicology 21, 475-479.

Guerink JH, Malestein A, Kemp A, Klooster A (1979) Nitrate poisoning in cattle. 3. The
relationship between nitrate intake with hay or fresh forage and the speed of intake
on the formation of methaemoglobin. Netherlands Journal of Agricultural Science 27,
268-276.

Gutsche HU, Peterson LN, Sauerwald KH, Levine DZ (1984) Impaired diluting capacity of
the thick ascending limb during loop bicarbonate and nitrate perfusion in vivo.
Canadian Journal of Physiology and Pharmacology 62, 1416-22.

Harborne NR, Griffiths L, Busby SJ, Cole JA (1992) Transcriptional control, translation and
function of the products of the five open reading frames of the Escherichia coli nir
operon. Mol Microbiol 6, 2805-13.

Hespell RB, Bryant MP (1979) Efficiency of rumen microbial growth: influence of some
theoretical and experimental factors of YATP. Journal of Animal Science 49, 1640-
1659.

Holtenius P (1957) Nitrite poisoning in sheep, with special reference to the detoxification of
nitrite in the rumen. Acta Agric Scand 7, 113-163.

Hon YY, Sun H, Dejam A, Gladwin MT (2010) Characterization of erythrocytic uptake and
release and disposition pathways of nitrite, nitrate, methemoglobin, and iron-nitrosyl
hemoglobin in the human circulation. Drug Metabolism and Disposition 38, 1707-13.

Horiguchi H, Oguma E, Nomoto S, Arao Y, lkeda K, Kayama F (2004) Acute exposure to
cobalt induces transient methemoglobinuria in rats. Toxicol Lett 151, 459-466.

Hristov AN, Oh J, Lee C, Meinen R, Montes F, Ott T, Firkins J, Rotz A, Dell C, Adesogan A,
Yang W, Tricarico J, Kebreab E, Waghorn G, Dijkstra J, Oosting S (Eds) (2013)
'‘Mitigation of greenhouse gas emissions in livestock production — A review of
technical options for non-CO2 emissions.' In 'FAO Animal Production and Health
Paper No. 177. FAO, Rome, Italy.". (Food and Agriculture Organization of the United
Nations: Rome, Italy)

Huang KT, Huang Z, Kim-Shapiro DB (2007) Nitric oxide red blood cell membrane
permeability at high and low oxygen tension. Nitric Oxide 16, 209-216.

Huang KT, Keszler A, Patel N, Patel RP, Gladwin MT, Kim-Shapiro DB, Hogg N (2005a) The
reaction between nitrite and deoxyhemoglobin: Reassessment of reaction kinetics
and stoichiometry. Journal of Biological Chemistry 280, 31126-31131.

Huang Z, Shiva S, Kim-Shapiro DB, Patel RP, Ringwood LA, Irby CE, Huang KT, Ho C,
Hogg N, Schechter AN, Gladwin MT (2005b) Enzymatic function of hemoglobin as a
nitrite reductase that produces NO under allosteric control. Journal of Clinical
Investigation 115, 2099-107.

Hultquist DE, Xu F, Quandt KS, Shlafer M, Mack CP, Till GO, Seekamp A, Betz AL, Ennis
SR (1993) Evidence that NADPH-dependent methemoglobin reductase and
administered riboflavin protect tissues from oxidative injury. American Journal of
Hematology 42, 13-18.

Hunault CC, van Velzen AG, Sips AJ, Schothorst RC, Meulenbelt J (2009) Bioavailability of
sodium nitrite from an aqueous solution in healthy adults. Toxicol Lett 190, 48-53.

Hungate RE (1967) Hydrogen as an intermediate in the rumen fermentation. Arch Mikrobiol
59, 158-64.

Hungate RE, Smith W, Bauchop T, Yu I, Rabinowitz JC (1970) Formate as an intermediate
in the bovine rumen fermentation. Journal of Bacteriology 102, 389-97.

Page 74 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

lannotti EL, Kafkewitz D, Wolin MJ, Bryant MP (1973) Glucose fermentation products in
Ruminococcus albus grown in continuous culture with Vibrio succinogenes: changes
caused by interspecies transfer of H,. Journal of Bacteriology 114, 1231-1240.

Inderlied CB, Delwiche EA (1973) Nitrate reduction and the growth of Veillonella
alcalescens. J Bacteriol 114, 1206-12.

Isbell TS, Gladwin MT, Patel RP (2007) Hemoglobin oxygen fractional saturation regulates
nitrite-dependent vasodilation of aortic ring bioassays. American Journal of
Physiology - Heart and Circulatory Physiology 293, H2565-72.

Iwamoto J, Krasney JA, Morin FC, 3rd (1994) Methemoglobin production by nitric oxide in
fresh sheep blood. Respiratory Physiology 96, 273-83.

Iwamoto M, Asanuma N, Hino T (2001) Effect of pH and electron donors on nitrate and
nitrite reduction in ruminal microbiota. Animal Science Journal 72, 117-125.

Iwamoto M, Asanuma N, Hino T (2002) Ability of Selenomonas ruminantium, Veillonella
parvula, and Wolinella succinogenes to reduce nitrate and nitrite with special
reference to the suppression of ruminal methanogenesis. Anaerobe 8, 209-215.

Iwata H, Masukawa T, Kasamatsu S, Inoue K, Okamoto H (1977) Acceleration of
methemoglobin reduction in erythrocytes by selenium. Experientia 33, 678-80.

Jainudeen MR, Hansel W, Davison KL (1964) Nitrate toxicity in dairy heifers. 2.
Erythropoietic responses to nitrate ingestion during pregnancy. Journal of Dairy
Science 47, 1382-1387.

Jameson ND (1958) Nitrate reduction the rumen of the grazing sheep. New Zealand Journal
of Agricultural Research 2, 96.

Janssen WJ, Dhaliwal G, Collard HR, Saint S (2004) Clinical problem-solving. Why "why"
matters. New England Journal of Medicine 351, 2429-34.

Jeffers A, Xu X, Huang KT, Cho M, Hogg N, Patel RP, Kim-Shapiro DB (2005) Hemoglobin
mediated nitrite activation of soluble guanylyl cyclase. Comparative Biochemistry and
Physiology A Molecular and Integrative Physiology 142, 130-5.

Jensen FB (2003) Nitrite disrupts multiple physiological functions in aquatic animals. Comp
Biochem Physiol A Mol Integr Physiol 135, 9-24.

Jensen FB (2005) Nitrite transport into pig erythrocytes and its potential biological role. Acta
Physiologica Scandinavica 184, 243-251.

Jensen FB, Rohde S (2010) Comparative analysis of nitrite uptake and hemaoglobin-nitrite
reactions in erythrocytes: sorting out uptake mechanisms and oxygenation
dependencies. American Journal of Physiology - Regulatory, Integrative and
Comparative Physiology 298, R972-R982.

Kaspar HF, Tiedje JM (1981) Dissimilatory reduction of nitrate and nitrite in the bovine
rumen: nitrous oxide production and effect of acetylene. Applied and Environmental
Microbiology 41, 705-9.

Kehmeier ES, Kropp M, Kleinbongard P, Lauer T, Balzer J, Merx MW, Heusch G, Kelm M,
Lepper W, Rassaf T (2008) Serial measurements of whole blood nitrite in an
intensive care setting. Free Radical Biology and Medicine 44, 1945-1950.

Kempel LJ, Godwin IR, McFarlane JR, Agar NS (1999) Erythrocyte metabolism in foetal
sheep. Small Ruminant Research 34, 27-31.

Kennett EC, Ogawa E, Agar NS, Godwin IR, Bubb WA, Kuchel PW (2005) Investigation of
methaemoglobin reduction by extracellular NADH in mammalian erythrocytes.
International Journal of Biochemistry and Cell Biology 37, 1438-45.

Kingston-Smith AH, Theodorou MK (2000) Post-ingestion metabolism of fresh forage. New
Phytologist 148, 37-55.

Kinoshita A, Nakayama Y, Kitayama T, Tomita M (2007) Simulation study of methemoglobin
reduction in erythrocytes. Differential contributions of two pathways to tolerance to
oxidative stress. FEBS Journal 274, 1449-58.

Kirchman DL (2000) 'Microbial ecology of the oceans.' (John Wiley & Sons:

Kleinbongard P, Dejam A, Lauer T, Rassaf T, Schindler A, Picker O, Scheeren T, Gtdecke
A, Schrader J, Schulz R, Heusch G, Schaub GA, Bryan NS, Feelisch M, Kelm M

Page 75 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

(2003) Plasma nitrite reflects constitutive nitric oxide synthase activity in mammals.
Free Radical Biology and Medicine 35, 790-796.

Kohn MC, Melnick RL, Ye F, Portier CJ (2002) Pharmacokinetics of sodium nitrite-induced
methemoglobinemia in the rat. Drug Metabolism and Disposition 30, 676-83.

Kosaka H, Imaizumi K, Imai K, Tyuma | (1979) Stoichiometry of the reaction of
oxyhemoglobin with nitrite. Biochimica et Biophysica Acta 581, 184-8.

Krejsa BB, Rouquette FM, Holt EC, Camp BJ, Nelson LR (1987) Alkaloid and nitrate
concentrations in pearl millet as influenced by drought stress and fertilization with
nitrogen and sulfur. Agronomy Journal 79, 266-270.

Kucera | (2005) Energy coupling to nitrate uptake into the denitrifying cells of Paracoccus
denitrificans. Biochimica et Biophysica Acta 1709, 113 - 118.

Kurup R, Barnes A, Kobryn H, Costa N (2011) 'Review of the effects of water quality on
ruminant health and productivity -MLA- B.NBP.0554." (Meat & Livestock Australia
Limited, North Sydney NSW 2059:

Lauf PK, Adragna NC, Agar NS (1995) Glutathione removal reveals kinases as common
targets for K-CI cotransport stimulation in sheep erythrocytes. American Journal of
Physiology 269, C234-41.

Li, L C. I. Silveira, J. V. Nolan, I. R. Godwin, R. A. Leng and R. S. Hegarty (2013) Effect of
added dietary nitrate and elemental sulfur on wool growth and methane emission of
Merino lambs. Animal Production Science 53, 1195-1201.

Leng RA (2008) The potential of feeding nitrate to reduce enteric methane production in
ruminants. Department of Climate Change, ACT Canberra, Australia. Available at
http://www.penambulbooks.com

Leng RA, Nolan JV (1984) Nitrogen metabolism in the rumen. Journal of Dairy Science 67,
1072-89.

Lewicki J, Garwacki S, Wiechetek M (1994) Nitrate and nitrite kinetics after single
intravenous dosage in sheep. Small Ruminant Research 13, 141-146.

Lewicki J, Wiechetek M, Souffrant WB, Karlik W, Garwacki S (1998) The fate of nitrogen
from °N-labeled nitrate after single intravenous administration of Na'>NOs in sheep.
Canadian Journal of Physiology and Pharmacology 76, 850-857.

Lewis D (1951) The metabolism of nitrate and nitrite in the sheep. 1. The reduction of nitrate
in the rumen of the sheep. Biochemical Journal 48, 175-80.

Li GH, Katakura M, Maruyama M, Enhkjargal B, Matsuzaki K, Hashimoto M, Shido O (2008)
Changes of noradrenaline-induced contractility and gene expression in aorta of rats
acclimated to heat in two different modes. European Journal of Applied Physiology
104, 29-40.

Li L, Malisang S, Hegarty RS, Nolan JV, Leng RA (2012) 'Delivery of dietary nitrate to sheep
through lick-blocks for enteric methane abatement, Proceedings of the 15th AAAP
Animal Science Congress. Thammasat University, Rangsit Campus, Thailand.'

Lin JT, Stewart V (1998) Nitrate assimilation by bacteria. Adv Microb Physiol 39, 1-30, 379.

Lin M, Guo W, Meng Q, Stevenson DM, Weimer PJ, Schaefer DM (2013) Changes in rumen
bacterial community composition in steers in response to dietary nitrate. Applied
Microbiology and Biotechnology 97, 8719-27.

Lin M, Schaefer DM, Guo WS, Ren LP, Meng QX (2011) Comparisons of in vitro nitrate
reduction, methanogenesis, and fermentation acid profile among rumen bacterial,
protozoal and fungal fractions. Asian-Australian Journal of Animal Science 24, 471-
478.

Lo SC, Agar NS (1986) NADH-methemoglobin reductase activity in the erythrocytes of
newborn and adult mammals. Experientia 42, 1264-5.

Low PS, Rathinavelu P, Harrison ML (1993) Regulation of glycolysis via reversible enzyme
binding to the membrane protein, band 3. Journal of Biological Chemistry 268,
14627-31.

Lu W, Du J, Schwarzer NJ, Wacker T, Andrade SLA, Einsle O (2013) The formate/nitrite
transporter family of anion channels. Biological Chemistry 394, 715-727.

Page 76 of 81


http://www.penambulbooks.com/

B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

Lu W, Du J, Wacker T, Gerbig-Smentek E, Andrade SL, Einsle O (2011) pH-dependent
gating in a FocA formate channel. Science 332, 352-4.

Lundberg JO, Gladwin MT, Ahluwalia A, Benjamin N, Bryan NS, Butler A, Cabrales P, Fago
A, Feelisch M, Ford PC, Freeman BA, Frenneaux M, Friedman J, Kelm M, Kevil CG,
Kim-Shapiro DB, Kozlov AV, Lancaster JR, Jr., Lefer DJ, McColl K, McCurry K, Patel
RP, Petersson J, Rassaf T, Reutov VP, Richter-Addo GB, Schechter A, Shiva S,
Tsuchiya K, van Faassen EE, Webb AJ, Zuckerbraun BS, Zweier JL, Weitzberg E
(2009) Nitrate and nitrite in biology, nutrition and therapeutics. Nature Chemical
Biology 5, 865-9.

Lundberg JO, Weitzberg E, Cole JA, Benjamin N (2004) Nitrate, bacteria and human health.
Nature Reviews Microbiology 2, 593-602.

LWRRDC (1999) Contamination of Australian Groundwater Systems with Nitrate ,
Occasional Paper No. 03/99, Land and Water Resources Research and
Development Corporation, Canberra.

Mamvura CI, Cho S, Mbiriri DT, Lee H, Choi H-J (2014) Effect of encapsulating nitrate in
sesame gum on in vitro rumen fermentation parameters. Asian-Australas J Anim Sci
27, 1577-1583.

Martinez-Espinosa RM, Marhuenda-Egea FC, Bonete MJ (2001) Assimilatory nitrate
reductase from the haloarchaeon Haloferax mediterranei: purification and
characterisation. FEMS Microbiol Lett 204, 381-5.

Matsuki T, Yubisui T, Tomoda A, Yoneyama Y, Takeshita M, Hirano M, Kobayashi K, Tani Y
(1978) Acceleration of methaemoglobin reduction by riboflavin in human
erythrocytes. British Journal of Haematology 39, 523-8.

May JM, Qu Z-C, Xia L, Cobb CE (2000a) Nitrite uptake and metabolism and oxidant stress
in human erythrocytes. American Journal of Physiology - Cell Physiology 279,
C1946-C1954.

May JM, Qu ZC, Xia L, Cobb CE (2000b) Nitrite uptake and metabolism and oxidant stress
in human erythrocytes. Am J Physiol Cell Physiol 279, C1946-54.

McKenzie RA, Rayner AC, Thompson GK, Pidgeon GF, Burren BR (2004) Nitrate-nitrite
toxicity in cattle and sheep grazing Dactyloctenium radulans (button grass) in
stockyards. Australian Veterinary Journal 82, 630-4.

Michaelsen JT, Dehnert S, Giustarini D, Beckmann B, Tsikas D (2009) HPLC analysis of
human erythrocytic glutathione forms using OPA and N-acetyl-cysteine ethyl ester:
evidence for nitrite-induced GSH oxidation to GSSG. Journal of Chromatography. B,
Analytical Technologies in the Biomedical and Life Sciences 877, 3405-17.

Mikulski R, Tu C, Swenson ER, Silverman DN (2010) Reactions of nitrite in erythrocyte
suspensions measured by membrane inlet mass spectrometry. Free Radical Biology
and Medicine 48, 325-31.

Moir JWB, Wood NJ (2001) Nitrate and nitrite transport in bacteria. Cellular and Molecular
Life Sciences 58, 215-224.

Moreno-Vivian C, Cabello P, Martinez-Luque M, Blasco R, Castillo F (1999) Prokaryotic
nitrate reduction: molecular properties and functional distinction among bacterial
nitrate reductases. Journal of Bacteriology 181, 6573-84.

Moreno-Vivian C, Ferguson SJ (1998) Definition and distinction between assimilatory,
dissimilatory and respiratory pathways. Molecular Microbiology 29,

Moreno-Vivian C, Flores E (Eds H Bothe, SJ Ferguson, WE Newton (2007) 'Nitrate
assimilation in bacteria.' (Elsevier, Amsterdam:

Mountfort D, Asher RA (1985) Production and regulation of cellulase by two strains of the
rumen anaerobic fungus Neocallimastix frontalis. Applied and Environmental
Microbiology 49, 13 14- 1322.

Muller M, Lindmark DG (1978) Respiration of hydrogenosomes of Tritrichomonas foetus. II.
Effect of CoA on pyruvate oxidation. Journal of Biological Chemistry 253,

Nagababu E, Ramasamy S, Rifkind JM (2006) S-nitrosohemoglobin: a mechanism for its
formation in conjunction with nitrite reduction by deoxyhemoglobin. Nitric Oxide 15,
20-9.

Page 77 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

Neumann L, Weigand E, Most E (1999) Effect of methanol on methanogenesis and
fermentation in the rumen simulation technique (RUSITEC). J. Anim. Physiol. a.
Anim. Nutr. 82 142-149.

Nolan JV, Ball FM, Murray RM, Norton BW, Leng RA (1974) Ealuation of a urea-molasses
supplement for grazing cattle. Proceedings of the Australian Society of Animal
Production 10, 91.

Nolan JV, Hegarty RS, Hegarty J, Godwin IR, Woodgate R (2010) Effects of dietary nitrate
on fermentation, methane production and digesta kinetics in sheep. Animal
Production Science 50, 801-806.

O'Dea JD, Agar NS (1980) The rate of methaemoglobin reduction and the level of reduced
glutathione in the red blood cells of sheep. Comparative Biochemistry and Physiology
66B, 577-579.

O'Donovan PB, Conway A (1968) Performance and vitamin A status of sheep grazing high-
nitrate pastures. Grass and Forage Science 23, 228-233.

Ogawa E, Kobayashi K, Yoshiura N, Mukai J (1987) Bovine postparturient hemoglobinemia:
hypophosphatemia and metabolic disorder in red blood cells. American Journal of
Veterinary Research 48, 1300-3.

Ogawa K, Akagawa E, Yamane K, Sun ZW, LaCelle M, Zuber P, Nakano MM (1995) The
nasB operon and nasA gene are required for nitrate/nitrite assimilation in Bacillus
subtilis. Journal of Bacteriology 177, 1409-1413.

Oplander C, Rosner J, Gombert A, Brodski A, Suvorava T, Grotheer V, van Faassen EE,
Kroncke KD, Kojda G, Windolf J, Suschek CV (2013) Redox-mediated mechanisms
and biological responses of copper-catalyzed reduction of the nitrite ion in vitro. Nitric
Oxide 35C, 152-164.

Page L, Griffiths L, Cole JA (1990) Different physiological roles of two independent pathways
for nitrite reduction to ammonia by enteric bacteria. Arch Microbiol 154, 349-54.
Paitian NA, Markossian KA, Nalbandyan RM (1985) The effect of nitrite on cytochrome

oxidase. Biochemical and Biophysical Research Communications 133, 1104-11.

Patel RP, Hogg N, Kim-Shapiro DB (2011) The potential role of the red blood cell in nitrite-
dependent regulation of blood flow. Cardiovascular Research 89, 507-515.

Paul RG, Williams AG, Butler RD (1990) Hydrogenosomes in the rumen entodiniomorphid
ciliate Polyplastron multivesiculatum. J Gen Microbiol 136, 1981-1989.

Petersson J, Phillipson M, Jansson EA, Patzak A, Lundberg JO, Holm L (2007) Dietary
nitrate increases gastric mucosal blood flow and mucosal defense. American Journal
of Physiology - Gastrointestinal and Liver physiology 292, G718-24.

Pfander WH, Ellis WC, Garner GB, Muhrer ME (1956) Journal of Animal Science 15, 1292.

Pfister JA (1988) Nitrate intoxication of ruminant livestock. In 'The Ecology and Economic
Impact of Poisonous Plants on Livestock Production.' (Eds LF James, MH Ralphs,
DB Nielsen.) pp. 233-259. (Westview Press: Boulder, Colorado)

Richardson DJ, Berks BC, Russell DA, Spiro S, Taylor CJ (2001) Functional, biochemical
and genetic diversity of prokaryotic nitrate reductases. Cellular and Molecular Life
Sciences 58, 165-178.

Richardson DJ, Watmough NJ (1999) Inorganic nitrogen metabolism in bacteria. Curr Opin
Chem Biol 3, 207-19.

Rodkey FL (1976) A mechanism for the conversion of oxyhemoglobin to methemoglobin by
nitrite. Clinical Chemistry 22, 1986-1990.

Rodriguez C, Vitturi DA, He J, Vandromme M, Brandon A, Hutchings A, Rue LW, 3rd, Kerby
JD, Patel RP (2009) Sodium nitrite therapy attenuates the hypertensive effects of
HBOC-201 via nitrite reduction. Biochemical Journal 422, 423-32.

Rouviere PE, Wolfe RS (1988) Novel biochemistry of methanogenesis. Journal of Biological
Chemistry 263, 7913-791.

Russell JB (1990) Lowe-affinity, high-capacity system of glucose transport in the ruminal
bacterium Streptococcus bovis: evidence for a mechanism of facilitated diffusion.
Appl Environ Microbiol 56, 3304-7.

Page 78 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

Russell JB, Hespell RB (1981) Microbial rumen fermentation. Journal of Dairy Science 64,
1153-1169.

Sawers G (1994) The hydrogenases and formate dehydrogenases of Escherichia coli.
Antonie Van Leeuwenhoek 66, 57-88.

Schneider NR, Yeary RA (1975) Nitrite and nitrate pharmacokinetics in the dog, sheep and
pony. Am. J. Vet. Res. 36, 941-947.

Sears HJ, Little PJ, Richardson DJ, Berks BC, Spiro S, Ferguson SJ (1997) Identification of
an assimilatory nitrate reductase in mutants of Paracoccus denitrificans GB17
deficient in nitrate respiration. Arch Microbiol 167, 61-6.

Shahidi F, Hong C (1993) Nitrite-binding properties of dietary fibres. In 'Food and Cancer
Prevention: Chemical and Biological Aspects.' (Eds KW Waldron, IT Johnson, GR
Fenwick.) pp. 374-378. (The Royal Society of Chemistry: Cambridge)

Sharp R, Ziemer CJ, Stern MD, Stahl DA (1998) Taxonspecific associations between
protozoal and methanogen populations in the rumen and a model rumen system.
FEMS Microbiology Ecology 26, 71-78.

Shingles R, Roh MH, McCarty RE (1997) Direct measurement of nitrite transport across
erythrocyte membrane vesicles using the fluorescent probe, 6-methoxy-N-(3-
sulfopropyl) quinolinium. J Bioenerg Biomembr 29, 611-6.

Shoemaker DG, Bender CA, Gunn RB (1988) Sodium-phosphate cotransport in human red
blood cells. Kinetics and role in membrane metabolism. Journal of General
Physiology 92, 449-74.

Siddiqui RA, Warnecke-Eberz U, Hengsberger A, Schneider B, Kostka S, Friedrich B (1993)
Structure and function of a periplasmic nitrate reductase in Alcaligenes eutrophus
H16. Journal of Bacteriology 175, 5867-5876.

Simon J (2002) Enzymology and bioenergetics of respiratory nitrite ammonification. FEMS
Microbiology Reviews 26, 285-309.

Sinclair KB, Jones DIH (1964) Nitrate toxicity in sheep. Journal of Science, Food and
Agriculture 15, 717-721.

Sinha D, Sleight SD (1968) Experimental production of Heinz bodies in the pig. Toxicology
and Applied Pharmacology 12, 435-9.

Sokolowski JH, Hatfield EE, Garrigus US (1969) Effects of inorganic sulfur on potassium
nitrate utilization by lambs. Journal of Animal Science 28, 391-396.

van Zijderveld SM, Gerrits WJJ, Apajalahti JA, Newbold JR, Dijkstra J, Leng RA, Perdok HB
(2010) Nitrate and sulfate: Effective alternative hydrogen sinks for mitigation of
ruminal methane production in sheep. Journal of Dairy Science 93, 5856-5866.

Soupene E, Lee H, Kustu S (2002) Ammonium/methylammonium transport (Amt) proteins
facilitate diffusion of NH; bidirectionally. Proceedings of the National Academy of
Science USA 99, 3926-31.

Strickland LH (1931) The reduction of nitrates by E. coli. . Biochemistry Journal 25, 1543-
1554.

Suzuki T, Agar NS (1983) Glutathione peroxidase, superoxide dismutase and catalase in the
red blood cells of GSH-normal and GSH-deficient sheep. Experientia 39, 103-4.

Takaya N (2002) Dissimilatory nitrate reduction metabolisms and their control in fungi.
Journal of Bioscience and Bioengineering 94,

Taketa F, Chen JY (1977) Activation of the NADH-methemoglobin reductase reaction by
inositol hexaphosphate. Biochemical and Biophysical Research Communications 75,
389-93.

Tannenbaum S (1994) Nitrate and nitrite: origin in humans. Science 205, 1333-1335.

Tiedje JM (Ed. ZAJ B. (1988) 'Ecology of denitrification and dissimilatory nitrate reduction to
ammonium.' (John Wiley & Sons, New York, NY:

Tillman AD, Sheriha GM, Sirny RJ (1965) Nitrate reduction studies with sheep. Journal of
Animal Science 24, 1140-1146.

Titov VY, Petrenko YM (2003) Nitrite-catalase interaction as an important element of nitrite
toxicity. Biochemistry (Mosc) 68, 627-633.

Page 79 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

Tomoda A, Ida M, Tsuji A, Yoneyama Y (1980) Mechanism of methaemoglobin reduction by
human erythrocytes. Biochemical Journal 188, 535-40.

Tucker EM, Kilgour L (1970) An inherited glutathione deficiency and a concomitant reduction
in potassium concentration in sheep red cells. Experientia 26, 203-4.

Umbreit J (2007) Methemoglobin--it's not just blue: a concise review. American Journal of
Hematology 82, 134-44.

Unnikrishnan MK, Rao MN (1992) Curcumin inhibits nitrite-induced methemoglobin
formation. FEBS Letters 301, 195-6.

Unnikrishnan MK, Rao MNA (1995) Curcumin inhibits nitrogen dioxide induced oxidation of
hemoglobin. Molecular and Cellular Biochemistry 146, 35-37.

van Faassen EE, Bahrami S, Feelisch M, Hogg N, Kelm M, Kim-Shapiro DB, Kozlov AV, Li
H, Lundberg JO, Mason R, Nohl H, Rassaf T, Samouilov A, Slama-Schwok A, Shiva
S, Vanin AF, Weitzberg E, Zweier J, Gladwin MT (2009) Nitrite as regulator of
hypoxic signaling in mammalian physiology. Medical Research Reviews 29, 683-741.

Vega-Villa K, Pluta R, Lonser R, Woo S (2013) Quantitative systems pharmacology model of
NO metabolome and methemoglobin following long-term infusion of sodium nitrite in
humans. CPT Pharmacometrics and Systems Pharmacology 2, e60.

Velazco JI, Cottle DJ, Hegarty RS (2014) Methane emissions and feeding behaviour of
feedlot cattle supplemented with nitrate or urea. Animal Production Science 54,
1737-1740.

Vermeiren J, Hindryckx P, Van Nieuwenhuyse G, Laukens D, De Vos M, Boon N, Van de
Wiele T (2012a) Intrarectal nitric oxide administration prevents cellular infiltration but
not colonic injury during dextran sodium sulfate colitis. Dig Dis Sci 57, 1832-7.

Vermeiren J, Van de Wiele T, Van Nieuwenhuyse G, Boeckx P, Verstraete W, Boon N
(2012b) Sulfide- and nitrite-dependent nitric oxide production in the intestinal tract.
Microbial Biotechnology 5, 379-387.

Vermeiren J, Van de Wiele T, Verstraete W, Boeckx P, Boon N (2009) Nitric oxide
production by the human intestinal microbiota by dissimilatory nitrate reduction to
ammonium. Journal of Biomedicine and Biotechnology 2009, 284718.

Vetrella M, Astedt B, Barthelmai W, Neuvians D (1971) Activity of NADH- and NADPH-
dependent methemoglobin reductases in erythrocytes from fetal to adult age. A
parallel assessment. Klin Wochenschr 49, 972-7.

Vitturi DA, Teng X, Isbell TS, Lancaster Jr J, Patel RP (2006) Nitrite uptake by erythrocytes:
Insights into mechanism and regulation. Free Radical Biology and Medicine 31, S55.

Vitturi DA, Teng X, Toledo JC, Matalon S, Lancaster JR, Jr., Patel RP (2009) Regulation of
nitrite transport in red blood cells by hemoglobin oxygen fractional saturation.
American Journal of Physiology - Heart and Circulatory Physiology 296, H1398-407.

Wagner DA, Schultz DS, Deen WM, Young VR, Tannenbaum SR (1983) Metabolic fate of
an oral dose of ®N-labeled nitrate in humans: effect of diet supplementation with
ascorbic acid. Cancer Research 43, 1921-1925.

Wang LC, Garcia-Rivera J, Burris RH (1961) Metabolism of nitrate by cattle. Biochemistry
Journal 81, 237-242.

Wei Y, Li C, Zhang L, Su Z, Xu X (2014) Inhibition of methemoglobin formation in agqueous
solutions under aerobic conditions by the addition of amino acids. Int J Biol Macromol
64, 267-75.

Whatman S, Godwin IR, Nolan JV (2013) Nitrite toxicity in sheep: Hypotension or
methaemoglobinaemia? Recent Advances in Animal Nutrition in Australia 19, 33-34.

Winter AJ (1962) Studies on nitrate metabolism in cattle. Americal Journal of Veterinary
Research 23, 500-505.

Woods DD (1938) The reduction of nitrate to ammonia by Clostridium welchii. Biochemical
Journal 32, 2000-2012.

Wright RO, Magnani B Fau - Shannon MW, Shannon Mw Fau - Woolf AD, Woolf AD (1996)
N-acetylcysteine reduces methemoglobin in vitro. Annals of Emergency Medicine 28,
499-503.

Page 80 of 81



B.CCH.6188 Final Report - Minimising the risk of nitrite toxicity in ruminants when dietary nitrate is used to
mitigate methane emissions

Wu LF, Mandrand MA (1993) Microbial hydrogenases: primary structure, classification,
signatures and phylogeny. FEMS Microbiol Rev 10, 243-69.

Wurmli R, Wolffram S, Scharrer E (1987) Influence of nitrate and nitrite on electrolyte
transport by the rat small and large intestine. Comparative Biochemistry and
Physiology Part A Comparative Physiology 88, 127-9.

Yarlett N, Orpin CG, Munn EA, Yarlett NC, Greenwood CA (1986) Hydrogenosomes in the
rumen fungus Neocallimastix patriciarum. Biochem J 236, 729-39.

Yoshida J, Nakamura Y, Nakamura R (1982) Effects of protozoal fraction and lactate on
nitrate metabolism of microorganisms in sheep rumen. Nihon Chikusan Gakkaiho 53,
677-685.

Yoshida K, Kasama K, Kitabatake M, Imai M (1983) Biotransformation of nitric oxide, nitrite
and nitrate. International Archives of Occupational and Environmental Health 52,
103-115.

Yoshii T, Asanuma N, Hino T (2003) Number of nitrate- and nitrite-reducing Selenomonas
rumantium in the rumen, and possible factors affecting its growth. Animal Science
Journal 74, 483-491.

Zavodnik 1B, Lapshina EA, Rekawiecka K, Zavodnik LB, Bartosz G, Bryszewska M (1999)
Membrane effects of nitrite-induced oxidation of human red blood cells. Biochimica et
Biophysica Acta 1421, 306-316.

Zhao H, Xu X, Ujiie K, Star RA, Muallem S (1994) Transport and interaction of nitrogen
oxides and NO, with CO,-HCOj5 transporters in pancreatic acini. American Journal of
Physiology - Cell Physiology 267, C385-C393.

Zinn RA, Owens FN, Stuart RL, Dunbar JR, Norman BB (1987) B-vitamin supplementation
of diets for feedlot calves. Journal of Animal Science 65, 267-277.

Page 81 of 81



