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INTRODUCTION 
Mechanisms of absorption, post-absorptive transport, metabolic activation, catabolism 
and excretion of B-vitamins are in general similar in ruminants and non-ruminants. 

The mature ruminant animal is capable of synthesizing all B-vitamins including choline 
and inositol in its gastrointestinal (GI) system, and at moderate levels of production is 
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capable of satisfying its B-vitamin requirement entirely from synthesis in the rumen and 
intestine (Virtanen, 1963). Because of the varying extent of GI tract synthesis the B-vitamin 
status of the ruminant animal cannot be deduced from measurements of the B-vitamin 
content of the diet, and unequivocal thiamin and niacin deficiencies cannot generally be 
produced by giving diets low in those vitamins. Indeed, the occurrence of the uncomplicated 
deficiency disorders, such as are found in simple-stomached animals, are controversial for 
thiamin and unknown for niacin. The same is not true for preruminant animals which 
behave like non-ruminants. 

Marginal B-vitamin deficiencies may, however, occur in mature ruminants when 
requirements of B-vitamins are high or when decreased microbial synthesis or increased 
destruction of B-vitamins occurs in the rumen. Such conditions have been reported in the 
high-performing dairy cow, in fattening cattle and sheep, and in animals on pasture, 
consuming plants which contain antivitamins. Deficiencies may also occur in animals on 
diets which lead to microbial production of vitamin-destroying activities in the rumen and 
in animals receiving certain food additives and drugs (antibiotics or anthelmintics ; Miller zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaf. 1983d, 1986~).  Occurrence of such marginal deficiencies is, however, difficult to 
establish. Clear-cut clinical symptoms or biochemical criteria of a B-vitamin deficiency do 
not usually develop before the deficiency is severe. When the supply of a B-vitamin is 
merely suboptimal diagnosis relies on assessment of general performance, such as rate of 
growth, weight gain, milk yield or reduction of dry matter (DM) digestion; the smaller the 
degree of inadequacy of a B-vitamin supply the less sensitive these indicators become. 
Furthermore, subclinical symptoms are often complicated by deficiencies of other nutrients 
and by other uncontrollable variables. Thiamin deficiency in the rumen, for example, may 
significantly depress microbial protein synthesis (Candau & Kone, 1980), which per zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAse may 
result in poor growth. The nutritional and environmental factors which are suspected of 
limiting the animals’ performance through a marginal B-vitamin deficiency are often poorly 
understood. Improvements in general performance with a B-vitamin supplement are 
reported in one feeding trial. But the effects can sometimes not be verified in subsequent 
trials at other places or at the same place in another year (Harmeyer & Grabe, 1981 ; 
Giinther, 1987; Grosse-Holz & Harmeyer, 1988). 

T H I A M I N  
F U N C T I O N S  

The biologically active form of the vitamin B, coenzyme (previously aneurin) in energy 
metabolism is thiamin pyrophosphate (TPP) (Fig. 1) which acts in the irreversible 
decarboxylation reactions (cocarboxylase) of a-ketoacids (pyruvate + acetyl-CoA or a- 
ketoglutarate + succinyl-CoA) and in the transketolase reaction of the pentose phosphate 
cycle (ribulose-5-phosphate + ribose-5-phosphate + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAseduheptulose-7-phosphate + triose 
phosphate). The decarboxylation reactions are required for transfer of energy from glucose 
oxidation and from oxidation of non-essential amino acids via the citric acid cycle. The 
biochemical processes involved in the functions of the TPP-containing enzyme complex 
have been described (Koike & Koike, 1982; Gubler, 1984). The pentose phosphate cycle is 
required for formation of pentoses. 

Although energetic utilization of glucose is quantitatively less important for ruminants 
that for non-ruminants, pentoses are needed for nucleotide synthesis. Moreover, the 
pentose phosphate cycle contributes significantly to utilization of glucose by the mammary 
gland (Black et af. 1957) and brain (Smith & Glascock, 1969). It is, however, uncertain 
whether intermediary utilization in ruminant brain, which probably differs from other 
tissues (Moss, 1964), is depressed during thiamin deficiency, as Thornber et af. (1981) found 
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Fig. I .  Structure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof thiarninpyrophosphate. 

no differences in brain glucose uptake from measurements of arterio-venous differences 
between anaesthetized thiamin-deficient and control preruminant lambs. Dysfunctions of 
the central nervous system are, however, the major clinical symptoms of a diseased state in 
ruminants which is associated with thiamin deficiency, indicating that thiamin plays an 
important role in normal brain function. Since no convincing evidence has been presented 
that these symptoms are exerted through impaired energetic utilization of glucose, it is 
suggested that the functions of thiamin in the nervous system are at least partly mediated 
by mechanisms different from those exerted by the vitamin B, coenzyme. This assumption 
is based among other observations on the presence of a specific enzyme system in brain, 
ATP: thiamin-diphosphate phosphotransferase (EC 2 . 7 . 4 . 1 9 ,  which catalyses the 
synthesis of thiamintriphosphate (TTP) from TPP (Cooper zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. 1982; Nishino zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Itokawa, 
1983). The distinct function of TPP in brain is, however, still obscure. Some observations 
support the view that thiamin is required for normal brain transmitter functions. High 
affinity uptake of serotonin by synaptosomal cerebellar preparations from pyrithiamin- 
treated thiamin-deficient rats were reduced by 40 % compared to normal control rats. 
Conversely, high affinity uptakes of aspartate and glutamate, which also function as 
transmitters in brain, were selectively enhanced in these preparations. Vesicular uptake of 
serotonin by synaptosomes was markedly impaired and resulted in a significant increase in 
serotonin catabolism in cerebellar cortex. The cerebellar cortex is known to be directly 
involved in the control of motor functions (Plaitakis et al. 1982). 

T H I A M I N  S U P P L Y  A N D  METABOLISM I N  T H E  
G A S T R O I N T E S T I N A L  SYSTEM 

Metabolism in the rumen 

The thiamin supply of the ruminant host is mainly determined by the apparent synthesis 
of thiamin in the reticulo-rumen. About 90 % of the thiamin in the rumen is present in the 
particle-free rumen fluid as free thiamin, but mainly probably as TPP (Gerbaulet, 1979; 
Holler & Breves, 1980), and is readily accessible to extracellular microbial thiaminases 
(Edwin & Jackman, 1982). Daily flow of thiamin from the rumen into the duodenum of 
cattle and sheep fed on different diets ranged from 30 to 50mg/d (cattle; Steinberg & 
Kaufmann, 1977; Breves et al. 1981) and from 1.5 to 3.5 mg/d (sheep; Breves et al. 1980). 
Of the thiamin which reached the duodenum of sheep 90 % was of microbial origin (Breves 
et al. 1980, 1981). Synthesis of thiamin in the rumen of sheep was positively related to 
duodenal flow of microbial protein and to volatile fatty acid (VFA) concentration in the 
rumen. Apparent synthesis of thiamin may be depressed either by reduction of microbial 
thiamin synthesis or by increased degradation. The type of grain, for example, was found 
to influence apparent microbial synthesis of thiamin in the rumen, but the cause of these 
changes is still unclear (Miller et al. 1983 b, c).  The need to take account of both synthesis 
and degradation of thiamin was indicated by the finding that reduction in microbial activity 
due to phosphorus depletion appeared to depress thiamin synthesis but not thiamin flow 
to the duodenum, implying a parallel reduction in thiaminase activity (Barschdorf, 1985). 
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Two types of microbial thiaminase, I (EC 2 . 5 . 1  .2) and 11 (EC 3.5.99.2), have been 

detected in rumen contents (Evans, 1975; Edwin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Jackman, 1970, 1982). Under normal 
feeding conditions their activities in the rumen are usually small, allowing sufficient 
synthesis of thiamin to meet the animals’ requirements (Brent & Bartley, 1984). The two 
thiaminases degrade thiamin by different mechanisms. The exoenzyme thiaminase I 
catalyses nucleophilic displacement of the thiazole moiety from the methylene group by 
various other molecules and leads to the formation of thiamin derivatives. Its activity is 
strongly inhibited by thiamin or other primary substrates and stimulated by cosubstrates 
(secondary substrates) (Suzuki & Ooba, 1973; Kazemi & Brent 1985). Thiaminase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 is a 
hydrolytic enzyme that splits the methylene-N-thiazole bond to yield the pyrimidin and 
thiazole components (Fig. 2). Suitable cosubstrates (e.g. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA- 1 -pyrroline, cysteine, proline, 
hypotaurine, lysine and nicotinic acid) are required for the thiaminase I reaction to occur. 
These cosubstrates are believed to be ubiquitously present in rumen contents (Edwin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAel al. 
1976a; Boyd & Walton, 1977). It has been suggested that some of the thiamin derivatives 
after being absorbed from the GI tract may contribute to thiamin deficiency by competing 
with target cell thiamin-binding sites (thiamin antagonists) (Edwin et al. 1976 6). Although 
this has not yet been experimentally verified, it receives some support from the results of 
Mueller & Asplund (1981). 

In continuation of this assumption Brent & Bartley (1984) suggested that prophylactic 
feeding of extra thiamin to animals with high thiaminase I activity might increase 
production of thiaminase antagonists and thereby precipitate cerebrocortical necrosis 
(CCN), but this appears unlikely since supplemental thiamin or supplementation with the 
thiamin antagonist, thiamin propyldisulphide, suppressed extracellular thiaminase I 
activity of Bacteroides fhiaminolyticus in vitro (Suzuki & Ooba, 1973 ; Thomas, 19866). 
There is also indication that rumen fluid from normal animals contains factors which 
inhibit thiaminase activity (Thomas, 19866). Another suggested cause of a deficient supply 
of thiamin to the host animal is the presence of certain thermostable anti-thiamin factors 
(for example, flavanoids mainly from bracken (Pteridium aquilinum) fern or dihy- 
droxyphenoles) (Zintzen, 1973 ; Holler et al. 1976). These compounds interacted with 
thiamin to form reaction products (mostly disulphides) which could not be detected 
subsequently by standard fluorescence methods based on the oxidation of thiamin to 
thiochrome. At least some of these thiamin derivatives are probably still biologically 
available and feeding them to animals failed to induce thiamin deficiency (Edwin & 
Jackman, 1982). It appears that they can be reconverted readily to the biologically active 
thiol form of the vitamin by biological reducing agents such as cysteine (Evans, 1975). 
Reactivation may take place in the rumen or in tissues. 

Feed additives such as sulphates (e.g. gypsum) or antibiotics may also influence apparent 
thiamin production in the rumen. Thiamin was readily inactivated by sulphites which are 
produced as intermediary products by microbial reduction of sulphates (Zoltewicz et al. 
1982). The production rate of sulphides in the rumen may vary considerably (J. Harmeyer, 
unpublished observation), possibly paralleled by changes in the redox potential. Low redox 
potentials also stabilized thiaminase against heat treatment and increased its activity, as 
verified by an approximately threefold increase in thiaminase activity after addition of 
1 mwdithiothreitol to in vitro enzyme preparations (Thomas, 19866). It appears that 
increases in reduction properties of rumen contents, as indicated by a drop in redox 
potential, may lead to increased inactivation of thiamin in the rumen. Addition of 
ionophores or antibiotics to the rumen may also depress apparent thiamin synthesis (Holler 
et al. 1985; Lebzien et al. 1986), perhaps as a consequence of changes in microbial growth 
or redox potential. On the other hand, addition of monensin or chlortetracycline to diets 
high in concentrates have sometimes been shown to reduce the rate of thiamin destruction 
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Fig. 2. Actions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof thiaminases 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(EC 2 . 5 .  I .2 )  and I 1  (EC 3.5 .99 .2) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
and to increase duodenal flow of thiamin (Miller et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1983a, 1986~) .  It appears that under 
these conditions apparent synthesis of thiamin in the rumen was already depressed by the 
high intake of concentrate. Increases in the amount of concentrates appear to reduce 
apparent thiamin synthesis in the rumen. This is supported by the observation that 
biochemical symptoms of subclinical thiamin deficiency increased in parallel with increase 
in milk yield (Bogin er al. 1985). Effects may be partly related to reduced pH values. 
Although thiamin is quite stable at lower pH values thiaminase activity in rumen microbial 
cultures increased after acid treatment (Brent & Bartley, 1984; Thomas, 1986h). Diets 
which encourage rumen lactic acidosis are likely to create symptoms of thiamin deficiency, 
as verified by increases in erythrocyte transketolase (EC 2.2.1 . I )  activity (Clausen, 1977). 

Metabolism and absorption in the intestines 
Absorption of thiamin occurs mainly in the small intestine (Miller et al. 1986a, b). Earlier 

studies indicated absorption of thiamin from the rumen, but were not confirmed in 
subsequent studies with sheep and cows (Holler et al. 1977, 19796; Steinberg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. 1977). 
Two mechanisms appear to be involved in intestinal uptake of thiamin ; a carrier-mediated 
saturable process (Hoyumpa, 1982) which probably accounts for most of thiamin 
absorption at  physiological lumen thiamin concentrations and a non-saturable diffusion 
process by which thiamin is apparently absorbed passively a t  higher lumen concentrations. 
Absorption is stimulated by the presence of essential free fatty acids (Zintzen, 1973), but 
for an unknown reason. It is also unknown whether any control is exerted on intestinal 
absorption of thiamin by the host animal. 

Absorption of thiamin from the large intestine is usually small. Miller er al. (19866) 
found that about 12% of thiamin entering the perfused colon and rectum of sheep was 
absorbed, probably by a passive mechanism (Holler et al. 1982). Under normal feeding 
conditions it appeared that synthesis of thiamin in the large intestine of steers exceeded 
thiamin absorption as faecal thiamin exceeded that in ileal flow (Miller et al. 19866). In 
steers on diets containing high levels of maize, wheat, oats, barley or sorghum apparent 
thiamin absorption from the hind gut contributed 0-10 % to overall absorption of thiamin. 
The proportion of faecal thiamin deriving from synthesis in the large intestine probably 
varies with extent of hind gut fermentation and with relative activities of thiaminases 
present in the reticulo-rumen and in the hind gut (Wilson et al. 1984). No correlation has 
been reported between the amount of thiamin which enters the small intestine and faecal 
excretion of thiamin. It appears unlikely that such correlation exists for ruminants. 
Ruminant faeces may also contain thiaminase activity (Thomas, 1986a) which probably 
originates from microbial hind gut fermentation, since abomasal contents from sheep have 
been shown to contain no thiaminase activity (Wilson et al. 1984). In grazing sheep which 
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were probably eating large amounts of poor quality roughage faecal thiaminase activity 
was positively related with poor growth and impaired general performance (Thomas, 
I986 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa).  

Systemic metabolism and urine excretion 

The mechanisms of tissue uptake of thiamin from extracellular fluid do not seem to have 
been investigated. Entry of thiamin from blood into the cerebrospinal fluid was shown to 
take place via a saturable mechanism which is probably located in the chorioid plexus 
(Spector, 1982). Tissue uptake of thiamin from blood is highest by brain, heart, liver, 
kidney and lower by skeletal muscle (Nakajima, 1984). Disappearance of [35S]labelled 
thiamin from mature sheeps’ blood, where it is probably bound to proteins (Frank et al. 
1970), followed a three-compartment exponential curve with half-lives of 0.4, 1.7 and 103.5 
min (Holler et al. 1979a; Breves et al. 1982). In other experiments with 10-d-old lambs 
blood thiamin decay curves were fitted to two exponential functions which yielded half- 
lives of 4.7 and 7.1 min (Thornber et al. 1981). The criteria applied for defining the number 
of compartments for the best fit of the data, however, were not unequivocally clear in these 
studies. Thiamin deficiency reduced the disappearance rate of thiamin from plasma by 
about 30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYO, indicating a sparing mechanism for thiamin in the deficiency state (Thornber 
et al. 1981). Much longer half-lives of 10-20 d have been estimated in human blood for the 
thiamin compartment with slowest turnover (Zintzen, 1973). Applying these findings to 
ruminants would mean that possibly still another more slowly equilibrating, yet 
unidentified, compartment may also be present in ruminants. It appears, however, 
uncertain whether the slowly equilibrating compartment is of great physiological 
importance, since symptoms of thiamin deficiency can be produced in simple-stomached 
animals in a relatively short time by feeding thiamin-deficient diets. There is agreement that 
thiamin is not stored in particular organs and a continuous supply of thiamin is necessary. 
Thiamin turnover in brain is only 2-3%/h (Spector, 1982) and appears to be very slow 
compared with other tissues. 

From this, it appears that development of clinical and subclinical symptoms of thiamin 
deficiency for a given reduction in thiamin supply may be influenced by differences in 
thiamin turnover of the individual organs. 

In rat tissue, thiamin was shown to be present as free thiamin, as mono-, pyro- and 
triphosphate and as disulphide. The phosphorylated compounds were degraded by mono-, 
pyro- and triphosphatases which have been identified in brain, heart, and kidney (Ogawa 
et al. 1982). TTP was quantitatively the most important form of thiamin in sheep brain 
(Thornber et al. 1980), where its concentration appeared to be less affected by the thiamin 
status of the animal than in other tissues. Autoradiographic studies with rat liver showed 
that about 50 YO of the intracellular thiamin was present in the cytosol, mainly as coenzyme, 
about 35 YO was in the mitochondria, 10 YO in the nuclear fraction, while the microsomes 
usually contained negligible amounts of intracellular thiamin (Harris et al. 1972 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA; Gubler, 
1984). It appears unlikely, however, that intracellular distribution of thiamin is the same in 
all tissues; it would be of interest to study this in brain tissue. 

Thiamin excretion in ruminants via urine appears of little physiological or pathological 
significance. Excretion in milk, which normally contains between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5 and 0 8  mg thiamin/l 
in cows and 2.2-3.8 mg/l in sheep (Oracova & Corner, 1960; Zintzen, 1973) may, however, 
contribute significantly to the thiamin balance. 
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Unspecific disturbances of rumen fermentation may cause depression of apparent thiamin 
synthesis in the rumen and depress thiamin concentration in blood (Gupta zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. 1976). 
Sheep fed on protein-free purified diets without supplemental B-vitamins may at times 
develop clinical symptoms of thiamin deficiency (Naga et al. 1975). Thus, there are 
indications that changing the type or increasing the amount of grain (Miller et al. 19866; 
Muller et al. 1986), or changing to a maize-silage diet, may lead to a fall in rumen thiamin 
(Drozdowski, 1978; Candau zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Massengo, 1982). In other experiments it was suggested that 
an all-concentrate diet had led to suppression of rumen thiamin concentration in steers, as 
supplementation with thiamin resulted in significantly improved weight gains (Grigat & 
Mathison, 1982). Thiamin supplements of 4-6 mg/kg feed have in fact been recommended 
for all-grain diets (Mathison, 1986). Such apparent thiamin deficiencies were not always 
accompanied by elevation of rumen thiaminase activity (Candau & Massengo, 1982; Miller 
et al. 1983 6), implying possible reductions in thiamin synthesis. 

Accelerated destruction of thiamin in the rumen by increased microbial thiaminases, 
however, is probably the most important cause of thiamin deficiency (Edwin & Jackman, 
1982). Occurrence of unspecific symptoms, such as poor growth, were attributed to 
subclinical thiamin deficiency in a great number of grazing sheep (23% of the flock) in 
Southern Australia. The affected animals showed significantly higher thiaminase activities 
in faeces, associated with depression of general performance and weight gain. The severity 
of symptoms was significantly correlated with faecal thiaminase activity. With thiamin 
injections of 250 mg/week general performance returned to normal (Thomas, 1986a, 6). In 
such cases rumen escape of supplemental thiamin may be reduced by elevated thiaminase 
activity in the rumen (Miller et al. 19866). In general, oral or parenteral administration of 
thiamin improved the physical condition of animals with distinct thiamin deficiency, and 
biochemical indicators showed that there was an improvement in thiamin status (Pohlenz, 
1975 a). 

There is, however, no reason to believe that intensive production management always 
leads to subclinical thiamin deficiency. In one large field trial with feedlot steers inclusion 
of supplemental thiamin in the diet or weekly intramuscular injections of thiamin had no 
significant effect on either weight gain or feed conversion, and very few animals showed 
biochemical signs of thiamin deficiency (Grigat & Mathison, 1983a, 6). There was also little 
or no improvement in shipping-stressed ruminating calves given a B-vitamin mixture 
containing thiamin (Zinn et al. 1987). 

C E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR E B R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 C 0 R T  I C A L N E C  R 0 S I S (CC N) 
Occurrence and clinical symptoms 

CCN or polioencephalomalacia is a disease that has been reported in cattle, sheep, goats 
and wild ruminants under a variety of feeding conditions, i.e. grazing or intensive livestock 
production. It is spread almost all over the world and has been described in Europe, North 
and South America, Africa, Australia and New Zealand (Loew & Dunlop, 19726; Grant, 
1976; Cryer, 1985; Federici & Genovesi, 1985; Tanwar, 1987). The symptoms include 
anorexia, ataxia, convulsions, teeth grinding, opisthotonus, nystagmus, amaurosis, muscle 
twitching, recumbency and coma, and the outcome is often fatal. Such symptoms may also 
by induced in sheep by treatment with amprolium (Loew & Dunlop, 19726; Markson et al. 
1974), a substance known to interfere with intestinal and cellular transport of thiamin 
(Rogers, 1982), and in such animals further signs of central nervous dysfunction are 
reduction of rapid eye movement sleep and abnormal slow wave spindle bursts in electro- 
oculograms (Dunlop zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. 1980). The biochemical lesions responsible for the neurological 
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symptoms of CCN are still unknown, but they do not seem to be brought about by 
uncomplicated thiamin deficiency. Mueller zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Asplund ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA198 1) attempted to mimic clinical 
symptoms of CCN in sheep by feeding a thiamin-deficient purified liquid diet and 
parenteral infusion. The sheep developed biochemical and clinical signs of thiamin 
deficiency, but lacked neurological symptoms. Consumption of bracken fern elevates 
thiaminase in grazing animals (Chick zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. 1981), and wide areas of rough grazing in the 
temperate zones are densely covered with this weed (Dickie et al. 1979; Chick et al. 1981). 
However, the pathology of bracken poisoning differs markedly from that of CCN and 
symptoms do not respond to thiamin injections. 

Thiamin and TPP concentrations in rumen, tissues (brain, liver) and blood of CCN- 
affected animals were depressed by 30-50 and 50-80 % respectively (Loew & Dunlop, 
1972a; Behrens & Holler, 1977; Edwin & Jackman, 1973, 1982). 

Incidence rates of CCN may approach 10-50 % with high mortality rates (McDonald, 
1982; Bajmocy et al. 1986), or only a few animals of a group may be affected. Young 
animals under I year of age were more susceptible than adults. Feeding conditions which 
enhance the rate of VFA production in the rumen and which lead to lower rumen pH values 
appear to facilitate development of CCN. Adding straw to a high-grain diet prevented 
CCN in previously susceptible fattening calves (Hennig et al. 1976), while grinding and 
pelleting the fibrous components of a dried-grass-grain-sugar-beet diet induced CCN in a 
fattening cattle herd. Feeding conditions which lead to symptoms associated with 
subclinical thiamin deficiency or to CCN are apparently quite similar, and it seems beyond 
doubt that the symptoms of CCN are indicative of a state of severe thiamin deficiency, but 
whether they represent symptoms of uncomplicated vitamin B, deficiency seems unlikely. 
Fuller descriptions of pathogenesis and of further clinical and biochemical aspects have 
been given elsewhere (Evans, 1975; Edwin & Jackman, 1982; Rammell & Hill, 1986). 

J O H E I N  H A R M E Y E R  A N D  U W E  K O L L E N K I R C H E N  

Bacterial species associated with CCN 

Specific changes in the rumen microbial ecosystem are probably the primary factor 
leading to CCN. Acute CCN in ruminants was paralleled by distinct changes in 
composition and functional properties of the rumen microbial population (Haven er al. 
1983). Characterization of distinct physicochemical and environmental factors in the 
rumen which are likely to induce such changes appears to be difficult. The relative 
importance of individual bacterial species which contribute to the changes in rumen 
metabolism and which eventually lead to increased thiaminase production are not yet 
defined. Increased breakdown of thiamin in the rumen is, however, usually associated with 
the presence of certain microbial species e.g. Bacteroides thiaminolyticus (Morgan & 
Lawson, 1974; Thomas, 19866) and other Bacteroides species, Clostridium sporogenes, 

Megasphaera elsdenii and Streptococcus bovis (Edwin & Jackman, 1982; Wilson et al. 
1984). Bact. thiaminolyticus appears to be pathogenetically the most important species, 
since it was always found in rumen contents and faeces of CCN-affected animals; but it 
may also be present in the faeces of apparently healthy animals (Edwin & Jackman, 1982). 
Identification of causative factors is complicated by the observation that the biochemical 
and enzymic properties of rumen thiaminase from animals which died from CCN differed 
from those of thiaminase isolated from pure cultures of Bacr. thiaminolyticus or CI. 
sporogenes (Boyd & Walton, 1977). These difficulties in identifying the causative factors in 
the rumen also led to the suggestion that rumen bacteria that normally exhibit no 
thiaminase activity may acquire the capability of producing thiaminase under certain 
intraruminal conditions. 
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Other dietary associations with CCN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

There are reports of cattle receiving forage-molasses-urea diets which showed clinical 
and some biochemical characteristics similar to those of CCN. The disease, borrachera, 
could zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe induced by eliminating forage from such diets (Loew, 1975). There are, however, 
indications that the disorder is probably complicated by other metabolic disturbances. The 
central nervous symptoms encountered with this syndrome in Central America could not 
always be cured by administration of thiamin alone (Loew, 1975). On the other hand, 
recovery of animals showing typical symptoms of CCN after treatment with thiamin is 
prompt and often takes place within zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 h or less. 

Among possible dietary inter-relations with minerals that have been investigated no 
experimental support could be provided for the idea that a deficiency of cobalt contributes 
to thiamin deficiency (Mann et al. 1983). Administration of 100 mg thiamin/d to calves was 
shown to prevent, by a yet unknown mechanism, the development of symptoms of lead 
poisoning (Bratton et al. 1981 a).  Thiimin treatment of such disorders was shown to reduce 
significantly Pb concentration in blood and Pb deposition in liver and other tissues. The 
vitamin, however, did not alter the typical indicator of Pb intoxication, i.e. the decrease in 
porphobilinogen synthase (EC 4.2.1 .24) in erythrocytes (Bratton et al. 1981 b). 

It has been reported that the thiamin derivative thiamin tetrahydrofurfuryldisulphide 
(TFDS) lowered magnesium balance in sheep (Yano & Kawashima, 1977) and rats 
(Itokawa et al. 1972), but Mg concentrations in the plasma of thiamin-deficient preruminant 
lambs were unaltered (Thornber et al. 1981). 

Treatment of CCN 

Clinical CCN can be effectively treated by oral or parenteral applications of thiamin; 
200-500 mg for calves and sheep (Pohlenz, 19756) and 1-2 g for cattle. Restoration of 
symptoms depends on how far central nervous lesions have already progressed. Oral 
treatments with thiamin or thiamin derivatives (thiaminpropyldisulphide (TPDS), TFDS) 
probably provide an advantage over parenteral administration, because oral treatments 
appear to exert a dual effect in that repletion of the B-vitamin deficiency of the host animal 
is achieved and inhibition of rumen thiaminase occurs, restoring its activity to normal 
(Suzuki & Ooba, 1973; Thomas, 19866). Support for the possible existence of strong 
primary-substrate inhibition of rumen thiaminase comes also from more recent 
observations which showed that purified thiaminase I activity could be depressed through 
30 min incubation with either thiamin or TPDS (Thomas, 1986b). 

B I O C H E M I C A L  A N D  HISTOLOGICAL I N D I C A T O R S  OF T H I A M I N  
D E F I C I E N C Y  A N D  C C N  

Thiaminase activities in faeces of sheep with unspecific symptoms related to thiamin 
deficiency (e.g. poor weight gain) appear to be higher than those of normal animals 
(Thomas, 1986a). Probably the most specific and sensitive biochemical indicator for 
diagnosing thiamin deficiency is the increase in transketolase activity (EC 2.2. I . 1) in 
erythrocytes on addition of TPP in vitro (Edwin & Jackman, 1982). Measurement of this 
activity is widely used since it can be carried out in readily accessible material. An increase 
in the activity of this enzyme as demonstrated by an increase in the appearance rate of 
seduheptulose-7-phosphate of 30-50 % compared to non-activated values is taken as 
indicative of subclinical thiamin deficiency (Clausen, 1977; Edwin & Jackman, 1982; 
Edwin et al. 1976b); an increase of 80-100 % is generally found during clinical CCN. If the 
rate of disappearance of ribose-5-phosphate is used as a measure of the TPP effect in vitro, 
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values of 25% above normal may indicate a clinical state of deficiency and values of 
15-25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYo point to subclinical states of thiamin deficiency. 

Other biochemical lesions often encountered are lower blood and tissue levels of thiamin 
and accumulation of direct or indirect precursors of TPP-dependent enzymes, e.g. glucose, 
pyruvate, lactate, a-ketoglutarate and other a-ketoacids (Edwin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Jackman, 1982). An 
absolute reduction of the erythrocyte transketolase activity could also be monitored during 
thiamin deficiency together with abnormally high increases of glucose, pyruvate, lactate or 
a-ketoglutarate concentrations in plasma after an intravenous glucose load (Latham, 
1967). In humans thiamin excretion in urine was found to correlate with a decrease in 
unactivated erythrocyte transketolase activity (Brubacher et al. 1972). Whether this also 
applies to ruminants is not known. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

J O H E I N  HARMEYER A N D  U W E  K O L L E N K I R C H E N  

NIACIN 
No clear-cut clinical signs of niacin deficiency have yet been reported in ruminants with a 
functioning rumen, but many reports have appeared suggesting a possible deficiency of 
niacin in high performing (growing, fattening and milking) ruminants under different 
feeding regimens (Byers, 1980; Dreosti, 1984). The suggestion is based on positive 
responses in general performance (weight gain, milk yield, efficiency of feed conversion 
and rate of synthesis of microbial protein in the rumen). However, no distinct biochemical 
features of latent or subclinical niacin deficiencies have been identified so far. 

F U N C T I O N S  
In common feedstuffs the vitamin is present in two biologically active forms, as nicotinic 
acid and nicotinamide. Their common generic descriptor is ‘niacin’. Especially in North 
America the term ‘niacin’ is also used as a synonym for nicotinic acid. In mammalian 
tissues tryptophan and quinolinic acid can also be converted into niacin (Shibata et al. 
1986). Thus, the vitamin activity of a feed depends on its niacin, tryptophan, and quinolinic 
acid content and on the efficiency of conversion of tryptophan and quinolinic acid into 
nicotinamide. Total niacin activity of a feed, including that derived from conversion of 
precursors, is expressed as ‘niacin equivalents’ (Bender, 1980). In the present paper the 
term ‘ free niacin ’ is used to designate water-extractable nicotinic acid and nicotinamide. 
The term ‘total niacin’ will be used for free niacin plus nicotinamide incorporated into 
NAD and NADP. The abbreviations NAD and NADP are used for both the oxidized and 
the reduced forms of the coenzymes, but when distinction is needed between these forms 
they will be shown as NAD’, NADH and NADP’, NADPH. 

Bender (1980) and Hankes (1984) provide comprehensive discussions of comparative and 
nutritional aspects of niacin. Briefly both nicotinic acid and nicotinamide are incorporated 
into dinucleotide coenzymes NAD and NADP which serve as cosubstrates in many energy- 
yielding oxidation-reduction processes. Nicotinamide dinucleotides are present in 
membranes and cytosol. The quantitatively most important role of the oxidized form of the 
two coenzymes (cosubstrates) involves their function as acceptors of reduction equivalents 
in reactions of the glycolytic pathway, the citric acid cycle and the degradation of fatty 
acids and proteins. The reduced forms, NADH and NADPH, are required for 
gluconeogenesis, for synthesis of free fatty acids, for provision of amino nitrogen through 
aspartate, for urea biosynthesis, and for the pentose phosphate pathway which also relies 
on the presence of thiamin. Reduction equivalents from NADH can be transferred to 
NADP by ‘ transhydrogenation ’ to form NADPH + H’ and NAD. Substrate oxidations 
take place in mitochondria, while the synthetic reactions are cytoplasmic processes. 

Due to forestomach digestion an inherent limitation in the supply of glucose is present 
in ruminants. This has led to a limited ability of the ruminant liver, adipose tissue and 
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mammary gland to use glucose carbon for lipogenesis by NADP-mediated reactions during 
periods of fattening or lactation (Ballard zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1969). NADPH, however, is of great 
importance for operation of the lipogenetic pathway which starts from acetyl-CoA. 

ASSAY O F  N I A C I N ,  NAD(P) A N D  ITS METABOLITES 
For evaluation of niacin supply and niacin status, concentrations of free niacin and of 
dinucleotide coenzymes in tissues and body fluids are of interest. This applies also to 
measurement of metabolites and end-products like N1-methyl-nicotinamide, nicotinuric 
acid and methyL(2 or 4)-pyridone-~arboxamides which are excreted with urine. 
Turbidimetric methods using niacin-dependent bacteria are available for determination of 
free nicotinic acid, free nicotinamide or for total niacin (Vincke el al. 1984). These methods 
show sufficient sensitivity to be used with biological fluids, including particle-free rumen 
fluid where the niacin concentration is very low (Abdouli zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Schaefer, 1985). 

The most common chemical assay is based on the rather non-specific reaction of 
substituted pyridines with cyanogen bromide which yields coloured or fluorescent 
compounds (Konig reaction) (Bender, 1980). More specific fluorimetric and high- 
performance liquid chromatographic (HPLC) methods for quantification of nicotinic acid, 
nicotinamide and niacin metabolites in serum, urine and ruminant digesta have been 
described (Clark er al. 1975; Kollenkirchen & Harmeyer, 1989a, b;  Shibata et al. 1987). 

HPLC-based determination of these compounds in urine is still difficult because of 
substantial contamination with interfering substances. A method for quantification of 
niacin metabolites from urine using cation-exchange chromatography is, however, available 
(McCreanor & Bender, 1986). Pertinent methods for determination of the oxidized and 
reduced forms of the coenzymes in blood and other tissues have been reviewed (Chytil & 
McCormick, 1986). 

N I A C I N  E N T E R I N G  T H E  R U M E N  F R O M  T H E  D I E T  A N D  ITS 
E F F E C T  ON N I A C I N  SUPPLY 

In ruminant feedstuffs, particularly in cereals, considerable proportions of total niacin may 
be bound by ester bonds to macromolecules (polysaccharides, polypeptides, glycopeptides ; 
Hankes, 1984). It appears that bound niacin is generally unavailable for simple-stomached 
animals, but it may sometimes be made available by roasting. The extent to which bound 
niacin is available to ruminants and the effects of pelleting and roasting on this availability 
are unknown. Niacin concentration in rumen contents of sheep was positively related to the 
niacin content of feeds (Abdouli & Schaefer, 1 9 8 6 ~ ;  Kollenkirchen, 1987). However, 
rumen bacterial NAD and NADP appeared to be unaffected by the dietary niacin content 
of the feed (Abdouli & Schaefer, 1986a; J. Harmeyer, unpublished results), indicating that 
niacin synthesis by rumen microbes compensates for a deficiency of niacin in the feed, and 
that the niacin content in the rumen does not depend greatly on the dietary supply of niacin. 
This suggestion is also supported by measurements of apparent in vitro production of total 
niacin in strained rumen fluid of cattle; this progressively decreased when increasing 
amounts of nicotinic acid were added to the culture (Riddell et al. 1985). However, in 
another similar study using rumen fluid from milking cows, addition of niacin slightly 
increased microbial niacin synthesis but had no effect on microbial synthesis of NAD 
(Abdouli & Schaefer, 1986~) .  This latter observation appears difficult to explain and 
probably needs further examination. 

It is important to know how niacin supplements affect the niacin supply of the host 
animal under conditions of practical feeding. A dose of 250mg niacin administered 
through rumen fistulas of sheep raised niacin concentrations in rumen fluid for about 6 h 
(Fig. 3). When 400 mg was given, concentrations were raised for 8 h. The rate constant of 
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Fig. 3. The concentration of free nicotinic acid is elevated in strained rumen fluid of sheep for about 
4-8 h after intraruminal administration of a single dose of either 250 mg nicotinic acid or 250 mg 
nicotinamide. The animals were fed on a concentratesugar-beet pulpchopped oat straw diet at 7. 13, 
17 and 22 h (two animals, four experiments with nicotinic acid; two animals, two experiments with 
nicotinamide) (U. Kollenkirchen & zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI. Harmeyer, unpublished results). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0-0). Nicotinic acid; 
(m-m), nicotinamide; @-A), control. Points are means with their standard errors represented 
by vertical bars. 

disappearance was about 50%/h. The niacin supplement also led to an increase in niacin 
concentrations associated with the microbial fraction. It was estimated that about 20 and 
30 YO of rumen doses of 250 and 400 mg niacin respectively entered the duodenum, while 
the remaining proportion was degraded in the rumen (Kollenkirchen & Harmeyer, 1986; 
J. Harmeyer, unpublished results). In experiments in steers a single 200 mg supplement of 
nicotinic acid into the rumen resulted in non-significant change in daily duodenal flow of 
nicotinic acid, whereas adminstration of 2 g/d increased duodenal flow by 6.2% of the 
administered dose (Zinn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. 1987). In other experiments with fattening cattle a daily 
supplement of 6 g nicotinic acid, given in three equal portions of 2g, increased total niacin 
concentration in duodenal digesta from 5.5 to 8.5 ,ug/ml (Riddell et al. 1985). 

It appears from these experiments that rumen escape of supplementary niacin as a 
percentage of dose increases with the dose. It may be zero at small doses and may amount 
to 30 YO at higher doses. No absorption of niacin from the rumen was found in experiments 
using washed rumens of sheep (J. Harmeyer, unpublished observations). 

There appears to be no difference in the supply of niacin to the host animal when the 
vitamin is given as either the acid or as the amide. In our studies with fistulated sheep (U. 
Kollenkirchen & J. Harmeyer, unpublished results) it was shown that nicotinamide 
administered into the rumen was almost instantly hydrolysed to nicotinic acid and 
ammonia, probably due to the presence of microbial deamidases (Warner, 1964) which 
have also been found in the rat intestines (McCreanor & Bender, 1986). There is also 
evidence that most tissues can utilize both nicotinic acid and nicotinamide for synthesis of 
NAD and NADP (Bender & Bender, 1986). 

SYNTHESIS  OF N I A C I N  I N  T H E  R U M E N  
Earlier studies with sheep and cattle suggested that microbial synthesis of niacin is adequate 
under conventional feeding conditions to meet the niacin requirements of the host animal 
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(Barnett zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Reid, 1961; Porter, 1961). However, Naga zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. (1975) found that in sheep 
receiving purified protein-free, urea diets for about two years, intermittent symptoms of 
niacin deficiency occurred. Many bacterial species capable of synthesizing niacin have been 
identified in rumen contents e.g. Bacterium ruminicola ssp. hrevis, Bacteroides succinogenes, 
Ruminococcus Jlavefaciens, Lachnospira multiparus, Streptococcus hovis. Butyrivibrio 
(Menke, 1973). There is evidence from in vitro and in vivo studies that apparent synthesis 
of total niacin in the rumen and niacin flow to the duodenum are positively related to 
microbial synthesis of protein (Shields et al. 1983; Zinn et al. 1987). The absolute amounts 
of niacin available to the ruminant per unit microbial dry matter which enters the 
duodenum may vary, however, with changes in composition of the microbial population 
and may at  times under unconventional feeding conditions be too low to meet the animal’s 
requirements. 

It appears important to know how niacin is distributed between the various phases of 
rumen contents and in which fraction it is predominantly present. From measurements in 
the rumen contents of dairy cows (Abdouli & Schaefer, 1 9 8 6 ~ )  and sheep (U. Kollenkirchen 
& J. Harmeyer, unpublished results) it was found that, in contrast to thiamin, 
approximately 90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYO of free niacin was associated with the microbial fraction. Particle-free 
rumen fluid contained only 3-5 % and the remaining proportion was associated with food 
particles. Nicotinamide in its free form could not be detected in particle-free rumen fluid 
of sheep. Besides the free niacin, however, an almost equal quantity was present in the 
NAD and NADP coenzymes (Abdouli & Schaefer, 1 9 8 6 ~ ;  U. Kollenkirchen & J. 
Harmeyer, unpublished results). About 25-35 % of the coenzyme was found in particle-free 
rumen fluid (Abdouli & Schaefer, 1 9 8 6 ~ )  and in batch cultures about 80-90% of the 
coenzymes were NAD and 1&20 % were NADP. Less than 10 YO of the dinucleotides were 
in the reduced form (Shields et al. 1983). These results show that the niacin concentration 
in rumen effluent is probably higher than that of mixed rumen contents, and when 
estimating duodenal flow of niacin and evaluating the niacin supply of the host animal, 
both free niacin and niacin incorporated into the coenzymes of rumen effluent have to be 
taken into account. 

It should be noted that when feeding high-quality high-energy diets, as required for high- 
producing dairy cows, the proportion of dietary protein which escapes the rumen 
undegraded may be increased (Van Soest, 1982; Rohr et al. 1986). Consequently, the 
proportion of microbial protein which contributes to total protein entering the duodenum 
may be lower than when conventional diets are given. Such changes in rumen digestion 
inevitably lead to concomitant changes in composition of duodenal digesta and may result 
in reductions of the duodenal supply of microbial niacin. This diminished supply would 
parallel an increased demand due to the high level of production. 

Food additives which are known to influence microbial activity in the rumen are also 
likely to affect the apparent synthesis of niacin. A 22 mg monensin supplement/kg, for 
example, to a maize grain-lucerne (Medicago sativa)-meal diet depressed duodenal flow of 
niacin in steers (Miller et al. 1986~) .  Depression of the duodenal flow of niacin with 
chlortetracycline supplementation has also been reported (Miller et al. 1 9 8 6 ~ )  and this 
tended to increase with the amount of dose administered. 

It appears that manipulations of rumen fermentation aimed at increasing energy 
utilization in the rumen are likely to reduce net synthesis of niacin and perhaps of other B- 
vitamins, provided such manipulations also depress apparent microbial growth in the 
rumen. 
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ABSORPTION F R O M  T H E  S M A L L  I N T E S T I N E  A N D  SUBSEQUENT 

METABOLISM 
It has been found that 60-80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% of the free niacin that enters the duodenum of steers (Miller zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
et al. 1986a, b) or sheep (U. Kollenkirchen & J. Harmeyer, unpublished results) is absorbed 
from the small intestine. The mechanism of niacin absorption from the small intestine has 
not yet been fully resolved. Samples of duodenal digesta from sheep contained free nicotinic 
acid, NAD and NADP as well as free nicotinamide (U. Kollenkirchen & J. Harmeyer, 
unpublished results). The latter was probably formed by the action of bacterial or 
mammalian nucleotidases (Pike & Brown, 1975). In rats formation of nicotinamide from 
brush-border-associated dinucleotides has also been reported (Gross & Henderson, 1983). 
Thus, it appears that the ruminant host has access to both nicotinic acid and nicotinamide 
to meet the specific requirements of individual organs (Giesecke, 1983). The mechanisms 
of absorption have not been studied in the ruminant intestine, but are likely to be similar 
to those in non-ruminants where both active (sodium-dependent) and passive mechanisms 
have been described (Schuette & Rose, 1983; Elbert et al. 1986). 

Due to the possible intermediary synthesis of niacin from tryptophan via kynurenine and 
quinolinic acid, niacin is, in the strict sense, not a true vitamin (Bender, 1980). Efficiency 
of synthesis from tryptophan was estimated to be about one part niacin from sixty parts 
dietary tryptophan but the efficiency may be markedly influenced by dietary and hormonal 
factors (Bender et al. 1982; Bender & Bender, 1986). However, it appears unlikely that in 
ruminants significant biosynthesis of niacin takes place under conditions in which niacin 
deficiencies are likely to occur, i.e. during intensive production. Under such conditions no 
extra tryptophan appears to be available for niacin biosynthesis. 

It has been reported that the biosynthesis of niacin and NAD is depressed by ketone 
bodies (Yamada et al. 1983) but stimulated by cortisol and other glucocorticoids (Cox & 
Mathias, 1969). These observations point to the possibility that the curative effect of 
glucocorticoid therapy in clinical bovine and ovine ketosis may be mediated, at  least partly, 
through provision of sufficient NAD for restoration of the impaired energy-yielding 
pathways characteristic of bovine ketosis. 

E F F E C T S  OF S U P P L E M E N T A L  N I A C I N  
In recent years niacin has been used widely to supplement diets for high-performing 
ruminants (Zweiacker, 1982; Schultz, 1983). The positive effects on performance 
characteristics, which were seen in some of these trials, provide no information as to whether 
such effects result from influences of niacin on the rumen or on systemic functions or on 
both. Earlier work had indicated that some rumen bacteria require niacin for growth 
(Allison, 1969). More recent work, mainly in vitro, investigated the effect of niacin on 
rumen functions such as microbial growth, VFA production, assimilation of ammonia, net 
protein synthesis or feed conversion. These studies have yielded inconsistent results (Table 
1). Probably the main conclusion that can be drawn is that the conditions needed for niacin 
to have a beneficial effect cannot yet be defined with any degree of certainty. This may have 
to do with the difficulty of discerning effects on rumen function of only minor magnitude. 
The use of rumen fluid in in vitro studies to predict what may happen in quantitative terms 
in the rumen is also limited by variables which are difficult to control. Rumen samples are 
likely to vary in microbial composition and are in any event often not representative of the 
varying total rumen population. Diurnal variation in the concentration of the rumen 
protozoa which are probably niacin consumers (Abdouli et al. 1983) constitutes an 
additional variable in experiments of this kind (Dennis et al. 1982). It is also advisable when 
in vitro effects of niacin or other micronutrients on microbial fermentation are to be studied 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEflect zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof niacin supplementation on microbial fermentation in the rumen 

Effect on 
microbial 
growth Remarks References 

Substrate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 
Soluble carbohydrate 

Soluble carbohydrate 
Insoluble carbohydrate 

Maize + hay + starch 

Maize or hay, or both, 

Sorghum +grain +urea 
Maize+ hay 

Cellulose/purified 

urea 

4- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWed 

roughage +glucose 

Feed : 
Soya-bean meal +straw 

Maize + hay +molasses 

None 

None 
Increase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P < 0.05 
Increase7 

Increase 
P < 0.01 

Increase? 
None 

Increaset 

(a) In  vitro studies* 

Substrate con- 
centration 
probably 
inadequate 

Semi- 

Increase in 
continuous culture 

gas production 

Continuous 

Increase be- 
culture 

tween niacin- 
supplemented donor 
animals and controls, 
no niacin added in vitro 

(h) In vivo studies with young steers 

None No change in 
rumen function 
or composition 

None 

Abdouli & Schaefer (1986h) 

Abdouli & Schaefer ( I  986a) 
Shields er a/.  (1983) 

Bartley er ul. (1979) 

Riddell er d. ( 1980) 

Riddell er 01. (1980) 
Schaetzel &Johnson (1981) 

Schussler er a/.  (1978) 

Arambel er ( I / .  (1986) 

Zinn er a/ .  (1987) 

* In vitro experiments were batch cultures for 6-24 h, unless otherwise stated. 
t Statistical significance doubtful. 

to choose experimental conditions which allow maximal growth of microbes, i.e. to add 
excess of substrate. In the presence of suboptimal amounts of substrate or other growth 
factors microbial metabolic functions may already be limited by these deficiencies which 
could then mask the effects to be tested. It appears that the culture media of some of the 
in vitro studies used to test effects of niacin did not always contain sufficient quantities of 
substrate to allow maximal growth (Abdouli & Schaefer, 1986a, h ;  Shields et al. 1983). 

Supplementation of ruminant feeds with niacin has been reported to increase milk 
production under certain dietary conditions (Table 2). But as indicated previously early 
lactation of high-performing milking cows probably constitutes a condition for 
development of marginal inadequacies of niacin. Some of the feeding trials shown in Table 
2 have indeed shown increases in milk production or in milk constituents (between 0 5  and 
5 YO) in association with niacin supplements. However, effects in many of these trials were 
not significant, while in other experiments no or slightly negative effects were seen. The 
vagaries associated with the outcome of such feeding experiments probably result also, at 
least partly, from difficulties in accurately defining the nutritional and environmental 
conditions that may ultimately lead to subclinical niacin deficiency. Undoubtedly, such 
deficiencies do not always occur in cows that produce milk at a high level. Finally, it should 
be mentioned that supplemental niacin tended to increase inorganic phosphate in plasma 

n NTUR 
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Table 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEflect of niacin supplementation on yield and composition of milk in early lactation? 

Feed 

Concentrate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ brewer’s 
... 

grains +sugar- 
beet pulp 

+hay +concentrate 
Maize silage + beets 

Not specified : 
without urea 

With urea 
Concentrate + forage 

Maize+silage+ 
concentrate/pasture 

Silage+concentrate 
+hay +cottonseed 

Maize + silage + 
hay + soya-bean meal 

Maize+ soya-bean meal 
or urea + molasses 

Silage + beets + 
concentrate +straw 

Silage+ hay zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 
concentrate 

Grain + hay 
Sorghum grain + 
soya-bean meal + 
urea-treated starch 

Sorhum grain +maize, 
or soya-bean meal, or both 
+urea-treated starch 

soya-bean meal + lin- 
seed cake + bran 

Silage + concentrate 

Maize+ grain + 

Effect on Effect on 
milk yield milk fat Remarks Reference 

None None 

None Increase (NS) 

Increase (NS) Increase (NS) 
Increase (NS) Increase (NS) 

Decrease (NS) Increase (NS) 
None None 

Increase* None 

None Increase* 

Increase (NS) 

None None 

Increase (NS) None 

None Increase** 

lncrease(NS) None 
Decrease* None 

Increase(NS) None 
Decrease (NS) None 

Increase (NS) 

Increase (NS) Increase (NS) 

More milk in high- 
yielding first 
lactation cows* 

Response differed 
with diet 

Increase in yield 
was higher in 
first lactation 
cows 

Increase in 
first lactation 
cows** 

Niacin supple- 
mentation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 weeks 
after peak lactation 

With soya-bean meal 
With starch urea 

Reid & Treacher 
( I  983) 

Sipocz & Schmidt 

Sipocz & Schmidt (1985) 
Schwab (1983) 

Schwab (1983) 
Jaster er (I/. (1983~) 

(1985) 

Muller et a/.  (1986) 

Horner et al. (1986) 

Jaster et a/.  (1983h) 

Kung et a/.  (1 980) 

Grosse-Holz & 
Harmeyer (1988) 

Harmeyer & 
Grabe (1981) 

Riddell et a/.  (1 98 I 
Riddell e/ 01. ( I98 I 

Riddell P I  a/ .  (198 I 

Bergonzini et (11. (1977) 

Giinther (1987) 
- ._ - -. 

NS, not significant or statistical significance doubtful. 
* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.05, ** P < 001. 

Niacin supplements were 5-12 g/d, unless otherwise stated 

and to decrease total serum calcium (Byers, 1982; Dufva et al. 1984). Information is lacking 
as to whether this effect is of clinical relevance. 

Available information suggests that responses in growing and fattening ruminants to 
niacin supplements are more consistent than in milking cows during early lactation. 
Consistent positive responses to niacin supplements have been found, mainly in the United 
States, with fattening beef cattle (Zweiacker, 1982; Robinson, 1986) and sheep (Miller et ul. 
1983d; Shields et al. 1983) when the effect is expressed as an increase in weight gain or in 
feed efficiency (about 0.5-9 %), or both. It is, however of interest that the positive responses 
in weight gain of supplemented steers was often matched by catch-up growth of the control 
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animals during the final fattening period. In fact, Byers (1982) reported that after about 18 
weeks niacin-supplemented and control groups of steers had reached about the same 
weight. It is tempting to suggest that the rations in some of these studies may also have 
contained other food additives, for example monensin, which could have inhibited 
microbial growth and thereby depressed apparent niacin synthesis in the rumen. Adaptation 
of calves (Byers, 1979) and lambs to maize-silage-containing diets was also improved by 
niacin supplements. 

P H A R M A C O L O G I C A L  A N D  T O X I C  E F F E C T S  
Nicotinic acid, but not nicotinamide, when administered in pharmacological amounts 
influences a number of metabolic and circulatory functions which are different from those 
associated with its enzyme function (Gey zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Carlson, 1970). Among these effects its anti- 
lipidaemic action (Lafrance et al. 1979 ; Gustafsson & Kiessling, 1982) has been thought to 
be of relevance for the treatment of bovine ketosis (Schultz, 1971 ; Dufva et al. 1983; Jaster 
et al. 1983~). This idea was supported by the observation that total concentrations of 
nicotinamide dinucleotides in mammary gland biopsies were significantly lower in cows 
with spontaneous clinical ketosis than in normal control cows (Kronfeld & Raggi, 1964). 
Other observations reinforcing the concept of using nicotinic acid as an anti-ketotic drug 
were that nicotinic acid in pharmacological amounts lowered non-esterified fatty acid and 
cholesterol concentrations in plasma and elevated plasma glucose concentrations in 
ruminants as well as in non-ruminants (Latham, 1967; DCcombaz & Roux, 1982). In high 
amounts it also depressed ketogenesis in isolated rat hepatocytes by a mechanism 
independent of CAMP (Yeh, 1979), and increased glycogenolysis and the hepatic output 
and utilization of glucose (Decombaz & Roux, 1982). The anti-lipidaemic action of 
nicotinic acid, however, is thought to be mediated, at least in part, by inhibition of the 
synthesis of CAMP which is induced by lipolytic hormones (Yeh, 1976). Potential usefulness 
of prophylactic or therapeutic treatment of bovine ketosis with nicotinic acid, however, 
appears to be still unclear. In one experiment niacin lowered mean ketone body 
concentrations in plasma but had no influence on the incidence of clinical ketosis compared 
to the control group (Harmeyer & Grabe, 1981). In another study, using 12 g nicotinic 
acid/d as a prophylactic treatment, the vitamin was ineffective in elevating plasma glucose 
concentrations or in depressing P-hydroxybutyrate or free fatty acid concentrations in 
plasma (Ruegsegger & Schultz, 1986). There was also no effect on daily milk yield. 
Moreover, the reasoning behind the use of nicotinic acid as an anti-ketotic drug is 
apparently not entirely conclusive in view of the fact that the vitamin also lowers the 
concentration of triglycerides in plasma (Zollner, 197 1). Secretion of triglycerides and 
lipoproteins by the liver is, however, already low in ketotic cows. In fact, the limited ability 
of the ruminant liver to secrete sufficient amounts of triglycerides is considered to be one 
of the causative factors in the development of bovine ketosis (Laarsveld. 1983). There is 
also the problem that early pharmacological effects on lipid metabolism may be followed 
by a rebound phase during which many of them are temporarily reversed. 

Although some toxic effects of nicotinic acid have been observed in humans and dogs 
(Alhadeff et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1984; Chen et al. 1984), such effects have not been reported in ruminants. 

I N D I C A T O R S  OF N I A C I N  D E F I C I E N C Y  
It was shown with dairy cows that prepartum concentrations of total niacin in 
erythrocytes fell significantly after parturition (Dufva zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. 1983) and positively responded 
to dietary supplements of niacin (Jaster et al. 1983a), suggesting the possibility that this 
value may reflect changes in niacin status. However, information is lacking as to what 
values of erythrocyte or plasma niacin concentrations are indicative of niacin deficiency. 

8 - 2  
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Nicotinamide dinucleotide concentrations in plasma have been shown to reflect niacin 
intake in humans (Shibata, 1987), while Bender zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. (1982) considered that liver and other 
tissue concentrations of NAD and NADP may be as sensitive indicators of niacin status in 
rats. The suitability of these measurements for assessing niacin status in ruminants has not 
been tested. 

Since niacin is metabolized to form various compounds which are excreted in the urine 
(e.g. nicotinuric acid, N1-methyl nicotinamide, methyl-(2 or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4)-pyridone-~arboxamide) 
these metabolites may serve to diagnose niacin deficiency (Stanulovic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Chaykin, 1971 ; 
Bender, 1980). N'-methyl-nicotinamide appears to be the principal niacin metabolite in 
urine in non-ruminant species at physiological and moderately elevated niacin intakes 
(Bender, 1980), and urine excretion of this compound has also been used to assess the niacin 
status of dairy cows (Bergonzini et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1977). But again, values indicative of niacin 
deficiency have not been established. Estimation of the N1-methyl-2-pyridone-5- 
carboxamide : N'-methyl-nicotinamide ratio in the urine of non-ruminants has been 
proposed as a means of assessing subclinical niacin depletion (Sauberlich, 1981). The 
possibility that this ratio may also serve as an indicator when assessing the niacin status of 
ruminants has, however, not yet been examined. In general, similarities in the intermediary 
metabolism of niacin in ruminants and non-ruminants would justify testing indicators 
proved valid for non-ruminant animals for ruminants. Development of such indicators is 
essential to test whether performance responses to niacin supplements are, in fact, related 
to the niacin status. 

J O H E I N  H A R M E Y E R  A N D  U W E  K O L L E N K I R C H E N  

SUMMARY A N D  CONCLUSIONS 
Of the rumen thiamin 90% is present in the particle-free rumen fluid and is readily 
accessible to thiamin-degrading enzymes. Net synthesis of thiamin in the rumen occurs 
because microbial synthesis generally exceeds microbial destruction, and it is usually 
sufficient to meet the animals' requirements. Under certain feeding conditions net synthesis 
of thiamin in the rumen may be reduced, due either to diminished microbial synthesis or 
to enhanced enzymic breakdown. Thiaminase activity in the rumen responsible for thiamin 
destruction is usually very small but may considerably increase under certain conditions. 
These conditions may occur, for example, when diets are given which are high in 
concentrate, molasses or sulphates, or which contain thiaminase or anti-thiamins. 
Conditions which stimulate rumen microbial thiaminase activity by, for example, leading 
to a marked fall in rumen pH or a lowering of the redox potential may also lead to thiamin 
deficiency. Rumen fluid from normal animals appears to inhibit thiaminase activity, and 
the physicochemical factors which lead to increased production of thiaminase in the rumen 
have not yet been defined. Poor growth and diminished general performance in grazing 
sheep which promptly responded to thiamin supplements appeared to be associated with 
subclinical thiamin deficiency. CCN is a widespread disease with neurological symptoms of 
thiamin deficiency and can sometimes be treated effectively by feeding supplementary 
thiamin. It is possible, however, that this disease is not due simply to thiamin deficiency. 
Measurement of increases in transketolase activity in erythrocytes on addition of TPP 
constitutes a specific and sensitive indicator for diagnosing marginal and clinical states of 
thiamin deficiency. 

Net synthesis of niacin in the rumen appears to be sufficient to meet the animals' 
requirements under many different feeding conditions. About 80-90 % of rumen niacin is 
present in the microbial fraction with which it enters the small intestine. Almost 50% of 
total niacin in the rumen is incorporated into coenzymes. This fraction appears to be largely 
unaffected by changes in niacin intake with the feed, indicating that microbial synthesis 
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compensates for changes in niacin intake with the feed. There is evidence that in high 
performing animals-high lactating cows for example-niacin supplements may have 
beneficial effects on production, but these conditions have not yet been clearly defined. The 
same is true for rapidly growing animals with the possibility that subclinical deficiencies 
may more likely develop when certain feed additives that interfere with microbial activity 
are used. Evidence for these assumptions is based almost entirely on reported responses and 
the experiments are less convincing with high lactating cows than with fattening cattle and 
sheep. It appears from the recommended doses of niacin supplements that about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10-30% 
becomes available to host animals with an increased availability, as percentage of dose, at 
higher levels of dosage. Future work should attempt to identify more reliable biochemical 
indicators of marginal niacin deficiency that can be used in ruminants as well as in non- 
ruminants. 
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