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Chapter 1. Introduction	
  
Calcium and phosphorus are the two most abundant minerals in mammals. They are the 

primary constituents of the skeleton and are involved in many biological activities. The 

metabolic control of Ca, and to a lesser extent P, is finely tuned and controlled by various 

hormones. Vitamin D, and its metabolites, is one of the molecules that are critical for 

effective control of digestion and metabolism of both Ca and P. 

Vitamin D is generated in mammals in the skin when they have access to direct sun light. 

Animals confined in doors, and also in winter, may have lower concentrations of plasma 25-

vitD than ideal. However, increased levels of productivity in ruminants may have developed 

situations for supraphysiological (Greater than 100 ng/ml) plasma concentrations of 25-vitD 

may be beneficial. 

In intensive pasture systems Ca and P are usually readily available in pasture and 

generally do not limit productivity. However, in the modern dairy cow milk fever, or 

hypocalcaemia, at parturition has become the cause of a major reduction in productivity and a 

significant animal health concern. Hypocalcaemia is estimated to cost $334 per incident 

(Guard, 1996) and shortens the productive life of the dairy cow by 3.4 years (Payne, 1968, 

Chan et al., 2006). 

The cause of the acute deficit of Ca experienced during hypocalcaemia is complex, 

however, it is basically a product of the cows inability to generate available Ca fast enough to 

meet the initial requirements of Ca. It is not due to a deficiency of Ca in the diet. As Vitamin 

D is highly involved with Ca metabolism, and more practical metabolites of Vitamin D have 

been developed, potential benefits of pharmacological treatments with Vitamin D are worthy 

of further investigation (Horst 1986). 

Furthermore, in beef cattle under extensive grazing systems P deficiency is the cause of a 

major loss of productivity, which may halve the gross profit margin of a grazing enterprise 

(Holmes, 1990). The primary cause is a result of a reduction in feed intake that leads to a 

reduction in weight gain and subsequently a drop in fertility of females. For example, 

pastures deficient in P have been shown to reduce live weight gains in heifers by 60-80 

kg/annum (Coates, 1994).  
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As vitamin D has been demonstrated to increase the rate of P absorption it is logical that 

investigation into the potential benefits be conducted. An increase in the utilisation of dietary 

P by bovine would have major economic and environmental benefits.  

	
  	
  	
  	
  	
  	
  	
  	
  1.1	
   	
  Objectives	
  of	
  the	
  study	
  

Calcium and P are both important minerals in bovine and play important roles in animal 

health and production. Both minerals are predominately under the control of the thyro-

parathyroid glands and the subsequent control of Vitamin D metabolism.  

With the advent of stable 25-vitD products, further investigation of therapeutic 

supplementation is warranted. Furthermore, with the knowledge that supraphysiological 

concentrations of 25-vitD in plasma can activate Vitamin D mediated responses without the 

required PTH secretion it is now logical that treatment with 25-vitD may improve both active 

P absorption and the activation of Ca availability in ruminants. 

The primary hypotheses tested in this study include:  

a) Dietary 25-vitD and dietary anionic salts increase urinary Ca excretion 

greater than anionic salts alone. 

b) Dietary 25-vitD increased dietary Ca and P absorption and retention. 

c) Intra-ruminal supplementation of 25-vitD increases the concentration of 25-

vitD in plasma and increased urinary Ca in steers. 

d) Different sources of 25-vitD have similar efficacy of conversion from diet 

to plasma. 
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Chapter 2. Literature	
  Review	
  

2.1 Vitamin	
  D	
  and	
  its	
  role	
  in	
  the	
  ruminant	
  

2.1.1 Overview	
  of	
  Vitamin	
  D	
  	
  

Vitamin D is produced within the body from exposure of skin to ultraviolet light. The 

epithelial cells of the skin synthesize the immediate precursor of Vitamin D, 7-

dehydrocholesterol from acetate (Fraser, 1980). Exposure of the skin to ultraviolet light 

results in cleavage of the C-9 to C-10 bond of 7-dehydrocholesterol, which results in the 

formation of Vitamin D (Fraser, 1980). Vitamin D can be supplemented in the diet by 

commercially available crystalline forms (Horst, 1986), which are essential for many modern 

day production systems that involve housed animals without natural light. Once adequate 

production of Vitamin D is obtained further production of Vitamin D from prolonged 

exposure to ultraviolet light is controlled by continued exposure to ultraviolet light (Webb et 

al., 1989). 

Vitamin D is absorbed from the intestinal tract in association with dietary lipids and the 

presence of bile salts, like the other fat soluble vitamins (NRC, 2000). While there is 

evidence of metabolism of Vitamin D within the rumen, the mechanisms are not fully 

understood. Sommerfeldt et al. (1979) demonstrated that radioactive Vitamin D was 

degraded within rumen fluid. However, recent research by Hymoller and Jensen (2010) 

identified that a single large dose (250 mg) of Vitamin D is not degraded by rumen fluid over 

a 24h period and is readily absorbed. There have been very few published studies 

investigating the degradability of 25-vitD within the rumen. In humans lower gastro intestinal 

tract health problems have been shown to inhibit the absorption of Vitamin D (Davies et al., 

1980). 

In the blood Vitamin D circulates at relatively low concentrations (1 to 3 ng/ml) in cows 

(Horst et al., 1981). Vitamin D is transported in blood the liver and is associated with a 

specific α globulin called transcalciferin (also known as the Vitamin D binding protein 

(VDP)), a molecule synthesised by the liver (Ponchon and DeLuca, 1969). 
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The liver first hydroxylates the Vitamin D at C-25 by microsomal enzymes which converts 

the Vitamin D to 25-vitD (Ponchon and DeLuca, 1969). This process does not appear to be 

under hormonal control and is substrate driven (Goff et al., 1991a).  

 

Figure 2.1 The vitamin D endocrine system. Low serum Ca concentrations are detected by a 

Ca sensor in the parathyroid gland (PTG), which initiates synthesis and secretion of 

parathyroid hormone (PTH). The Ca sensor for high concentrations in the thyroid gland 

initiates secretion of calcitonin (adapted from DeLuca, 2004). 

Under normal conditions the majority of Vitamin D in circulation is present as 25-vitD 

until it is required for activation (Hove et al., 1984). 25-vitD may be metabolised into a vast 

range of metabolites in the kidney, usually the only product of interest is the active form of 

Vitamin D, 1,25-vitD (Fraser, 1980, Horst, 1986). Another important metabolite is 24,25 

dihydroxy vitamin D (24,25-vitD), which is the main pathway for degradation of Vitamin D 

and is quickly excreted through bile. When 25-vitD is metabolised into 24,25-vitD it is due to 

a relatively high level of 1,25-vitD circulation providing negative feedback (Shinki et al., 
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1992). It appears that this mechanism aims to eliminate excessive levels of 1,25-vitD and 25-

vitD from circulation. 

1, 25 dihydroxy vitamin D circulates within plasma in extremely low concentrations 

(pg/ml). 1,25-vitD initiated immediate healing in patients and therefore proved to be the most 

active of the metabolites in a study comparing treatments for vitamin D dependent rickets 

with other Vitamin D metabolites (Fraser et al., 1973). 

2.1.2 25-­‐vitD	
  as	
  an	
  indicator	
  of	
  Vitamin	
  D	
  status	
  

1,25-vitD is the Vitamin D metabolite of most activity and therefore most physiological 

importance. However, the measurement of 25-vitD is often preferred over 1,25-vitD for 

assessment of Vitamin D status, as the concentration of 25-vitD in plasma is much more 

consistent and circulating levels of 1,25-vitD are low and may be bound in tissues due to the 

affinity of Vitamin D receptors (VDR) (Christakos et al., 2010). 25-vitD will usually have 

plasma concentrations of approximately 10-50 ng/ml and a 15-30d half-life in humans 

(Fraser, 1980) and approximately 34d in bovine (Hollis et al., 1977). In comparison, 1,25-

vitD concentrations are very low (eg. 10-100 pg/ml) and a very short half-life of 

approximately 5-8h in humans (Fraser, 1980) and sheep (Wilkens et al., 2010).  

 The hydroxylation of Vitamin D into 25-vitD does not seem to be a controlled step and 

appears to reflect the vitamin D status of the animal (Goff et al., 1991a, DeLuca, 2008), 

therefore the plasma concentration of 25-vitD is an excellent indicator of Vitamin D status 

and, unlike 1,25-vitD, it is not impacted by secretion of PTH or cacitonin. In humans the 

normal level is considered to be 25-35 ng/ml, but for protection against degenerative diseases 

higher levels (75-90 ng/ml) of 25-vitD appear to be desirable (DeLuca, 2008). 

2.1.3 Metabolism	
  of	
  25-­‐vitD	
  to	
  1,25-­‐vitD	
  

The vitamin D molecule 25-vitD is relatively inactive and must be hydroxylysed by the 

kidney before the molecule is biologically active. Hydroxylation in the kidney occurs at C-1 

to produce the active compound, 1,25-vitD (Fraser, 1980). Control of the mitochondrial C-1 

hydroxylase within the kidney by PTH is the most important control mechanism for the 

synthesis of 1,25-vitD (Horst, 1986, Goff et al., 1991a). Decreases in the plasma Ca 

concentration stimulate PTH secretion, which in turn favours the synthesis of 1,25-vitD and 

increased intestinal absorption of Ca. In the proximal tubule cells, PTH stimulates the 
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CYP27B1 gene, producing the 1α-hydroxylase that causes synthesis of 1,25-vitD (Guo et al., 

1993). Although complete control of 1α-hydroxylase is not PTH dependent, inadequate 

secretion of PTH does result in lower levels of 1α-hydroxylase and subsequently lower 1,25-

vitD (Horst, 1986) and as the primary driver of Ca homeostasis (Liesegang and Risteli, 2005) 

it will cause hypocalcaemia. Goff and Horst (1989) showed that 1,25-vitD concentration was 

steadily reduced in PTH infused cows, identifying the negative feedback of 1,25-vitD on 

PTH secretion. This demonstrates that PTH is only stimulatory to 1α-hydroxylase during 

hypocalcaemic events and that 1,25-vitD has an inherent negative feedback method that 

limits its production.  

 

Figure 2.2 Synthesis and metabolism of vitamin D. Vitamin D is hydroxylated to 25-vitD in 

the liver. Plasma concentrations of PTH, PO4 and 1,25-vitD determine the hydroxylation 

position of 25-vitD in the kidney. Hydroxylation of 25-vitD to 1,25-vitD utilises the enzyme 

1α-hydroxylase, whereas hydroxylation to 24,25-vitD requires 24-hydroxylase (adapted from 

a combination of Cunningham, 1997 and Christakos et al., 2010). 
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Other factors that control the rate of conversion of 25-vitD to 1,25-vitD may include 

plasma P concentration and various hormonal factors. Plasma phosphate regulates vitamin D 

metabolism in monogastrics via stimulation of the enzyme 1α-hydroxylase in kidneys (Horst, 

1986) but not in ruminants (Breves et al., 1985) However high concentrations of P may 

inhibit the production of 1α-hydroxylase in ruminants (Goff, 2000) as it does in rats (Tanaka 

and Deluca, 1973). Other sources of hydroxylation control include hormones involved with 

pregnancy such as growth hormone and prolactin increasing 1,25-vitD production by 

stimulation of C-1 hydroxylation (Christakos et al., 2010). However their level of control 

over C-1 hydroxylation is minimal. 

Monocytes and macrophages express 1α-hydroxylase and produce 1,25-vitD, however the 

regulation is controlled differently than renal hydroxylation (Stoffels et al., 2007). Unlike 

renal, macrophage hydroxylation is not inhibited by elevated plasma Ca or positive feedback 

from 1,25-vitD and is upregulated by immune stimuli such as interferon-y and 

lipopolysaccharide (Christakos et al., 2010).  

Down	
  regulation	
  and	
  elimination	
  of	
  Vitamin	
  D	
  

When plasma Ca concentration is adequate the parathyroid sensor is shut down stopping 

the secretion of PTH (Error! Reference source not found.). One of the important features of 

1,25-vitD is to provide negative feedback, shutting down the preproparathyroid gene and 

preventing proliferation of parathyroid cells in response to hypocalcaemia (DeLuca, 2008). 

This negative feedback prevents over stimulation of Ca generating mechanisms and will 

usually prevent over correction of plasma Ca concentration, which would result in 

hypercalcaemia. However, if elevated concentrations of plasma Ca are maintained, the 

secretion of calcitonin from the “C” cells of the thyroid is promoted (DeLuca, 2008). 

Calcitonin completes the feedback loop by maintaining/returning Ca at/to the appropriate 

level by stopping the mobilisation of Ca from bone and the resorption of Ca in the kidney 

(DeLuca, 2004). 

1,25-vitD is self-regulating with high concentrations of 1,25-vitD in plasma providing 

negative feedback and inhibiting further production. High concentrations of plasma 1,25-vitD 

result in hydroxylation of 25-vitD at the C-24 position instead of the C-1 position creating 

24,25-dihydroxycholecalciferol (24,25-vitD) instead of the 1,25-vitD (Christakos et al., 

2010). The enzyme responsible for this, 24-hydroxylase, is only active in the presence of 
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Vitamin D and is activated by 1,25-vitD and its analogs working through the VDR (Ohyama 

et al., 1991). The 24-hydroxylase preferred substrate is 1,25-vitD, meaning that high 

concentrations of 1,25-vitD result in greater production of the enzyme (Christakos et al., 

2010), hence the negative feedback effect. The enzyme causes metabolism of 1,25-vitD into 

calcitroic acid (1,24,25-vitD), which is eliminated through bile into the digestive tract (Figure 

2.1). This process accounts for nearly all of the 1,25-vitD metabolism (Shinki et al., 1992).  

There does not appear to be any physiological role for 24,25-vitD besides elimination of 

Vitamin D from the body, although Horst (1986) suggested that 24,25-vitD may have had a 

role in bone accretion and other physiological processes. However, this has more recently 

shown not to be the case (DeLuca, 2008). There is also a negative feedback loop between 

1,25-vitD and Fibroblast Growth Factor (FGF23) (Christakos et al., 2010), as elevated 

concentrations of FGF23 ( >4000 U/ml) decreased the concentration of 1,25-vitD (from ~120 

to ~70 pg/ml) in mice (Bai et al., 2004).  

Vitamin	
  D	
  Receptor	
  (VDR)	
  response	
  

The active form of Vitamin D is primarily involved with Ca and P homeostasis, which 

involves the small intestine, skeletal and renal system. For 1,25-vitD to be effective it 

requires receptor sites. In the rat VDR concentrations are the highest in the duodenum 

followed by the colon and then kidney and skin (DeLuca, 2008). The concentration of VDR 

at different sites in the body is highly variable and the concentration changes in response to 

circulating levels of 1,25-vitD and potentially other unknown products (Horst et al., 1990, 

Goff et al., 1995).  

VDR concentration appears to rely on the presence of Ca and 1,25-vitD for maximum 

response (Figure 2.3). While it is generally accepted that the presence of 1,25-vitD increases 

the concentration of VDR in target organs (eg. small intestine and kidney), the presence of Ca 

is also required (Figure 2.3). However, the concentration of VDR also appears to be 

dependent on demand for Ca. In moderately Ca deficient animals (dietary Ca 0.25%), the 

concentration of VDR was much higher than in animals with access to diets with more 

typical Ca concentrations (eg. 1.2%) (DeLuca, 2008). This is an important consideration for 

understanding vitamin D mediated Ca absorption in ruminants as it demonstrates that while 

elevated concentrations of 1,25-vitD increase VDR concentration in target organs it is 

dependent on other factors such as dietary Ca concentration and potentially Ca demand.  
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Figure 2.3 The effect of dietary calcium and 1,25-vitD on VDR in rat kidney. In the case of a 

0.02% Ca diet and lack of 1,25-vitD, severe hypocalcaemia results with serum Ca levels of 

between 4 and 5 mg/dL. This represents regulation of the renal receptor by serum Ca levels 

and 1,25-vitD (DeLuca, 2008). 

VDR concentrations decrease with age in humans, rats and cows (Horst et al., 1990, 

Ebeling et al., 1992, Goff et al., 1995). The concentrations of VDR follow this pattern in both 

bone and the duodenum. Studies show that younger rats (4 to 5 weeks old) are able to 

increase their concentration of VDR by a greater proportion than adult rats when stimulated 

by 1,25-vitD (Horst et al., 1990).  

Goff (1995) monitored the concentration of VDR in colon mucosa of Jersey dairy cows 

during late gestation, parturition and early lactation and compared these values with non-

pregnant non-lactating values. VDR concentrations were significantly greater than non-

pregnant, non-lactating values on all occasions, regardless of incidence of clinical 

hypocalcaemia. A significant drop in VDR concentration was seen at parturition but that 

quickly recovered during early lactation. Neither the incidence of clinical hypocalcaemia nor 

the addition of anionic salts had an effect on VDR concentration at any stage (Goff et al., 

1995).  The colon is not a major site of absorption but it may indicate the pattern of VDR in 
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duodenum and in rats evidence exists that the concentration is usually 60 to 70% of duodenal 

concentration (Goff et al., 1995). 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2.1.4	
   Vitamin	
  D	
  and	
  mineral	
  absorption	
  from	
  the	
  alimentary	
  tract	
  	
  

The most important effects of vitamin D are concerned with increased absorption of both 

Ca and P from the alimentary tract. When an animal is fed a diet containing less Ca than it 

requires, the proportion of dietary Ca absorbed is increased. Conversely when an animal 

consumes more Ca than needed, the proportion of Ca absorbed decreases (Horst, 1986, 

Liesegang and Risteli, 2005). Vitamin D is essential for increasing the proportion of absorbed 

Ca when dietary Ca concentration is low. 1,25-vitD stimulates the synthesis of the proteins 

that control active intestinal Ca absorption (DeLuca, 2004). Increased 1,25-vitD leads to the 

correction of hypocalcaemia by increasing the absorption of Ca from the gut (via 1,25-vitD) 

and resorption of Ca from bone when initiated as functions of PTH secretion (Fig 1.1) 

(Block, 1984, Gaynor et al., 1989). 

Active absorption of Ca from the small intestine is controlled via 1,25-vitD (Cai et al., 

1993). Transcellular transport of Ca involves a three step process, which includes entry of Ca 

from the gastro-intestinal lumen through the Ca channels TRPV5 and TRPV6 (van Abel et 

al., 2003), translocation of Ca from the brush border to the basolateral membrane by the Ca-

binding protein calbindin D9k (Bronner, 1987) and finally extrusion of Ca through the 

basolateral membrane by the Ca ATPase PMCA1b	
   (Pannabecker et al., 1995). However, 

much of the Ca digestion in ruminants, both active and passive, is prior to the small intestine 

(Khorasani and Armstrong, 1992, Schröder et al., 1997) and there has been no clear 

description of the cellular process in the reticulo-rumen. In sheep Ca absorption was only 

increased by supplemented 1,25-vitD when consuming an adequate Ca diet (Wilkens et al., 

2010), suggesting that active mechanisms may not have adequate volume to meet total Ca 

requirements and that some passive diffusion is required. 

The rate of P absorption in ruminants is negatively correlated with dietary concentration 

(Horst, 1986). However, the reduction in the rate of P absorption does not outweigh total P 

absorption, hence dietary absorption of P is still highest on high P concentration diets (i.e. 

>0.4% P). A decline in plasma phosphate concentrations results in decreased inhibition of the 

C-1 hydroxylation, which indirectly results in increased 1,25-vitD production and increased 

absorption of phosphate. This process is only effective in monogastrics. However, in 
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ruminants high plasma P concentration will inhibit 1,25-vitD production via this mechanism, 

but low P concentrations will not promote the production of 1,25-vitD via this method 

(Breves et al., 1985). This appears to be one of the reasons why ruminants cannot increase 

the rate of active absorption of P when consuming low P diets. 

Like Ca, P transport is conducted actively and passively. Passive absorption is via 

paracellular transport, which is associated with passive ion movement through tight junctions 

between adjacent epithelial cells in response to electrochemical gradients (Sabbagh et al., 

2009). The active process is stimulated by 1,25-vitD in the small intestine (Wasserman and 

Taylor, 1973), and is effective on both low and adequate P concentrations in ruminants 

(Wilkens et al., 2010). In rats, rabbits and humans it is suggested that active absorption, 

linked to sodium dependent mechanisms, may contribute as much as 33 to 75% of total 

intestinal phosphate absorption (McHardy and Parsons, 1956, Walton and Gray, 1979, Danisi 

and Straub, 1980). There are several mechanisms responsible for the control of sodium 

dependent phosphate transport. One of the main mechanisms is the sodium-dependent 

phosphate co-transporter NPT2b (Sabbagh et al., 2009). NPT2b has been shown to be 

primarily under the control of 1,25-vitD (Hildmann et al., 1982, Katai et al., 1999), although 

both estrogen and epidermal growth factor have an influence (Xu et al., 2001, Xu et al., 

2003).  Sabbagh et al. (2009) suggests that NPT2b dependent phosphate transport may 

contribute as much as 45% of total phosphate transport within the first hour of a meal and as 

much as 90% of active absorption in mice. Hence, if dietary P concentration is adequate or in 

excess then the rate of P absorption is drastically reduced in the absence of 1,25-vitD and 

therefore NPT2b. 

The cellular activity of P transport in the alimentary tract of bovine is poorly described and 

most research is confined to humans and rats. However, Foote et al. (2011) have described 

the relative concentrations of NPT2b in bovine small intestine as being almost solely located 

in the distal jejunum and the ileum, and unlike other highly studied animals, not present in the 

proximal small intestine.   

	
  	
  	
  	
  	
  	
  	
  	
  2.1.5	
   Ca	
  and	
  P	
  resorption	
  from	
  bone	
  	
  

Hormonal	
  control	
  of	
  bone	
  breakdown	
  

Vitamin D is an active component bone remodeling. Ca is obtained from bone by 

osteoclastic osteolysis (Christenson, 1997). Many researchers have tried to link bone 
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formative or degradative markers with the level of 25-vitD, 1,25-vitD, plasma Ca and P or 

even time relative to parturition, without consensus. 

Osteoblasts contain receptors for PTH and 1,25-vitD unlike osteoclasts, which only have 

receptors for calcitonin (Goff et al., 1991a). Osteoclasts only perform their bone degrading 

activity (acid release and lysosomal enzymes) under osteoblast direction. Continuous 

secretion of PTH will increase 1,25-vitD production after several hours (Goff et al., 1986), 

which further enhances osteoclast activity. Calcitonin decreases the activity of osteoclasts 

(Goff et al., 1991a).   

Table 2.1 Dose-dependent effects of orally administered 1α,25-dihydroxyvitmain D3 on 

serum Ca and RANKL mRNA expression in bone (Suda et al., 2003). 

  Normal 

rats 

Thyro-parathyroidectomised rats 

PTH Continuously infused  50 ng/h - - + + + + 

1,25-vitD orally administered  ug/kg/d - - - 0.01 0.1 0.5 

Serum Ca  mg/dl 9.6 5.1 10.4 11.1 11.2 14.6 

Bone RANKL mRNA expression   - - +++ + + +++ 

 

In a review by Horst (1986) it was stated that 1,25-vitD and PTH were required for bone 

resorption. More recent research has defined the homeostatic control of bone resorption and 

accretion. PTH is critical to bone resorption when extracellular Ca levels are deficient (Suda 

et al., 2003) but unlike Horst’s (1986) review, 1,25-vitD is now widely considered critical to 

bone accretion when dietary Ca is sufficient and influential on resorption when dietary Ca is 

deficient and PTH present (DeLuca, 2008). The role of 1,25-vitD is not direct as it is more a 

result of providing ample plasma Ca and P supplies to allow bone accretion  (DeLuca, 2008). 

From work with rats 1,25-vitD has been shown to have both resorption and accretive 

effects on bone (Suda et al., 2003). Low dose rates of 1,25-vitD appear to reduce the effect 

(in thyro-parathyroidectomised (TPTX) rats that were continuously infused with PTH) of 

PTH as bone resorption is decreased and serum Ca is maintained in the normal range (Table 
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2.3) (Suda et al., 2003). However, normal physiological doses inhibit PTH and increase 

serum Ca which leads to bone accretion (Suda et al., 2003). Although, large 

supraphysiological doses of 1,25-vitD combined with regular administration of PTH will 

increase bone resorption (Suda et al., 2003). This was confirmed by Wilkens et al. (2010) 

who found that in sheep 1,25-vitD increased serum cross laps, a marker for bone resorption, 

when combined with a low Ca diet. This suggests that PTH was secreted in response to low 

dietary Ca. 

Table 2.2 Description of bone accretion and degradation markers. 

 Name By-product of Reference 

Bone 
Degradation 

CTx 
A eight amino-acid sequence in 
the C-terminal region of the 
collagen Type I chain 

Christenson, 1997 

Allen, 2003 

Liesegang et al., 2003 

ICTP 
Type I collagen but via a 
different enzymatic process to 
CTx. 

Christenson, 1997 

Allen, 2003 

Liesegang et al., 2003 

Deoxypyridinoline or 
pyridinoline 

A peptide bound molecule that 
results from the degradation of 
type I collagen 

Moreira et al., 2009 

Hydroxyproline 

Originates from collagen 
breakdown. Several sources 
within the body may result in 
error. 

Gaynor et al., 1989 

Schonewille et al., 1994 

Joyce et al., 1997 

Bone 
Accretion 

Alkaline phosphatase 
(bALP) 

A membrane bound protein that 
is synthesised by cells in a 
variety of tissues. Effective 
marker of osteoblastic activity. 

Allen, 2003 

Osteocalcin Released during osteoblastic 
activity 

Ristelli and Ristelli, 
1993 

Propeptides 

Late stage bone accretion results 
in release of propeptides from 
the creation of amino and 
carboxy termini of collagen type 
I 

Allen, 2003 
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From recent research and re-evaluation of past studies it appears that when dietary Ca is 

limiting and continual secretion of PTH and 1,25-vitD secretion does not adequately increase 

the concentration of plasma Ca the two hormones then progress to degrade the skeleton to 

adequately maintain plasma Ca. The implications of this are that treatment of animals with 

moderate amounts of Vitamin D, and a diet adequate in Ca, should not result in degradation 

of bone stores and may increase Ca deposition.   

Bone	
  degradation	
  and	
  formation	
  markers	
  

Research involving Ca and P metabolism often requires knowledge of the impact of 

experimental regimes on the status of Ca and P in skeletal storage. Direct assessment of bone 

densitometry is invasive, expensive and very stressful for animals (Cohen, 1973) and 

radiography is impractical for animals and only provides information on net results (Allen, 

2003). Markers that are easily determined via serum and urinary analysis are essential for the 

effective diagnosis and regulation of osteoporotic diseases in humans (Allen, 2003) as well as 

providing information on cell activity. However, the transfer of these techniques to the 

assessment of bone mineral status in animals under research conditions has been conducted 

with varying levels of success. A summary of studies utilizing bone markers and their 

concentrations in plasma is presented in Table 2.3. 

C-­‐Terminal	
  telopeptides	
  of	
  type-­‐I	
  collagen,	
  ICTP	
  and	
  Cross	
  Laps	
  (CTx)	
  

Type-I collagen represents more than 90% of the organic matrix of bone (Allen, 2003). 

The carboxyterminal telopeptides of type-I collagen are divided into two categories: CTx and 

ICTP. These refer to different domains of the c-terminus of type-I collagen (Christenson, 

1997, Allen, 2003, Liesegang et al., 2003). The concentrations of CTx in serum have been 

shown to correlate with bone age, bone density and predict fracture risk. CTx and ICTP are 

derived from different enzymatic processes. So in principle they both reflect bone resorption, 

but ICTP is hydrolysed by cathepsin K, an osteoclastic proteinase, whereas CTx is not. CTx 

in goats and sheep were measured as approximately 7000-60000 pmol/l of plasma using a 

one-step enzyme linked immunosorbant assay (ELISA) (Osteometer, Biotech, Copenhagen, 

Denmark), which demonstrated quite considerable variability within and between 

experiments on similar animals (Liesegang et al., 2003, Liesegang and Risteli, 2005). 

Liesegang (2000) reported ICTP concentrations of typically 10 ug/L but up to 30 at calving in 

dairy cows and similar concentrations in goats and sheep (Liesegang and Risteli, 2005). 
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Liesegang (2000) showed that ICTP serum concentrations were higher in high yielding cows 

than low yielding cows post parturition. Staric (2010) recorded levels of 0.2 to 0.4 ng/L of 

CTx in plasma of parturient cows. 

Osteocalcin	
  

Osteocalcin is a small protein produced by osteoblasts during the matrix mineralization 

phase of their development (Ducy et al., 1996). Expression of osteocalcin is strongly 

controlled by 1,25-vitD (Risteli and Risteli, 1993). It has been measured as a determinant of 

osteoblastic activity in corticosteroid-induced low bone formation in sheep (Liesegang et al., 

2003) (measured in ng/ml, 20-40 in goats and 10-20 in sheep).  Osteocalcin (also known as 

serum bone-GLA protein), is a small (45-60 amino acid), vitamin K dependent protein 

synthesised only in osteoblasts and megakaryocytes (Allen, 2003). The release of osteocalcin 

is increased during bone resorption, so serum levels of osteocalcin accurately reflect the 

synthetic activity of osteoblast.  

Bovine	
  Ca	
  flows	
  demonstrated	
  by	
  marker	
  studies	
  

Holtenius and Ekelund (2005) examined CTx and osteocalcin in dairy cows covering both 

the lactation and dry period. Osteocalcin varied from 2 to 20 ng/ml and peaked during mid 

lactation and the nadir was immediately post calving, demonstrating that bone accretion 

immediately post parturition is virtually non-existent. Liesegang et al. (2000) demonstrated 

that CTx peaked at 40 nmol/L immediately post calving and became insignificant mid way 

through lactation, also demonstrating that bone degradation is greatly increased post 

parturition. The combination of both studies demonstrates that net skeletal Ca flow is highly 

negative (ie. bone degradation) past parturition and highly positive (ie. bone accretion) during 

late lactation and the dry period. Furthermore, Taylor et al. (2008) found that osteocalcin was 

highest post calving in cows during their first lactation and the post parturition peak 

decreased in magnitude as parity number increased suggesting that as cows age their ability 

to store skeletal Ca for use in subsequent parturitions is reduced. 

Effectiveness	
  in	
  bovine	
  

Liesegang (1998) compared markers of bone breakdown in the first few weeks of 

lactation. The study compared hydroxyproline (urine – colorimetric and RIA), 

deoxypyridinoline (urine – colorimetric and RIA) and carboxyterminal telopeptide (ICTP) 

(developed RIA on serum). Serum concentrations of type I collagen and amino-terminal  
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Table 2.3 Bone marker tests conducted with various metabolite concentrations in plasma or 

serum of bovine. 

Metabolite Concentration Physiological State Reference 

Bone Accretion    

CTx ~40 nmol/L 

~3 nmol/L 

Parturition 

35-40 weeks after parturition 

Holtenius et al., 2005 

Holtenius et al., 2005 

 0.417 ng/L Parturition Staric and Zadnik, 2010 

ICTP ~25 ug/L 

~10 ug/L 

14d post parturition 

Normal 

Liesegang et al., 2000 

Liesegang et al., 2000 

Hydroxyproline 1-1.25 ug/ml 

>1.75 ug/ml 

Preparturition 

3d postparturition 

Goff et al. 1998 

Goff et al. 1998 

 1.5-1.8 ug/ml Normal Goff et al., 1991 

 1.8-2.5 ug/ml Preparturition Goff et al., 1989 

 1.2-1.5 ug/ml Pre and post PTH infusion Goff et al., 1986 

Pyridinoline 7.2-8.5 nM Pre and post parturition Moreira et al., 2009 

Bone Degradation   

Osteocalcin 15-20 (ng/ml) 

~3 (ng/ml) 

12-15 weeks post parturition 

Parturition 

Holtenius et al., 2005 

Holtenius et al., 2005 

0.7-0.9 ng/ml 

0.3 ng/ml 

Normal 

14d post parturition 

Liesegang et al., 2000 

Liesegang et al., 2000 

19.7-21.4 ng/ml Pre and post parturition Moreira et al., 2009 

ALP 55.9 U/L Parturition Staric and Zadnik, 2010 

 150 U/L 

65 U/L 

Low parity 

High parity 

Van Mosel et al., 2004 

Van Mosel et al., 2004 

bALP 20.5 U/L Parturition Staric and Zadnik, 2010 

 ~10 U/L 

≥15 U/L 

20-35 U/L 

Preparturition 

Parturition 

Heifer, all the time 

Kurosaki et al., 2007 

Kurosaki et al., 2007 

Kurosaki et al., 2007 

propeptide of type III procollagen (commercial RIA) were also analysed to study the effect of 

parturition on type III collagen, which is a component of soft connective tissue. Bone 

breakdown markers peaked approximately 1 week after parturition with slight differences in 

patterns, likely due to the timing of bone breakdown. Deoxypyridinoline and ICTP were 

useful tools for following the course of bone breakdown. However, it was suggested that 
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hydroxyproline in recumbent cows was different to normal cows due to hydroxyproline in 

urine being derived from other sources such as soft connective tissue. Hydroxyproline was 

not found to be an effective description of bone degradation. 

Diurnal	
  Variation	
  

Liesegang (2003) monitored the diurnal variation in concentrations of some of the 

important bone markers in goats and sheep. There was evidence of circadian rhythms for OC 

and CTx but not for ICTP or bALP in both sheep and goats. However, in sheep there was 

much less diurnal variation for OC than goats (Figure 2.4). Goats appeared to have greater 

bone turn over as they consistently had higher bone ICTP concentrations (19 ug/L) than 

sheep (12 ug/L). 

An extensive review of literature failed to find similar examples of comparisons of diurnal 

variations in bone markers of bovine. 

 

Figure 2.4 Diurnal variation in plasma of osteocalcin (OC) in sheep (■) and goats (♦) 

(adapted from Liesegang et al., 2003). 

 

	
  	
  	
  	
  	
  	
  	
  	
  2.1.6	
   Methods	
  of	
  25-­‐vitD	
  supplementation	
  

Treatment with 25-vitD in various studies has involved either supplementation of the 

metabolite in the diet (in feed, force fed bolus or through rumen fistula) or direct injection of 

the metabolite (daily, weekly or single dose injections). There is no published evidence 
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comparing different plasma or serum 25-vitD concentrations resulting from different 

application methods of 25-vitD, although several articles compare different vitamin D 

metabolites.   

Taylor (2007) treated Jersey cows prior to parturition with a bolus containing 15 mg of 25-

vitD or a similar bolus containing 15 mg of Vitamin D, 6d prior to parturition. The 25-vitD 

increases plasma 25-vitD from approximately 70 ng/ml to 120 ng/ml, there was no increase 

in plasma 25-vitD from the Vitamin D treatment. Bringe et al. (1971) found that dosing high 

milk fever incidence herds with massive amounts of 25-vitD (200 mg to 1000 mg) orally or 

injected, prior to parturition, reduced the incidence of milk fever from ca. 50% to ca. 15%, 

similar results were presented by Olson et al. (1974). 

Carnagey et al. (2008) delivered 25-vitD into the rumen via a single bolus containing 

either 250 mg or 500 mg 7d before slaughter. Both supplementation levels increased plasma 

25-vitD to between a range of 250 and 300 ng/ml over the following 7d, supplementation also 

increased levels of plasma 1,25-vitD to between 150 and 250 pg/ml. Interestingly, whether 

administering 500 mg or 250 mg the plasma level of 25-vitD was similar and only slightly 

less 1,25-vitD was seen in the 250 mg treatment suggesting that an upper limit of plasma 25-

vitD may potentially be reached. Cho et al. (2006) presented similar results with dietary 

supplementation of 25-vitD with and without anionic salts increasing serum 25-vitD and 

1,25-vitD and the affect was more pronounced with anionic salts. Unlike Carnagey et al. 

(2008) who found an increase in plasma Ca after application of 25-vitD, Cho et al. (2006) 

only found an increase in plasma Ca in the presence of anionic salts. However, Cho et al. 

(2006) only provided 125 mg of 25-vitD in bolus form as opposed to Carnagey’s et al. (2008) 

much higher rate.  However, serum levels of 25-vitD were increased from a base of 88 ng/ml 

in the control group to 383 and 488 in the 25-vitD and 25-vitD + Anionic salt treatments 

respectively, which was similar to the increases reported by Carnagey et al. (2008). 

Concentrations of 1,25-vitD reported by Cho et al. (2006) were much lower with an increase 

from 10 to 25 and 34 ng/ml in respective control, 25-vitD and 25-vitD + anionic salt groups. 

It has been demonstrated that 25-vitD can successfully be applied to ruminants by either 

injection or through the gastrointestinal tract. Suitable supraphysiological levels of plasma 

25-vitD have been attained from different methods of application; such as one time oral 

boluses (Cho et al., 2006, Carnagey et al., 2008, Taylor et al., 2008), injections (Hollis et al., 
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1977, Hidiroglou, 1987), in the diet (Montgomery et al., 2000) and even buccal dosing 

(Rivera et al., 2005). The application of 25-vitD appears to increase the plasma concentration 

of the active 1,25-vitD although the mechanisms for this are unclear and may not be a result 

of an increase in production of 1,25-vitD in the kidney but by a reduction in usage of 1,25-

vitD at Vitamin D receptor sites due to excessive competition from 25-vitD (D. Fraser, pers 

comms 2011). The relationship between dose of 25-vitD and subsequent concentration of 

plasma 25-vitD is not consistent and would appear to be influenced by other factors. Such 

factors may consist of animal physiology (eg. Live weight, productivity or sex), season, 

access to direct sunlight and diet. 

	
  	
  	
  	
  	
  	
  	
  	
  2.1.7	
   25-­‐vitD	
  as	
  an	
  active	
  metabolite	
  

As detailed above, the physiological process for obtaining Vitamin D is via contact with 

ultra-violet light (or to a lesser extent consumption of Vitamin D), then Vitamin D is 

metabolised to 25-vitD and further metabolised to the active 1,25-vitD. However, there are 

two independent aims of supplementing Vitamin D; the first is to provide adequate Vitamin 

D as an effective replacement for dietary or lack of contact with direct sunlight, this permits 

normal physiological processes to take place. The second supplementation purpose is to 

provide 25-vitD in pharmacological doses to attempt to activate additional health or 

productive benefits. If supraphysiological doses of Vitamin D are required, it is much more 

efficient and less toxic, to supplement with 25-vitD instead of the original Vitamin D as less 

vitamin is required. Hidiroglou and Knipfel (1983) injected 25-vitD at 10% of the rate of the 

Vitamin D, yet the concentration of 25-vitD in the plasma was a multiple of 6. It would 

appear that the efficiency of conversion of Vitamin D to 25-vitD is very limited and residual 

Vitamin D is transformed and excreted (Figure 2.2). 

The mode of action of 25-vitD in pharmacological doses remains unclear. However, 

research suggests that extremely elevated concentrations of plasma 25-vitD may replicate the 

functions of 1,25-vitD (Rowling et al., 2007). Studies measuring the influence of treatments 

of 25-vitD on the subsequent concentration of 1,25-vitD have demonstrated inconsistent 

results. Several studies have shown an increase in plasma concentration (Reinhardt and 

Conrad, 1980, Rivera et al., 2005, Cho et al., 2006, Carnagey et al., 2008), some with no 

affect (Montgomery et al., 2000, Wertz et al., 2004) and others have demonstrated a decrease 

in 1,25-vitD concentration (Shepard and Deluca, 1980). However, the change in 
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concentration of 1,25-vitD is important to note. Whether the concentration is increased or 

decreased the change is likely to be inconsequential. Furthermore, the concentration of 1,25-

vitD residing within VDR is also unknown, creating further variability in the estimation of 

the affect of large doses of 25-vitD on 1,25-vitD concentration. It appears that physiological 

effects generated from treatments with large doses of 25-vitD are not a result of an increase in 

1,25-vitD concentration.   

Moreover, pharmacological doses of 25-vitD cause hypercalcaemia, but maybe not 

directly as a function of increasing 1,25-vitD. Increases in concentration of 1,25-vitD may in 

fact be a consequence of sparing of the compound as the VDR may be overwhelmed with 25-

vitD. Trummel et al. (1969) demonstrated that in vitro 25-vitD actually increased bone 

resorption and Foote et al. (2004) showed that hypercalcaemia would develop similar to 1,25-

vitD, being more than double if 25-vitD was sufficient (ie. greater than 300 ng/ml, with no 

increase in 1,25-vitD). Furthermore, Shephard and Deluca (1980) summarized that 

physiological concentrations of 1,25-vitD and 1000 fold concentrations of 25-vitD caused 

equivalent displacement of radioactive 1,25-vitD at receptor sites. Thus, an increase in 1,25-

vitD concentration may be an indication that an effective plasma concentration of 25-vitD has 

been achieved. However, this hypothesis has not been confirmed in bovine.  

In bovine the majority of experiments demonstrating increases in 1,25-vitD as a response 

to pharmacological concentrations of 25-vitD are short duration experiments, usually less 

than 7d. The short duration of these studies may result in the recording of the initial sparing 

activity of 25-vitD on 1,25-vitD and the concomitant increase in plasma concentration. 

Studies of longer duration may demonstrate a reduction in the concentration of 1,25-vitD, this 

would be a logical progression as the high levels of circulating 1,25-vitD would provide 

negative feedback by inhibiting 1α–hydroxylase, and furthermore, hypercalcaemia would 

inhibit secretion of PTH and hence further deactivation of 1α–hydroxylase. This reasoning 

leads to the hypothesis that it is the displacement of 1,25-vitD by 25-vitD that is the 

mechanism of action of an increase in plasma 1,25-vitD not the increase in 1,25-vitD 

production. 

Furthermore, recent research by Rowling et al. (2007) has demonstrated that in 1α-

hydroxylase knockout mice supraphysiological doses of 25-vitD can almost completely 

replace physiological levels of 1,25-vitD. These mice have been genetically engineered to not 
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produce renal 1α-hydroxylase, which makes them perfect models for comparing 25-vitD and 

1,25-vitD. In bovine, results of treatments with supraphysiological doses of 25-vitD are 

confounded by the potential activity of 1,25-vitD. Rowling’s et al. (2007) research 

demonstrated that in normal white mice massive plasma concentrations of 25-vitD reduced 

the endogenous concentrations of 1,25-vitD. This suggests that in normal mice the 25-vitD 

had largely replaced 1,25-vitD and as a consequence adequate Ca concentrations inhibited the 

secretion of PTH, subsequently reducing the production of 1,25-vitD. 

The research by Rowling et al. (2007) confirms the hypothesis presented in this section 

that when in supraphysiological concentrations 25-vitD can replace the activity of 1,25-vitD 

without the requirement of PTH. This has important implications as supraphysiological doses 

of 25-vitD can: 

1. Increase Ca absorption from the gastrointestinal tract regardless of the 

requirement of the animal. This is important for pre-empting known Ca 

deficiencies, such as parturition. 

2. Activate P absorption from the gastro intestinal tract, even when Ca 

concentration of plasma does not permit secretion of PTH, thus permitting 

improved P absorption when cattle are consuming low P concentration 

diets. 
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2.2	
   Calcium	
  	
  

Calcium is required for intracellular reactions including muscle contractions, nerve cell 

activity, the release of hormones through exocytosis and the activation of enzymes (Horst et 

al., 2005). Extracellular functions include blood coagulation, the maintenance and stability of 

cell membranes and the maintenance of structural integrity of bone and teeth (Horst et al., 

2005). Approximate quantities required for daily function of a mature Holstein cow are 

shown in Figure 2.5. 

 

Figure 2.5 Representation of the role of active vitamin D and parathyroid hormone (PTH) for 

providing plasma Ca for various roles. Ca requirements (g/d) for each component are shown 

with order of importance governed by exit point on bucket, i.e. the most important functions 

come out of the bottom of the bucket and if Ca is in excess it is mineralized or excreted 

(developed from information presented by DeLuca, 2004 and Horst et al., 1994a). 
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Control of Ca metabolism is important as the ions play an important role in many 

physiological processes. Ca homeostasis is tightly controlled and adjustments are made 

within 5% of the normal range. Typically, 9-10 mg/dl in plasma in most mammals (Goff, 

2000, Horst et al., 2005) which equates to approximately 3 g of Ca in the plasma pool of a 

600 kg cow. 

	
  	
  	
  	
  	
  	
  	
  	
  2.2.1	
   Ca	
  Homeostasis	
  

The regulation of Ca involves control of the movement of Ca between extracellular fluid 

and three body organs: bone, GI tract and the kidneys (Goff, 2000).  Ca inputs into the 

extracellular pool originate from the diet, bone resorption and renal resorption. The 

homeostatic mechanisms are required to be dynamic and fast acting to avoid hyper- or 

hypocalcaemia as both irregularities can cause sudden death. In some mammals the initiation 

of lactation may cause hypocalcaemia. This is a consequence of a rapid increase in Ca 

demand. As milk production potential of the modern day dairy cow has increased so has the 

Ca requirement. For example, one Kg of colostrum contains approximately 2.5 g of Ca and a 

cow may produce 20 kg in the first 24h of lactation. Just one kilogram of colostrum is 

approximately equal to the extracellular Ca pool of a mature cow (Horst, 1986) (Error! 

Reference source not found.).  

Most Ca in the body is in bone in the form of hydroxyapatite crystals, which contain Ca, 

phosphate and water (Goff et al., 1991a). The next largest pool of Ca in the body is 

intracellular Ca. The smallest pool of Ca is in the extracellular fluid (Horst et al., 1994a). 

Extracellular Ca is the most important pool for physiological control of Ca concentrations in 

blood. This component is composed of interstitial Ca, blood Ca and a small but important 

part of the bone Ca pool, which exists as amorphous crystals or in solution (Cunningham, 

1997). The soluble bone Ca pool allows access to the large reserves of Ca that reside in bone 

and it is more available than Ca held in hydroxyapatite form. 

Calcium is present in plasma in three major forms: ionised, protein bound, and complexed. 

The ionised form of Ca (iCa) is biologically active, representing about 50% of the total 

plasma Ca pool (Wang and Beede, 1992a). Potentially changes in iCa may not be significant 

if total Ca is recorded as the differences may be insignificant, this was the case in Wang and 

Beede’s (1992a) study. However, measurement of iCa, while possible, is difficult when 

compared to measurement of total Ca. 
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Parathyroid	
  Hormone	
  (PTH)	
  	
  

The main organ involved in the control of Ca and phosphate metabolism is the parathyroid 

gland. In the ruminant, the gland lies anterior to the thyroid (Cunningham, 1997). PTH is 

secreted by the process of exocytosis in response to a reduction in plasma Ca concentration. It 

is primarily responsible for the overall control of Ca homeostasis, including changes to the 

labile pool of bone Ca as well as renal activity. However, it is rapidly metabolised by the 

kidney with a half life of 5-10 minutes in blood making it suitable for controlling minute 

changes in extracellular Ca concentration (Bringhurst et al., 1988). 

The effect of PTH is to increase Ca and decrease phosphate concentrations in extracellular 

fluids. PTH has direct effects on bone and kidney metabolism of Ca and indirect effects on 

GI metabolism of Ca (Goff et al., 1989, DeLuca, 2004) via the production of 1,25-vitD.  

Low dietary Mg has been shown to significantly increase incidence of hypocalcaemia 

(Lean et al., 2006). One of the known effects of Mg on Ca homeostasis is the requirement of 

Mg for PTH function (Goff and Horst, 2003b). When PTH binds to its receptor this normally 

initiates activation of adenylate cyclase, resulting in production of the secondary messenger 

cyclic AMP, or phospholipase C, resulting in production of diacylglycerol and inositol 1,4,5-

triphosphate. Both adenylate cyclase and phospholiase C require Mg for full activity. The 

level of Mg is only of concern when deficient and there is no benefit, or detriment, of excess 

Mg in diet (Wang and Beede, 1992). 

Bone	
  

The initial effect of PTH on bone is to promote the transfer of labile Ca across the 

osteblast-osteocyte membrane. This level of action occurs without the movement of 

phosphate and therefore has no effect on phosphate concentrations in blood. The soluble 

portion of bone is important for Ca homeostasis as it is able to be transferred rapidly into the 

extracellular pool of Ca. 

The amorphous crystals and soluble Ca are located between the osteoblasts and the 

osteocytes (Termine and Posner, 1967). Osteoblasts line the blood vessels and osteocytes are 

deeper within the bone. These two cell types have cytoplasmic projections that interact 

intimately through the presence of tight cell junctions. For Ca to enter the blood, from the 
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labile bone Ca, it must cross the membrane barrier created by the osteoblasts and osteocytes 

(Cunningham, 1997). 

PTH has additional resorptive effects on stable bone. This bone resorption is initiated by 

increased osteoclast activity and an inhibition of osteoblast activity. When stable bone is 

resorbed as a consequence of an increase in PTH, both Ca and phosphate are released (Goff 

et al., 1989). Rapid bone resorption requires the presence of 1,25-vitD and PTH (DeLuca, 

2004), however, 1,25-vitD without PTH does not result in bone degradation.  After 

approximately 9 days, the concentration of bone degradation markers ICTP and DPD start to 

decrease (Liesegang et al., 1998). This suggests that cows only actively degrade bone for 

approximately one week after parturition, which means that Ca absorption from the diet has 

been increased sufficiently to match the extra Ca secreted in lactation. 

Renal	
  Ca	
  control	
  

PTH acts on the distal convoluted tubules of the kidneys to increase absorption of Ca and 

decrease renal phosphate reabsorption. It achieves this by increasing resorption of Ca in the 

proximal tubules. Like bone degradation the process is further enhanced with the presence of 

1,25-vitD (DeLuca, 2004).  

Calcitonin	
  

Calcitonin is a hormone produced by cells in the thyroid gland. The secretion of calcitonin 

is by exocytosis from granules. Increased levels of extracellular Ca results in increased levels 

of calcitonin excretion and concomitantly reduced levels of PTH production. Calcitonin 

balances the action of PTH by causing hypocalcaemia and hypophosphataemia. This 

balancing effect is achieved by activities primarily associated with bone (DeLuca, 2004). The 

hormone decreases the movement of Ca from the labile bone Ca pool into the extracellular 

fluid and decreases bone resorption through an inhibitory effect on osteoclasts. 

Calcitonin also has non-skeletal effects. It increases renal secretion of Ca and P as well 

reducing GI activity, directly by inhibiting gastric acid secretion and indirectly by inhibiting 

gastrin secretion (Cunningham, 1997). 

	
  	
  	
  	
  	
  	
  	
  	
  2.2.2	
   Ca	
  absorption	
  and	
  metabolism	
  in	
  the	
  ruminant	
  

The absorption of Ca from the GI tract is by passive diffusion and active transport. The 

passive diffusion of Ca across the intestinal mucosa occurs in the presence of high 
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concentrations and is relative to Ca absorption when adequate levels of Ca are fed or 

requirement is very low.  

Calcium intake does not affect the level of Ca absorption. For instance modifying Ca 

intake from 0.99% to 1.5% of dietary intake did not increase urine Ca content (Chan et al., 

2006). Both levels are considered to be well above requirement (NRC, 1989). This indicates 

that there was no increase in absorption of Ca as a result of the higher intake. NRC (1989) 

suggested that feeding diets with Ca higher than approximately 1% may inhibit feed intake, 

although this was not found by Chan (2006). However, if dietary Ca is below requirements 

then the rate of absorption will increase as active Ca absorption will be initiated.  

Calcium secretion into the gastrointestinal tract is not affected by uptake and is relatively 

standard per unit of dry matter intake (Braithwaite, 1982, Takagi and Block, 1991c). Along 

with lactation, the kidney is the other route of variable Ca excretion. Most of the Ca that 

passes into the kidney is reabsorbed with a net loss of approximately 2% (Cunningham, 

1997). Most of the Ca filtered by the kidneys is reabsorbed in the proximal tubules, with the 

next largest amount absorbed by the distal tubules and a lesser amount by the ascending loop 

of Henle. The distal tubules are the site of Ca regulation in the kidney as they are under 

hormonal control by PTH and 1,25-vitD (DeLuca, 2004). 

	
  	
  	
  	
  	
  	
  	
  	
  2.2.3	
   Ca	
  deficiency	
  syndromes	
  	
  

Calcium deficiency in grazing animals, unlike most mineral deficiencies, tends to be acute 

and rarely result in long term losses of productivity. The most common type of acute disorder 

of Ca metabolism in domestic animals is that of hypocalcaemia in association with parturition 

in the dog and cow (Cunningham, 1997). Animals usually affected are recumbent with severe 

neuromuscular dysfunction. The main manifestation in cows is paralysis. The condition 

arrives from the heavy demand that is placed on Ca reserves by the sudden onset of lactation 

with the inability of the animal to maintain Ca homeostasis (Goff, 2003) 

The most common type of chronic disorder of Ca metabolism in domestic animals is 

associated with secondary hyperparathyroidism, in which there is excess secretion of PTH 

because of chronically low plasma Ca concentrations. Causes include improper diets that 

involve inadequate intake of either Ca or vitamin D or inappropriate diets such as all meat 
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diets for carnivores that are inherently low in calcium (Cunningham, 1997). Horses may 

suffer from similar circumstances if the level of P in the diet is too high relative to Ca. 

The Ca content of pastures is usually adequate (NRC, 2000). However, on rare occasions, 

usually when P has been identified as deficient, Ca has also been found to be deficient. In 

these situations the pasture is usually deemed to be of extremely low quality due to 

digestibility and invariably low in crude protein as well (Cohen, 1980). Mineral 

supplementation under these conditions does not usually result in an improvement in animal 

production as production is first limited by a lack of energy and protein (Cohen, 1980).  

Kidney disease, also a cause of secondary hyperparathyroidism, results in increased Ca 

diuresis with retention of phosphates. The resultant hyperphosphatemia further depresses Ca 

concentrations through increased formation of hydroxyapatite crystals. This process removes 

excess phosphate, but also removes Ca from an already marginal extracellular fluid 

concentration (Brown and Slatopolsky, 2007). 

	
  	
  	
  	
  	
  	
  	
  	
  	
  2.2.4	
   Ca	
  requirements	
  of	
  dairy	
  and	
  beef	
  grazing	
  cattle	
  

The requirement of Ca for beef cattle is dependent on the animal’s level of production and 

physiological status. In steers 100 g of protein gain requires approximately 7.1 g of retained 

Ca. Maintenance requirements have been estimated at 15.4 mg/kg of live weight (NRC, 

2000). Ca usually has a digestibility of approximately 50% meaning that a 320 kg steer 

growing at 1 kg per day requires approximately 30 g of Ca per day in the diet (NRC, 2000). 

Lactating cows have a much higher requirement for Ca as the concentration of Ca in milk can 

be very large. Lactating dairy cows can secrete approximately 20-30 g of Ca every day in the 

milk alone (Goff, 2000). Furthermore, the foetal requirement for Ca of 13.7 g/kg of foetal 

weight is required for deposition during the last 3 months of gestation. Generally the Ca 

content of pasture is sufficient to meet the requirements of grazing animals and it is only 

specific short-term deficiencies as a result of inept homeostatic mechanisms that result in 

hypocalcaemia (McNeill et al., 2002).  
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  2.3	
   Phosphorus	
  	
  

The majority of phosphate requirements are, like Ca, primarily required for structural 

reasons with the compound being the second largest component of bone and teeth. However, 

inorganic phosphate also functions as a hydrogen ion buffering system in the blood and P is a 

component of cell plasma membrane, phospholipids, phosphoproteins, nucleic acids and is 

critical in energy transferring molecules such as ATP (Goff, 2000).  

	
  	
  	
  	
  	
  	
  	
  	
  	
  2.3.1	
   Homeostasis	
  for	
  P	
  

Phosphorus homeostasis is controlled by homeostatic systems similar to Ca homeostasis, 

although P absorption may have some Vitamin D influenced absorption in the small intestine, 

independent of Ca absorption (Breves and Schröder, 1991).  

Plasma P concentration, while important, is not nearly as tightly controlled as plasma Ca 

concentration. The concentration of P in plasma will often vary between between 4 and 8 

mg/dl (Goff, 2000), with approximately 1-2 g of iP present in plasma and 4-7 g of P normally 

present in the extracellular pool of a 500 kg cow. 

Extracellular P levels are maintained via absorption of P from the small intestine or 

resorption of P from bone. Potential losses of P from the extracellular pool include urinary, 

saliva, bone and muscle growth as well as lactation and fetal growth in females (Goff, 2000).  

Hormonal regulation of P is mainly achieved by three hormones; PTH, calcitonin and 

1,25-vitD (Horst, 1986, Breves and Schröder, 1991). The vitamin D metabolite, 1,25-vitD, is 

primarily involved with small intestine absorption and has less of an influence on bone and 

renal function. As opposed to PTH and calcitonin which are much more involved with bone 

and renal function and have little direct influence on small intestine function (Breves and 

Schröder, 1991).  

As previously mentioned, 1,25-vitD is responsible for active mineral transport from the 

digestive tract and is up-regulated by parathyroid hormone (PTH) and 1α-hydroxylase when 

plasma Ca levels are low (Goff, 2000). However, unlike Ca, low plasma P concentrations 

cannot up-regulate 1,25-vitD in ruminants (Abdel-Hafeez et al., 1982, Breves et al., 1985). In 

this situation, plasma Ca levels will remain in an acceptable range and there will be no PTH 
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induced up-regulation of 1,25-vitD production, and consequently no improvement in P 

absorption. 

Bone accretion cannot function without adequate amounts of P. As plasma Ca 

concentration is likely to remain within the acceptable range there will be no up-regulation of 

1,25-vitD, thus not allowing this mechanism to improve P absorption. However, while a low 

concentration of plasma P cannot up-regulate 1,25-vitD it can increase receptor affinity 

(Breves and Schröder, 1991). 

Since the 1950’s it has been shown that supraphysiological doses of Vitamin D can 

increase P and Ca absorption and increase retention of both minerals (Conrad et al., 1956). 

This was confirmed by Hollis (1977) who found that levels of 25-vitD over 200 ng/ml in 

plasma increased plasma P concentration, and that there was a linear relationship between 

plasma 25-vitD and plasma Ca. Furthermore, large doses of Vitamin D can potentially have 

negative health effects such as metastatic calcification and hypocalcaemia (Shepard and 

Deluca, 1980). However, the mechanisms for the findings are hard to elucidate. From more 

recent studies, it may be suggested that the large doses of Vitamin D given in these studies 

was transferred into 25-vitD (as it is not under regulated control), but not 1,25-vitD (which 

is), and the supraphysiological levels of 25-vitD increased Ca absorption from the digestive 

tract as previously mentioned. 

Saliva	
  P	
  

The major area of P loss or excretion from the body in ruminants is salivary secretion, in a 

mature cow salivary secretion may be as high as 90 g of P per day (Goff, 2000). Other 

endogenous secretions of P in the gastro intestinal tract are considered to be minor compared 

to saliva and unregulated, as such they play a minor role in homeostasis (Scott and Buchan, 

1988). Salivary P is both a recycling and excretion mechanism. When an animal is 

consuming excessive P, salivary P will be more concentrated than when an animal is 

consuming a low P diet. However, even when a diet is deficient in P, saliva will still contain 

some P (Mañas-Almendros et al., 1982) demonstrating the key P recycling feature of saliva. 

Salivary secretion of P is an important recycling mechanism in ruminants as P is a 

requirement for microbial growth in ruminants (Breves and Schröder, 1991). To maintain 

microbial growth during periods of low P intake, ruminants are able to resorb P from bone. 
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This allows maintenance of P in plasma and therefore saliva (Goff, 2000). Much of the iP 

from saliva is reabsorbed in the small intestine but a small amount is lost, ruminants are able 

to maintain adequate rumen fermentation and therefore productivity on marginal to low P 

diets for up to several months due to the mobilisation of bone stores (Gartner et al., 1982).  

Salivary P secretion is variable due to several factors. PTH stimulates parotid salivary P 

secretion and may double salivary phosphate concentrations (Wright et al., 1984, Horst, 

1986). However, in a separate experiment both PTH and 1,25-vitD reduced the concentration 

of salivary P when it was compared to plasma P concentrations. Furthermore, it was 

postulated both endogenous and exogenous PTH reduced salivary to plasma P concentration 

ratio by increasing the plasma concentration of 1,25-vitD (Mañas-Almendros et al., 1982).  

In most situations excretion of salivary P is the predominant P excretion point in 

ruminants. However, reducing total salivary output will decrease total salivary P excretion, 

even though saliva P concentration may have increased. Concentrate diets low in roughage 

and high in digestibility tend to have high P levels (NRC, 2000). These concentrate diets do 

not promote rumination and as a consequence urine plays an important role in plasma P 

removal (Tomas, 1974). 

P	
  Absorption	
  

The small intestine is the major site of P absorption in both ruminants and single 

stomached animals (Breves and Schröder, 1991). Absorption of P in the small intestine is 

both active and passive (Breves and Schröder, 1991).  

Active absorption of P in the small intestine is mediated by 1,25-vitD but only extremely 

low levels of plasma P will initiate the excretion of PTH which in turn up-regulates the 

production of 1,25-vitD in the kidney (Goff, 2000). Low plasma P may also increase the 

efficacy of 1,25-vitD production by not inhibiting the production of 1α-hydroxylase (Horst, 

1986) but generally the active absorption of P via the release of 1,25-vitD is a consequence of 

low plasma Ca. 

The presence of 1,25-vitD in plasma stimulates active Ca and P transport independently 

and it involves the classical steroid receptor mediated slow genomic effects and fast non 

genomic effects. The long term effects involve the induction of Ca binding proteins where as 

the short term effects appear to involve changes in membrane fluidity (Rasmussen et al., 
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1979). Dietary P absorption can also be affected by other dietary constituents, low dietary 

protein and low energy reduce P digestibility in sheep (Liebholz, 1974). Supplemental P is 

absorbed as similar rates to the original low P diet (Coates and Ternouth, 1992). 

On the other hand, passive absorption of P in bovine is not clearly defined (Breves and 

Schröder, 1991). However, there is a general understanding that there are primarily two forms 

of passive absorption, transcellular and paracellular, within the small intestine. Transcellular 

relies on an electrochemical gradient for the movement of ions into cells in the lumen and 

then further into capillaries. The function is independent of ATP (Cunningham, 1997). The 

second form of passive absorption is through tight junctions within the luminal wall. Small 

ions will move through the junctions in response to electrochemical gradients or osmotic 

pressure (Cunningham, 1997). Clearly, passive P absorption is dependent on adequate 

concentrations of P in the diet. Whilst this function is important in highly productive animals 

consuming diets high in P it is of much less importance in extensive grazing situations. 

Urine	
  P	
  

 Urinary P in ruminants is usually low and does not contribute to homeostasis (Breves and 

Schröder, 1991). The kidney is responsible for high levels of P resorption from urine (Mayer 

et al., 1966). However, on low roughage diets that do not promote salivation P may be 

excreted through urine (NRC, 2000). Furthermore, urinary excretion of P may be stimulated 

by high levels of PTH (Goff, 2000). Fibroblast growth factor 23 is also responsible for 

increasing renal phosphate excretion by decreasing its reabsorption in the proximal tubule 

(Bai et al., 2004). However, generally speaking in grazing ruminants renal P excretion is not 

a major component of P homeostasis.  

Excretion of excess plasma P usually takes place via saliva (Horst, 1986, Breves and 

Schröder, 1991), however it remains uncertain whether the primary control of excess P is in 

the small intestine (absorption) or in saliva (excretion) (Breves and Schröder, 1991).  

The high level of P in urine of lambs on concentrate diets compared to roughage diets has 

been demonstrated to be a result of reduced salivation due to a lack of rumination (Scott et 

al., 1971). However, the same authors went on to demonstrate that sheep and calves fed 

concentrate diets with higher concentrations of P excreted more P in urine per unit of P intake 

than the roughage fed animals (Scott, 1972). This study demonstrated that more P was 



51 

 

absorbed in the higher concentrate diets, and it was disposed of in the urine. It is unclear what 

the mechanism for this increased urinary P is. However, it appears that more acidic diets with 

higher concentration of P promote greater P absorption and increased excretion via urine, 

potentially as saliva may be limited via volume.  It is important to note that under the right 

circumstances ruminants can still excrete large volumes of urinary P if required. 

Bone	
  accretion	
  and	
  resorption	
  

The skeleton is the major location of P in the body with up to 4 kg of P being present in 

the skeleton of a 500 kg cow (Goff, 2000). A small amount of this is available for resorption 

when plasma P concentration is low. Skeletal absorption is mediated by PTH, which breaks 

down bone and promotes circulation of P in saliva thus supplementing the low P diet that 

originally caused the low plasma P situation (Goff, 2000). However, this maintenance 

mechanism is only activated by plasma Ca concentrations.  

Chronically low dietary P in young growing animals may lead to rickets as a result of an 

insufficient amount of P present for the accretion of bone during remodeling and growth 

(Goff, 2000). P and Ca are the major components of bone and are required in a ratio of 10 

ions of Ca to 6 of P (Goff, 2000). 

	
  	
  	
  	
  	
  	
  	
  	
  	
  2.3.2	
   Diagnosis	
  of	
  P	
  deficiency	
  

A decrease in dry matter intake is the most obvious effect of P deficiency (Gartner et al., 

1982, Breves et al., 1985, Bortolussi et al., 1996). However, a decline in feed intake is 

difficult and impractical to measure in a grazing situation. Bone thickness is an effective 

measure of P storage but does not reflect the current P status of the animal and is only useful 

in regards to net bone accretion of degradation over time. 

However, plasma P is an effective measure of P status and the use of the technique has 

evolved. Cohen (1973) showed that blood plasma iP levels were an inaccurate reflection of 

pasture P. The work showed that bone was a very accurate description of pasture P content 

when yearling steers were grazing a range of moderate to very deficient P pastures. However, 

after 19 weeks of low and moderately deficient P diets Gartner (1982) was able to show a 

difference in iP levels in serum. Ternouth (1990) went on to present data that iP was an 

excellent method of determing or identifying when P levels in the diet are at moderate to low 

levels, this is supported by several authors (Coates and Ternouth, 1992, Ternouth and Coates, 
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1997, Geisert et al., 2010). Goff (2000) reported that plasma P is generally well correlated 

with dietary P absorption. Plasma iP levels of 6-8 mg/dl are considered normal whereas 

levels of 2-4 mg/dl are considered deficient. However there is a considerable range in 

between which is inconclusive and the values must be taken in context with nutritional and 

productive environment of the animal. 

	
  	
  	
  	
  	
  	
  	
  	
  2.3.4	
   P	
  requirements	
  of	
  cattle	
  

Analysis of P requirements is inherently difficult as excess metabolic P is excreted through 

saliva not urine and P can be stored in the skeleton (and to a lesser extent muscle) and then 

released to compensate for periods of deficiency. Studies into P requirements often need to 

take the above features into account and this often makes such studies prohibitive. However, 

recycling of P and storage improves the adaptability of bovine to environments of variable 

nutrient availability. 

Cattle have an excellent ability to conserve and then recycle P. This allows very effective 

adaptation to seasonal P deficiencies. Such seasonal P deficiencies are likely to be caused by 

differences in production rather than fluctuations in supply of P, for example the majority of 

growth and peak lactation are both primarily season specific. The skeleton effectively allows 

cows on sub-optimal P intake to have similar levels of production as non-deficient P intake 

cows. Call et al. (1986) and Fishwick et al. (1977) found that dramatic deficiencies in P over 

a short period of time (2 months) resulted in a reduction in tail bone density followed by 

recovery of production characteristics once cows had been returned to a normal diet. 

Furthermore, cattle tended to not show improved daily growth rate during the early wet 

season but daily growth rate during the late wet season were consistently higher on pastures 

with higher P concentration (McLean et al., 1990). This indicates that P effectively stored 

during the dry season may be released during the early wet season thus reducing the effect of 

P being the limiting nutrient in pastures. 

The P requirements for a 300kg steer gaining 0.5 kg/d and a 500 kg cow with average 

milking ability (5 kg/d) are 14.3 and 21.4 g/d, respectively (Ternouth, 1990). Growth requires 

ca. 8 g/kg gained, conceptus requires 1 g/d at 5 months and 5 g/d at 9 months (Ternouth, 

1990). However, NRC (2000) presented different methods for expressing P requirements; 

with conceptus at 7.6 g/kg of foetus and 3.9 g/100 g of protein gain in growing animals. 

However, several experiments using lower than published P requirements have shown that 
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recommendations are often excessive (Fishwick et al., 1977, Call et al., 1978, Ternouth et al., 

1996). 

 Data presented by Ternouth (1990) suggests that maiden heifers (yearling and to a lesser 

extent 2 yr old) would be particularly susceptible to P deficiency as they require P for growth 

and conceptus. In recent research conducted in extensive grazing conditions in northern 

Australia, the pregnancy rate for heifers during their first lactation was approximately 20%, 

but was increased to 40% with year round mineral supplements that contain P (Schatz and 

Hearnden, 2008). Thus research on P digestibility or deficiency should be studied in highly 

productive animals, and since breeding animals with offspring are almost impossible to work 

with in an animal house situation young animals (1 to 2.5 yrs of age) are the next best animal 

to work with due to their growth rate increasing the requirement for P. 

	
  	
  	
  	
  	
  	
  	
  	
  2.3.5	
   P	
  deficiency	
  in	
  grazing	
  ruminants	
  

Phosphorus deficiency causes a major reduction in the productivity of the beef industry in 

extensive grazing regions of Australia (Ternouth, 1990). This is especially the case in the 

more extensive grazing systems in the north but is also seen in some intensive systems in 

southern areas were P is often a limiting factor. P is deficient when it is the limiting factor, 

during the dry season nitrogen and digestibility are limiting factors but during the wet season 

P is the limiting factor and digestibility and nitrogen concentrations are increased (McLean et 

al., 1990, Bortolussi et al., 1996). Both Ca and P may be deficient in certain pastures, 

responses to P supplementation in these situations is often negligible (Cohen, 1980). Often 

low pasture digestibility and protein will result in apparently deficient P concentrations not 

being the limiting factor for animal production. 

As a decline in feed intake is the most obvious sign of P deficiency in ruminants (Gartner 

et al., 1982, Breves and Schröder, 1991, Goff, 2000), it also has the most negative productive 

affect. Live weight is the most highly correlated factor for fertility in first calf heifers (Schatz 

and Hearnden, 2008), any reduction in feed intake will result in a concomitant loss in energy 

and protein intake causing a reduction in growth rates and potentially a reduction in live 

weight (Figure 2.6).  
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Figure 2.6 Cumulative liveweight gains for representative years at each site for 

unsupplemented (unfilled symbols) and P supplemented (filled symbols) treatments (Winter 

et al., 1990). 

P deficient diets should result in less microbial protein production and fermentation but it 

is inherently hard to cause complete P deficiency as a consequence of bone resorption, 

however Gartner et al. (1982) showed that heifers consuming diets that were restricted to the 

DM intake of the P deficient replicates but given supplemental P had higher rates of daily 

gain. This indicates that reduced content of feed was utilised more effectively, which was 

confirmed by in vitro research showing that VFA production, OM digestibility and ammonia 

utilisation were all increased at higher P concentrations (Komisarczuk et al., 1987).  

 The time that it takes from the beginning of P deficient diets to a reduction in feed intake 

is dependent on the concentration of P in the diet; the greater the P deficiency in the diet the 

more quickly feed intake will drop. A reduction in feed intake has been shown to take from 3 

weeks to 19 weeks depending on the P concentration of the diet (Gartner et al., 1982). The 
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amount of P stored in the skeleton is limited, hence the greater the dietary deficiency the 

more quickly reserves are exhausted. 

Gartner et al. (1982) demonstrated that P deficiency also has effects not related to feed 

intake. They pair fed P-deficient heifers with P supplemented heifers. The P supplemented 

heifers had a much greater feed efficiency than the P deficient heifers even though they had 

similar DM intakes, the theory behind this is that the P supplements improved rumen 

fermentation, however this was not overwhelmingly supported by digestibility data and 

individual animal variation was postulated as a cause of this. 

	
  	
  	
  	
  	
  	
  2.3.6	
   P	
  supplementation	
  times	
  and	
  targets	
  	
  

Phosphorus supplementation is relatively inefficient (P absorption rates are often less than 

50%) and is a costly strategy (Ternouth, 1990). The cost of P sources is continuously 

increasing, especially since the world supply has peaked or is rapidly approaching its peak 

supply of P (Cordell et al., 2009). Increasing the ability of ruminants to retain P when 

supplementation is required would improve both the productivity and profitability of 

livestock enterprises. 

“The class of cattle for which it is most important to assess their P requirements correctly 

is the breeding cow. In Australian extensive grazing situations, these animals appear to be 

particularly vulnerable to P deficiency as the probable negative P balance during lactation in 

the wet season cannot be restored during the dry season” (Ternouth, 1990). The most critical 

times for P supplementation in cattle in extensive grazing situations are in cattle with the 

highest demand for P. The most productive cattle are cattle with the highest demand for P. 

The two major products of cattle production are the deposition of body mass (and/or foetal 

mass) and milk production, both of these activities coincide with the wet season. The wet 

season is when other limiting nutritional factors, primarily dry matter digestibility, protein, 

available dry matter and sulphur, are no longer limiting. The promotion of greater animal 

productivity by the availability of these nutrients, combined with greater animal productivity 

associated with reproduction result in P becoming the limiting nutritional factor during the 

wet season. Hence supplementation of heifers during their initial joining period (ca. 2 yr old) 

and during the wet season of their first lactation are often referred to as being the most at risk 

for P deficiency and should be the primary target of supplementation programs (McIvor et 

al., 2011). 
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Recommendations given for P requirements are often in excess of actual requirements 

under practical conditions (Coates and Ternouth, 1992). Diets offered to yearling heifers for 

two years at 0.66% of ARC recommended values did not decrease live weight or pregnancy 

status against P fed at 176% of recommendations. However, serum P levels were increased as 

a result of the higher P intake. Excess supplementation of P was not toxic and very large Ca:P 

ratios (approx 9:1) were not a problem in yearling heifers (Call et al., 1978). It would appear 

that in this study that either P recommendations are too high or growth rates were not high 

enough to force P to become a limiting factor (growth approx 0.45 kg/day), it is likely that it 

is a combination of both as P requirements are a function of production and ARC 

recommendations have regularly been assessed as being excessive (Ternouth et al., 1996).  

Coates and Ternouth (1992) found that yearling heifers grazing P deficient and marginal P 

pastures (deficient with and without supplemental P) had adequate P for growth with only the 

lowest P intake group having slightly reduced live weight gain over the 12 month period. 

Plasma iP levels were considered to be low, < 60 mg/L, but weight gain was still adequate 

(ca. 0.5 kg/day). Plasma iP levels were increased on marginal P and supplemental P. Manure 

concentration of P showed difference between low and high P diets but supplemental P diets 

were similar to low with a low concentration of P and greater digestibility. Their research 

demonstrated that ARC recommendations over estimate P requirements in extensive 

situations and that P supplementation will increase live weight gain. 

A strategy of classifying P deficiency based on soil P concentration has been developed to 

aid identification of P areas prone deficiency problems. The benefit of classifying the soil is 

that it avoids seasonal variations in plant P content and between species plant variability. P 

deficiency status has been classified into (reproduced from McIvor et al., 2011): 

• acute (< 4 mg/kg of bicarbonate extractable P) 

• deficient (4-6 mg/kg) 

• marginally deficient (7-8 mg/kg) 

Within these classifications generalized recommendations can be made that suggest that 

all stock should be supplemented with P in acute situations; all stock during the productive 

season on deficient country with emphasis on reproductive stock during lactation, especially 

heifers; and lactating heifers on marginally deficient country. 
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Generalized recommendations for P supplementation need to be modified for individual 

circumstances. To increase voluntary feed intake and therefore productivity all dietary 

requirements need to be satisfied. Supplementary P usually only results in increases in weight 

gain when dietary nitrogen is in excess of 1.5% (Winks, 1990) and the remaining dietary 

requirements, predominately availability, composition, digestibility, Ca, Na and S 

composition, are also required to be satisfactory and not limiting. 

While P is predominately a limiting factor during the wet season its availability is still low 

during the dry season. When NPN supplementation programs are conducted during the dry 

season it is critical that P is also included in the supplementation program, as the introduction 

of a protein source will cause it to become a limiting factor for microbial production in the 

rumen (Bortolussi et al., 1996). 

	
  	
  	
  	
  	
  	
  	
  	
  	
  2.3.7	
   The	
   potential	
   role	
   of	
   Vitamin	
   D	
   for	
   the	
   improvement	
   of	
   dietary	
   P	
  
absorption	
  and/or	
  status	
  

Phosphorus deficiencies are a major cost to extensive grazing industries and the cost of P 

supplements will continue to increase in real terms. Many extensive grazing situations are 

only marginal deficient in P, and if the efficiency of P absorption was greater than the typical 

50%, P requirements may be able to be met through the supply of P from pasture alone. This 

then raises the possibility that excessive “mining” of P reserves may occur (McIvor et al., 

2011). However, the extensive nature of grazing industries means that the actual P removed 

from the top soil is likely to be negligible, take many years to become critical and potentially 

be replaced by various mechanisms (McIvor et al., 2011).  

As 1,25-vitD can increase active absorption of P from the gastrointestinal tract, 

supraphysiological doses of 25-vitD can replace a large proportion of the functions of 1,25-

vitD without the secretion of PTH (Rowling et al., 2007). Thus adequate plasma Ca 

concentrations will not inhibit active absorption of P. If P absorption or retention can be 

increased by increasing Vitamin D status, i.e. 25-vitD plasma concentrations greater than 200 

ng/ml, then P supplementation may not be required in many of the extensive grazing 

situations where P is the limiting factor. Delivery of 25-vitD, is the next challenge.  

In extensive grazing situations that involve acute P deficiency an improvement in P 

absorption, regardless of how effective, will not meet P requirements. This is often the case 

on extremely P deficient soils or when an animal is highly productive due to other nutritional 
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factors such as protein, digestibility, Ca and S being in abundance (Cohen, 1980). 

Supplementation with P in these situations is likely to be of great benefit and may effectively 

be delivered by a lick block, loose supplement or even water medication (McIvor et al., 

2011). However, P is likely to be absorbed at a similar rate to the basal diet, which means that 

much of the P supplied by the supplement will not be digested and returned to the soil and 

largely wasted (Coates and Ternouth, 1992). If 25-vitD was included in supplementary diets 

the P digestibility of the diet may be increased. This would result in lower P requirements in 

supplementation programs, greater cost effectiveness or potentially greater retention and 

storage of P and greater productivity resulting from the supplement program. 

	
  	
  	
  	
  	
  	
  	
  	
  2.4	
   Impacts	
   on	
   Ca	
   homeostasis	
   caused	
   by	
   metabolic	
   acidosis	
   or	
  

alkalosis	
  on	
  Ca	
  homeostasis.	
  

	
  	
  	
  	
  	
  	
  	
  	
  2.4.1	
   Dietary	
  cation	
  anion	
  difference	
  (DCAD)	
  

Dietary cation anion difference (DCAD) is the difference in molecular equivalents of 

strong anions and strong cations in the diet (Ender et al., 1962, Goff and Horst, 2003b). If an 

animal is consuming more anionic elements than cationic the diet is to be considered to have 

a negative DCAD and this will result in a degree of compensated metabolic acidosis (Block, 

1994, Espino et al., 2003). Conversely if an animal is consuming more cations than anions 

(typical pasture diet high in K) the animal will experience compensated metabolic alkalinity. 

The theory is based on two beliefs. The first is that the number of moles of positively 

charged particles in any solution must equal the number of moles of negatively charged 

particles. The second is that the product of concentration of hydrogen ions and hydroxyl ions 

is always equal to the dissociation constant of water (Goff and Horst, 2003b). The pH of the 

solution is subject to the difference between the number of negatively and positively charged 

particles. If negatively charged particles (anions) are added to a solution the number of OH- 

ions will decrease and the number of H+ ions increase causing a reduction in pH (Goff and 

Horst, 2003b). 

Salts of various cations and anions may be acidifying, alkalying or neutral – depending on 

the relative rate of absorption of each cation and anion within the salt. For example NaCl is a 

neutral salt as both cation and anion are efficiently absorbed. CaCl2 on the other hand is an 
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acidifying salt as the Cl- is absorbed almost completely while Ca+ is generally absorbed at 

less than 40% (Goff et al., 1991b). 

The primary anions in the blood are bicarbonate anions. The relationship between the 

bicarbonate anion and CO2 are responsible for minute-to-minute regulation of blood pH (Goff 

and Horst, 2003b). However, the concentration of non-metabolisable anions and cations has a 

much more long-term effect on metabolic pH. The strong ion difference theory refers to 

elements that enter through the digestive tract, hence the DCAD relationship with metabolic 

acid base balance (Goff and Horst, 2003b). Once absorbed the ions cannot be regulated by 

the respiratory tract and must be regulated, or removed, by the kidneys.  

The major cations in the diet that have the most effect on metabolic acid base balance are 

Na, K, Ca and Mg. The major anions are S, Cl and phosphate (Goff and Horst, 2003b). The 

most common equation was originally proposed by Ender (1962) 

DCAD (mEq/kg) = ( Na+ +  K+) – ( Cl- +  S--) 

Whilst this equation does not take into account several of the ions mentioned it does take 

into account the most influential and variable of the ions. Other equations may include some 

of the other ions mentioned but give them weightings that permit less influence on the 

equation. Goff and Horst (2003b) proposed the following equation  

DCAD (mEq/kg) = ( 0.15 Ca++ +  0.15 Mg++ + Na+ +  K+) – ( Cl- +  0.6S-- + 0.5 PO4
--) 

For any of these ions to be effective they must be absorbed from the digestive tract (Goff 

and Horst, 2003b). The main ions represented in the equation are highly digestible. While 

some of the other ions mentioned may have varying degrees of digestibility, which are 

dependent on individual circumstances. Block (1984) used the original equation put forward 

by Ender (1962) but also referred to other more inclusive equations as potentially being more 

useful. 

	
  	
  	
  	
  	
  	
  	
  	
  2.4.2	
   How	
  is	
  metabolic	
  pH	
  controlled?	
  

The acid-base balance is finely tuned in most animals. There are three systems at work 

that maintain the acid-base homeostasis: intracellular and extracellular buffers, the respiratory 

system and the kidneys (Block, 1994). The normal blood pH is approximately 7.35 in bovine 
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(Goff and Horst, 2003b) and it is necessary for normal cellular function to maintain the 

balance in a very narrow range (Riond, 2001). 

Intracellular and extracellular buffers and the respiratory system are responsible for rapid 

correction of blood pH to maintain a pH of approximately 7.35. While these two systems are 

effective short-term buffers they are unable to control long term variations in metabolic pH. 

The kidneys are responsible for long-term acid-base homeostasis and the excretion of excess 

hydrogen ions (Riond, 2001). 

In monogastrics excess acid is typically the condition that is most prevalent in animals, 

although on occasions excessive basic ions must also be eliminated. Excess acid can be 

accumulated from a variety of sources such as exercise and other physiological processes, but 

the primary cause is diet (Riond, 2001). However, in grazing ruminants the predominant 

DCAD of the diet is highly positive, with grasses (especially heavily fertilized pastures) 

having a high, and often extremely high, K concentration. Furthermore, water consumed as 

part of the diet may also contain excessive Na, and often Ca may be excessive in ground 

water (NRC, 2000). 

DCAD appears to exert its effects on blood pH by altering blood bicarbonate 

concentrations. Blood bicarbonate increases with increasing DCAD (Ross et al., 1994), 

potentially in response either to increased systemic bicarbonate generation accompanying the 

absorption of Na and K from the gastrointestinal tract or to a reduction in systemic free 

proton generation as Cl absorption decreases. Of these three electrolytes (Na, K and Cl), 

serum Cl appears most profoundly affected in acid-base physiology (Tucker et al., 1988a). 

Vagnoni and Oetzel (1998) presented data that showed cows fed anionic diets had similar 

blood pH. However, they noted that blood HCO3- and base excess (i.e. a reduction in mEq/L) 

were reduced. This indicated that dietary anionic salts induced a mild metabolic acidosis that 

was adequately compensated by non-respiratory mechanisms (Vagnoni and Oetzel, 1998). 

Non-respiratory compensatory mechanisms include the degradation of bone for buffering, 

which results in an increase in urinary Ca excretion and an associated improvement in Ca 

homeostasis during parturition. 

The kidneys respond to a decline in blood pH, which stimulates the Na-/H+ counter 

transport system in the renal tubules. Delaquis and Block (1995) found an increase in H+ 
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excretion in cows fed a diet that was more anionic. The acid stress caused by the dietary 

manipulation was apparent from the urinary analysis but was insufficient to overload the 

renal compensatory mechanisms resulting in no change in the acid-base parameters. 

Buffers that are used to titrate excess H+ to maintain pH within physiological limits 

include haemoglobin, carbonate from bone, phosphate and bicarbonate. The principal protein 

for buffering blood is potassium salt of oxyhaemoglobin in ethrocytes (Block, 1994). These 

buffers work rapidly and effectively until they reach the point where their buffering capacity 

is exceeded. In chronic metabolic acidosis conditions, bone provides a large supply of 

buffering capacity. In this state, excess H+ in the extracellular fluid promotes physiochemical 

as well as osteoclast mediated dissolution of bone, releasing carbonate, which works as an 

effective buffer (Goff and Horst, 2003b). 

The renal collecting duct can secrete protons and generate acidic urine if the animal is 

under metabolic acidotic stress (Goff et al., 1991b). It is also capable of net HCO3
- secretion 

in response to alkalosis (Cunningham, 1997). However, the proximal tubule is primarily 

responsible for the bulk of acid secretion, whereas the collecting duct is responsible for the 

control of net acid excretion and final urine pH. Therefore an animal under acidotic stress 

will have a urine pH concomitant with its level of metabolic acidosis and conversely the 

animal’s urine pH will be basic when under alkalotic stress. 

	
  	
  	
  	
  	
  	
  	
  	
  2.4.3	
   What	
  are	
  the	
  primary	
  effects	
  of	
  metabolic	
  pH	
  on	
  Ca	
  homeostasis?	
  	
  

Dietary cation anion difference has been found to have a very close relationship with the 

incidence of clinical hypocalcaemia (milk fever) in dairy cattle (Block, 1984, Goff et al., 

1991b). There are several affects that may cause this relationship. They include hormone 

sensitivity of tissue and bone resorption for buffering. Diets consumed by prepartum cows 

that cause compensated metabolic acidosis prevent a decline in plasma Ca at the initiation of 

lactation (Abu Damir et al., 1994, Moore et al., 2000, Chan et al., 2006) and a reduction in 

incidence of milk fever (Gaynor et al., 1989), although Ramos-Nieves et al. (2009) found no 

difference in plasma Ca concentration in cows at parturition. Low DCAD diets have been 

shown to increase an animal’s ability to mobilise Ca into the extracellular Ca pool when 

plasma Ca content is reduced (Takagi and Block, 1991a).  
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PTH	
  receptor	
  sensitivity	
  

Alkalosis affects PTH sensitivity of certain tissues (Goff et al., 1991b, Goff and Horst, 

2003b). Two PTH dependent functions, bone resorption and renal production of 1,25-vitD are 

enhanced in cows fed anionic diets (Block, 1984, Gaynor et al., 1989). There is evidence to 

suggest that under neutral metabolic conditions when blood pH is approximately 7.35, PTH 

and its receptors interact much more effectively in target tissues located in critical areas such 

as kidney and bone (Beck and Webster, 1976, Goff and Horst, 2003b). Alkaline dietary 

conditions (positive DCAD) and hence metabolic alkalinity; may change the conformational 

structure of the PTH receptor so that PTH and its receptors do not interact as efficiently 

(Bushinsky, 2001, Espino et al., 2003). Espino et al. (2003) found that in sheep, cationic diets 

resulted in increased levels of PTH at parturition but levels of osteocalcin were not increased, 

suggesting that PTH receptors were refractory due to the cationic state. This was further 

supported within the experiment as anionic treatment sheep had ‘re-organised’ bone structure 

to allow for greater mobilisation of Ca.  

Cationic diets have been shown to reduce renal synthesis of 1,25-vitD at the time of 

parturition in dairy cows (Gaynor et al., 1989). Although, studies have also shown no 

difference in plasma concentrations of 1,25-vitD in cows offered diets with cationic or 

anionic DCAD (Kurosaki et al., 2007). The evidence suggests metabolic alkalosis reduces the 

sensitivity of the renal tissue to PTH so that there is no increase in the hydroxylation of 25-

vitD due to no increase in the production of 1α-hydroxylase (Goff and Horst, 2003b). 

Although in an EDTA challenge experiment with non-pregnant non-lactating cows Heron et 

al. (2009) found that during the challenge that PTH or 1,25-vitD were not influenced by 

DCAD even though the treatments with lower DCAD recovered their plasma Ca 

concentration faster than treatments on higher cationic diets, this has also been seen in other 

studies (Joyce et al., 1997, Kurosaki et al., 2007). The affect of metabolic alkalinity on the 

production of 1,25-vitD is not clear, it may well be that the refractory nature of PTH 

receptors results in a reduction of 1,25-vitD production in some cases or simply that there is 

less requirement for 1,25-vitD in cows supplemented with anionic salts as the PTH secreted 

is more effective and there is more Ca available as a consequence of the compensating 

mechanisms which control the metabolic acidosis.  
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Bone	
  buffering	
  

 The blood buffering capacity of bone during metabolic acidosis may be beneficial for 

cows during hypocalcaemic events. As bone acts as a major buffer for blood it releases 

cations (primarily Ca) into the blood to buffer changes in pH (Vagnoni and Oetzel, 1998, 

Goff and Horst, 2003b). This has been conclusively shown in rats (Beck and Webster, 1976). 

The extra calcium is excreted by kidneys, resulting in hypercalciuria (Tucker et al., 1988a, 

Tucker et al., 1992, Vagnoni and Oetzel, 1998, Chan et al., 2006, Kurosaki et al., 2007). 

Liesegang (2008) used an aggressive anionic salt addition (approx DCAD -164 mEq/kg) and 

found that in goats both bone degradation markers were increased (CL and ICTP), urine Ca 

was increased and osteocalcin started to decrease 10d prepartum. The reduction in 

osteocalcin suggests that bone accretion was reduced but the markers for bone degradation 

clearly indicate that bone was being resorbed in response to the metabolic acidosis. The 

findings were also seen in dairy cows as Abu Damir et al. (1994) found that the addition of 

anionic salts increased the proportion of woven bone over lamellar cortical bone prior to 

calving. Woven bone is a temporary tissue that forms rapidly and has higher Ca content than 

compact bone, and may therefore act as a readily mobilised reserve of Ca during parturition 

(Abu Damir et al., 1994). There is general acceptance in the literature (Goff and Horst 1997, 

1998, Kurosaki et al., 2007) that bone degradation increases during compensated metabolic 

acidosis.  

Increase	
  the	
  flow	
  of	
  Ca	
  through	
  the	
  exchangeable	
  pool	
  

Anionic diets increase the flow of Ca through the exchangeable Ca pool but do not 

increase the size of the pool (Fredeen et al., 1988, Takagi and Block, 1991c, Chan et al., 

2006). Acidosis increases entry (bone and dietary) and clearance (urinary) rates and they are 

modified by PTH and calcitonin concentrations, which are determined by plasma Ca 

concentration. Plasma Ca concentration should remain constant regardless of anionic state 

except when influenced by other clearance factors, such as lactation. However, some 

experiments have reported a rise in extracellular Ca content as a result of low DCAD (Vagg 

and Payne, 1970) but usually only during periods of increased Ca removal, such as parturition 

or EDTA infusion (Block, 1984, Won et al., 1996, Goff and Horst, 1998). 
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Urinary	
  pH	
  and	
  Ca	
  excretion	
  

Urinary characteristics are influenced by DCAD. The contribution of the compensatory 

mechanisms involved in the control of metabolic acidosis or alkalosis are most easily 

measured in urine. Two of the primary measurements of compensatory acidosis are urine pH 

and Ca excretion.  

Urine pH is a measure of the removal of excess H+ ions, and Ca is a definitive by-product 

of bone degradation for buffering purposes (Goff and Horst, 2003b). Furthermore, Ca 

excretion from the kidney is also augmented by a depression of the renal tubular resorption of 

Ca induced by acidosis (Liesegang, 2008). However, increased urinary Ca excretion may also 

originate from higher dietary Ca intakes or even increased absorption from the alimentary 

tract. During experimental conditions there should not be confounding factors present that 

increase dietary intake of Ca and therefore the primary conclusion of elevated levels of urine 

Ca excretion is that extracellular (or available) Ca is in excess. 

Diets supplemented with anionic salts, acid or generally negative DCAD in nature have 

been shown to reduce urinary pH in non-lactating dairy cows (Joyce et al., 1997, Goff and 

Horst, 1998, Roche et al., 2007), beef cows (Hersom et al., 2010), sheep and goats 

(Liesegang, 2008). After the initial application of anionic salts, urinary pH will usually reach 

a nadir after 48h (Roche et al., 2007), although Goff and Horst (1998) found that it took less 

than 16h to drop and would resume to normal, 24h after removal of anions from the diet. 

They also suggested that over time, the buffering system became more effective at 

maintaining metabolic pH as urinary pH tended to increase. This was also evident in both 

sheep and goats (Liesegang, 2008). 

An increase in urinary Ca excretion almost always accompanies a reduction in urine pH 

(Schonewille et al., 1994, Goff and Horst, 2003b, Kurosaki et al., 2007, Roche et al., 2007) 

although sheep appear to take longer to excrete urine Ca after consuming anionic diets than 

goats (Liesegang, 2008). Ca excretion may take up to 10d following addition of anions to diet 

(Roche et al., 2007). Urine Ca excretion is a result of excessive extracellular Ca, excretion of 

Ca is critical for maintaining Ca homeostasis. Research has shown that this release is 

approximately 2-5 g/day (Kurosaki et al., 2007). Animals in a state of hypercalciuria state are 

able to conserve Ca in the kidney extremely quickly once an alternative demand for the Ca is 

evident (Goff and Horst, 2003b, Chan et al., 2006). Alternatively, cows that are in an 
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alkalotic state will only have this source of Ca available after they have activated hormonal 

control and the bone Ca has moved from the labile pool across the osteoblast-osteocyte 

membrane. This delay in Ca availability is potentially one of the critical factors behind 

clinical hypocalcaemia and is further impeded by PTH receptors being less sensitive due to 

cationic diets (Goff et al., 1991b). 

Liesegang (2008) suggested that anionic salts appear to increase urinary Ca due to 

increasing bone breakdown, decreasing accretion and up-regulating Ca absorption in the SI. 

However, excess Ca originating from bone during compensated metabolic acidosis is usually 

the primary origin of urinary Ca (Liesegang, 2008). However, phosphate is also a major 

constituent of bone but there is no increase in urinary phosphate excretion and it does not 

play a role in total acid excretion, unlike monogastrics (Vagnoni and Oetzel, 1998).  In 

ruminants consuming a forage-based diet P is excreted via the saliva through the 

gastrointestinal tract (Breves et al., 1985). 

Feeding anionic salts has no effect on creatinine production and therefore urine spot 

samples adjusted for creatinine is an applicable assessment of total urinary Ca excretion 

(Wang and Beede, 1992a, Vagnoni and Oetzel, 1998). Roche (2007) found that anionic salts 

delivered twice a day resulted in no diurnal changes in urine pH. This enabled spot samples 

for urine pH analysis to be taken at any time. 

Ca	
  status	
  

Compensated metabolic acidosis does not increase the plasma Ca concentration as Ca 

homeostatic mechanisms increase urinary Ca excretion to maintain homeostasis (Kurosaki et 

al., 2007). Metabolic acidosis caused by DCAD levels below 0 have been shown to increase 

Ca release from bone (Beck and Webster, 1976, Takagi and Block, 1991c, Espino et al., 

2003, Charbonneau et al., 2009) and to a lesser extent increase the rate of Ca digestibility, 

although most research indicates that negative DCAD diets reduce Ca retention as the loss of 

Ca from bone is greater than the improvement in Ca absorption from the small intestine 

(Takagi and Block, 1991b, Charbonneau et al., 2009). However, in some situations the 

increase in small intestine Ca absorption is equal to the Ca lost in urine (Roche et al., 2007). 

Schonewille et al. (1994) found that highly anionic diets resulted in 11.6% of Ca intake being 

absorbed and excreted through urine. Furthermore, using hydroxyproline as a marker there 

was no indication of increased bone degradation.  
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The conflicting evidence presented by Schonewille et al. (1994) may be a result of feeding 

the anionic salts for longer than most other studies, 19d as opposed to the usual adjustment 

period of 10 to 14d. Longer feeding periods may completely drain the labile Ca bone pool 

and allow increased absorption of Ca from the small intestine to compensate. However, 

results more commonly demonstrate continuous bone degradation and only marginally 

increased Ca absorption, which results in a net Ca loss (Braithwaite, 1975, Fredeen et al., 

1988, Takagi and Block, 1991c, Espino et al., 2003). 

	
  	
  	
  	
  	
  	
  	
  	
  2.4.4	
   Efficacy	
  of	
  various	
  Anionic	
  feeds?	
  

Ender et al. (1962) discovered the DCAD principle with a series of experiments 

examining the addition of silages, made with mineralised acids, to dairy cow diets. This has 

been extended by many other researchers who have defined the strong cation anion theory 

and shown that anionic salts, of either Cl and S can effectively manipulate metabolic pH 

(Block, 1984, Gaynor et al., 1989, Oetzel et al., 1991, Goff and Horst, 1998, Chan et al., 

2006, Kurosaki et al., 2007). Originally it was thought the DCAD equation was based on 

molecular Equivalents (Eq) and that each Eq of anion was equivalent, regardless of source. 

Goff et al., (2004) reviewed the efficacy of several different sources of anions from salts and 

acids to compare acidifying efficacy. In general the findings were that the equivalent amount 

of acid had more of a metabolic acidifying effect than an anionic salt. This stands to reason as 

the anion in anionic salt is always coupled with a relevant cation, thus the relative strength of 

the cation varies from salt to salt. Goff et al. (2004) also found that Cl anionic salts were 

much more effective at inducing a metabolic acidosis than S based anionic salt (Figure 2.7).  

However, other researchers found that sulphate anions had similar efficacy to chloride 

anions for reducing hypocalcaemia even though urine pH was usually not reduced to the 

same extent (Oetzel et al., 1988, Oetzel et al., 1991, Tucker et al., 1991). Sulphur has 

potentially limited usage as the incidence of S toxicity is likely to increase when S is above 

0.4% (NRC, 2000) where as Cl content may be increased much higher. 

Anionic diets have been known to reduce dry matter intake of prepartum cows (Ender et 

al., 1962, Vagnoni and Oetzel, 1998, Moore et al., 2000) and reduce palatability (Wang and 

Beede, 1992a). Gaynor (1989) found that jersey cows fed additional anionic salts had a lower 

dry matter intake than cows that were not fed the anionic salts.  



67 

 

 

 

Figure 2.7 Mean urine pH of Jersey cows fed 2 Eq of anion using hydrochloric acid (HCl), 

ammonium chloride (NH4Cl), calcium chloride (CaCl2), calcium sulfate (CaSO4), 

magnesium sulfate (MgSO4), or elemental sulfur as sources of anions (Goff et al., 2004). 

The fertilisation of forage crops with chloride and sulphate-based fertilisers can reduce the 

DCAD without having to add unpalatable and corrosive salts to the diet (Pehrson et al., 1999, 

Goff et al., 2007, Heron et al., 2009). Pehrson et al. (1999) found that this was more easily 

accomplished with Cl than S. Feeding low DCAD grass silage to cows resulted in a 

significant reduction in intake, indicating that the palatability of Cl even in biological form 

may be the major component of palatability issues (Charbonneau et al., 2009). This suggests 

that the reduction in intake may be due to metabolic factors and not just palatability.   

There are other dietary factors besides anions and cations that may have an impact on 

metabolic acid/base balance. Potentially high protein diets may result in ammonia becoming 

an excessive cation potentially causing an error in the calculation of DCAD, although Goff et 

al. (2004) could not prove this theory. Increasing the level of acid producing feed stuffs, such 

as grain, could theoretically alter metabolic pH (Scott et al., 1971). However, the resulting 

level of metabolic acidosis is not as great as for those cows supplemented with anionic salts 

and it presents other potential health problems (Mellau et al., 2004). 
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  2.4.5	
   Metabolic	
  acidosis	
  and	
  Vitamin	
  D	
  control	
  

The effect of anionic diets on plasma 1,25-vitD concentration in published research is 

varied and far from consistent, although this is likely to be a consequence of inconsistent 

sampling periods. Some research has shown that anionic diets increase 1,25-vitD production 

(Gaynor et al., 1989). Whilst others show that the total 1,25-vitD production is decreased or 

not affected (Goff et al., 1991b, Abu Damir et al., 1994, Kurosaki et al., 2007). However, 

there are potential explanations for both cases.  Cationic diets may cause PTH receptors to be 

refractory (Goff et al., 1991b), this will initially result in lower concentrations of 1,25-vitD, 

but as low plasma Ca concentration continues to cause PTH secretion eventually 1,25-vitD 

production is increased to a greater level than animals consuming the equivalent anionic diet. 

Furthermore, greater increases in 1,25-vitD concentration in cows with anionic diets usually 

seen prior to parturition may be explained by increased receptiveness to PTH causing initially 

greater production of 1,25-vitD (Gaynor et al., 1989, Abu Damir et al., 1994, Liesegang, 

2008). This early response to PTH secretion often results in lower total PTH secretion in 

cows consuming anionic diets during the parturition period as a consequence of plasma Ca 

returning to homeostasis more quickly than in cows that are more refractory to the initial 

secretions of PTH (Abu Damir et al., 1994). Goff et al. (1991b) suggested that even more 

1,25-vitD may need to be produced in cows with slight metabolic alkalinity as the rate of 

osteoclastic bone resorption was lower in the cows consuming the cationic diet suggesting 

that the PTH induced bone degradation may have been partly refractory as a consequence of 

metabolic alkalinity. 

Until recently there has been a scarcity of research that combines both anionic salts and 

25-vitD. However, one such study by Cho et al. (2006) found that anionic salts and 25-vitD 

treatments resulted in increased serum concentrations of both 1,25-vitD and 25-vitD over 25-

vitD supplementation alone in beef cows destined for slaughter. Both treatments had greater 

1,25-vitD and 25-vitD concentrations than the control diet, which did not contain anionic 

salts nor 25-vitD. The serum concentration of Ca was increased in the anionic salt and 25-

vitD treatment but not in the control or 25-vitD treatment. In previous research Vitamin D 

supplementation without anionic salts has been more likely to increase serum Ca 

concentration than the use of anionic salts alone. When serum Ca is within homeostatic 

balance, the combination of both anionic salts and 25-vitD in this experiment may 

demonstrate a positive interaction when therapies are combined (Hollis et al., 1977, Wang 
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and Beede, 1992a). However, it has been demonstrated that while total plasma Ca is not 

increased during metabolic acidosis there is often a small but significant increase in ionised 

plasma Ca. Unfortunately urine sample nor Ca intake or excretion were analysed so the effect 

on Ca status of the various treatments is unknown (Wang and Beede, 1992a). 

A recently published study has examined the effect of the combination of 

supraphysiological doses of 25-vitD and anionic salts on the maintenance of plasma Ca 

during parturition in dairy cows (Wilkens et al., 2012).  The study successfully demonstrated 

several of the theories put forward in this literature review. Of most importance is that a 

combination of anionic salts and 25-vitD increase urinary Ca excretion prior to parturition, 

reduce the concentration of PTH in plasma, increase the PTH:1,25-vitD (which suggests, 

improves the level of PTH receptor sensitivity), decrease the rate of bone degradation post 

parturition and most importantly results in higher plasma Ca concentration at parturition. 

	
  	
  	
  	
  	
  	
  	
  	
  	
  2.5	
   The	
   effect	
   of	
   Vitamin	
   D	
   and	
   Anionic	
   salts	
   on	
   the	
   incidence	
   of	
  

hypocalcaemia	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  2.5.1	
   Aetiology	
  of	
  hypocalcaemia	
  

Cows that cannot maintain their Ca blood concentration between 8 and 10 mg/dl will 

suffer from hypocalcaemia (Ramberg et al., 1984, Horst, 1986, Goff and Horst, 1997). When 

plasma Ca concentration becomes too low to support nerve and muscle function it results in 

parturient paresis (Goff and Horst, 1997).  

A lack of 1,25-vitD during parturition is not considered to be the cause of hypocalcaemia 

at calving as production of 1,25-vitD is similar in cows both clinically and non-clinically 

affected with milk fever  (Horst et al., 1997, Goff and Horst, 2003b). However, a delay in the 

production of 1,25-vitD or inhibition of a response to PTH and 1,25-vitD may result in 

increased production of 1,25-vitD immediately post parturition (Abu Damir et al., 1994).  

Primiparous cows exhibit a much lower incidence of hypocalcaemia than multiparous 

cows because of lower milk yield and a greater ability to mobilise bone Ca deposits (Chan et 

al., 2006, Kurosaki et al., 2007). Due to the ongoing growth and development of young 

animals the bone structures are less stabile and there is probably greater bone turnover (Van 

Mosel et al., 1994). Increased parity is linked to an increase in the incidence of 

hypocalcaemia, although milk yield is not (Fleischer et al., 2001).  
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There does not appear to be any effect of season on the incidence of clinical 

hypocalcaemia when feeding and management are kept uniform through the year (Dohoo et 

al., 1984). Therefore it is unlikely that inherently seasonally variable endogenous levels of 

25-vitD have any impact on the incidence of hypocalcaemia. 

	
  	
  	
  	
  	
  	
  	
  	
  	
  2.5.2	
   Treatment	
  methods	
  and	
  results	
  	
  

Prevention is the most desirable means of reducing the economic losses occurring from 

parturient paresis. The losses include but are not necessarily limited to milk production, 

veterinary costs, further animal health problems, labor costs, and possible loss of the cow 

(Block, 1994). There are several methods which can reduce the incidence of hypocalcaemia. 

They include offering a diet low in Ca, injections of various Vitamin D metabolites and 

reducing the DCAD prepartum (Delaquis and Block, 1995). 

Low	
  dietary	
  Ca	
  

When cows are fed less Ca in the diet than they require they secret PTH to increase the 

rate of osteoclastic bone resorption and renal production of 1,25-vitD (Goff et al., 1989, Goff, 

2000). At parturition the lactational drain of Ca is more easily replaced as the bone 

osteoclasts are already active and in high numbers. If there is an increase in dietary Ca 

immediately after calving the previous up regulation of 1,25-vitD will allow for more 

efficient utilisation of dietary  Ca and an absence of the 24h delay that it takes for 1,25-vitD 

to increase active absorption of Ca (Goff, 2000). However, Chan (2006) found no difference 

in serum Ca concentration between cows with normal (0.99%) and high (1.5%) dietary Ca 

when fed a negative DCAD diet prepartum. Demonstrating that changes in dietary Ca may 

not have an influence when using the DCAD method to avoid hypocalcaemia.  

However, it is difficult to maintain low Ca diets as most forages have more than adequate 

Ca concentrations for bovine requirements (NRC, 1989). 

Anionic	
  Diets	
  

Anionic salts are the most effective and practical method of manipulating DCAD in forage 

diets. Many studies have analysed the use of various anionic salts and the effects of these on 

metabolic pH parameters and the incidence of hypocalcaemia. Studies investigating potential 

reductions in the incidence of hypocalcaemia are difficult as the incidence is low and often 
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extremely variable. Most successful studies involve either numerous replicates, highly 

susceptible animals and diets or both. 

Pre-parturient forage diets that are supplemented with anionic salts and have a strongly 

negative DCAD have been shown to reduce the incidence of clinical hypocalcaemia in dairy 

cows (Block, 1984, Goff et al., 1991b, Goff and Horst, 1998) and even reducing the DCAD 

from strongly cationic to approximately neutral has been demonstrated to be beneficial 

(Kurosaki et al., 2007). Clinical evidence of a reduction in the incidence of hypocalcaemia 

has been demonstrated by plasma Ca concentrations being lower at parturition in cows 

consuming strongly positive DCAD diets (Block, 1984, Goff and Horst, 1998). However, 

some experimental work has shown no influence of anionic salt supplementation on the 

incidence of hypocalcaemia (Roche et al., 2007), although these results are often influenced 

by low incidence of disease or insufficient replication and in some cases the control diets 

being close to neutral for DCAD (Gulay et al., 2008). 

For a variety of reasons, primarily timing, studies are very hard to conduct during 

parturition. Replication of hypocalcaemia is often undertaken by inducing a Ca deficiency by 

infusion of Na-EDTA. Non-lactating and non-pregnant cows fed highly anionic diets were 

able to withstand a larger volume of Na-EDTA than cows fed a cationic diet, their plasma Ca 

and iCa also recovered much quicker after the withdrawal of Na-EDTA application (Wang 

and Beede, 1992a). The study showed an increased input of iCa into plasma. However, the 

study was not able to show if the Ca originated from bone or small intestine but did 

successfully demonstrate the ability of cows that have a compensated metabolic acidosis to 

rectify Ca deficiency. Most authors consider that negative DCAD diets increase Ca 

availability from bone in the absence of PTH, and when plasma Ca is deficient and PTH is 

secreted, the increase in Ca availability is from the diet and bone (Braithwaite, 1975, Fredeen 

et al., 1988, Takagi and Block, 1991c, Espino et al., 2003). However, Roche (2007) 

presented data for prepartum cows on DCAD of -20 or +18 mEq/100g DM diets showing that 

low DCAD increased absorption of Ca from the alimentary tract, increased urinary Ca and 

actually increased retained Ca.  

The suggested mode of action for negative DCAD diets reducing the incidence of 

hypocalcaemia in these studies is in general agreement with previously stated theorems. Bone 

resorption was found to be increased in parturient cows who were offered negative DCAD 
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(Block, 1984, Goff and Horst, 1998) and the concentration of 1,25-vitD appeared to increase 

more quickly in cows who were offered negative DCAD diets (Goff et al., 1991b, Goff and 

Horst, 1998). Although, other experiments have found this not to be the case (Kurosaki et al., 

2007) and some experiments have found the opposite as PTH is continually secreted in 

hypocalcaemic cows and will eventually overcome the refractory nature of PTH receptors 

during metabolic alkalosis. 

Greater incidences of associated transition diseases such as mastitis, retained placenta and 

metritis have been seen in cows on cationic diets when compared to similar cows consuming 

anionic diets (Goff and Horst, 1998) and during the subsequent lactation production was 

greater in cows who consumed negative DCAD diets (Block, 1994). This demonstrates the 

benefit of reducing the incidences of subclinical hypocalcaemia which enables a more healthy 

transition period for the cow. 

Vitamin	
  D	
  metabolites	
  and	
  combinations	
  

The use of Vitamin D and its metabolites for the prevention of hypocalcaemia in dairy 

cows has displayed varied results. The general trend is consistent with the role of Vitamin D 

in improving Ca availability. However, there are difficulties associated with practical 

application of the various Vitamin D metabolites, as well as negative feedback of elevated 

levels of Vitamin D on endogenous production of 1,25-vitD and animal health implications of 

the treatment regimes. 

Treatment of animals (generally by injection) with 1,25-vitD or similar artificial 

metabolites within 7d of parturition is successful for reducing the incidence of clinical 

hypocalcaemia in dairy cows (Bar et al., 1985, Goff et al., 1988, Goff et al., 1989, Hodnett et 

al., 1992). It has been suggested by several of the authors that the beneficial mechanism is by 

an increase in Ca absorption from the diet (Bar et al., 1985, Goff et al., 1988). However, 

negative feedback from supraphysiological levels of 1,25-vitD has resulted in a requirement 

for continual treatment post-parturition and hypercalcaemia during initial treatment (Bar et 

al., 1985, Horst, 1986). Continual treatment of pre-calving cows may have negative aspects 

in a practical environment due to added stress for the animal and increased work load for 

staff. The use of such toxic pharmaceuticals in an agricultural setting is neither practical nor 

safe.  
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The use of 25-vitD as a sole additive for bovine has been recently limited to investigations 

into meat quality (Montgomery et al., 2000, Foote et al., 2004, Cho et al., 2006, Carnagey et 

al., 2008) with the occasional investigation of hypocalcaemia (Taylor et al., 2008). However, 

extensive research was conducted utilizing extremely large doses of Vitamin D from 1940’s 

through until 1970’s (Hibbs et al., 1946b, Hibbs and Pounden, 1955, Conrad et al., 1956, 

Julien et al., 1977). Although, feeding Vitamin D in massive amounts did reduce the 

incidence of hypocalcaemia the technique was very delicate with the Vitamin D being 

required to be fed for 3d before calving, but not more than 7d due to toxicity. The injection of 

Vitamin D has had more success as a potential treatment for hypocalcaemia than 

supplementation through feeding but still retained problems with predicting calving date and 

metastatic calcification (Payne and Manston, 1967). 

After the discovery of 25-vitD (Lund and DeLuca, 1966) the use of 25-vitD as a 

prophylactic either given in the diet or by injection was examined. The metabolite has been 

shown to decrease the incidence of hypocalcaemia in susceptible cows if calving is between 

72h and 10d of treatment (Bringe et al., 1971, Olson et al., 1973). The use of 25-vitD was 

considered to be more successful than Vitamin D as feeding was not required to be as regular 

and less units of the metabolite required to be effective, making the product safer. However, 

these studies were conducted in herds of extremely high incidence and were still unable to 

prevent the occurrence of hypocalcaemia. These studies were also conducted without 

knowledge of the DCAD, which may have influenced the outcome of the results. 

Hollis et al. (1977) injected large amounts of 25-vitD into dry cows and found that it 

increased plasma Ca, P and had no effect on Mg. This article was the first to record half life 

of 25-vitD at approximately 34d and demonstrated that plasma 25-vitD concentration was 

required to be above 200 ng/ml to increase plasma Ca concentration. Recently, Taylor et al. 

(2008) supplemented Jersey cows prior to parturition with 15 mg of 25-vitD 6 d prior to 

parturition. The supplementation level increased plasma 25-vitD to approximately 120 ng/ml. 

However, it is unlikely that this concentration of 25-vitD is sufficient to increase the 

concentration of plasma Ca or P, no effects were seen with pre or post parturition. As the 

DCAD was not given in the experimental data, the diet is likely to have been cationic, it is 

unlikely that the low level of 25-vitD would have positively influenced Ca homeostasis at 

calving as a consequence of the refractory nature of PTH receptors. 
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Wilkens et al. (2012) have recently published work that has investigated the effect of 25-

vitD and anionic salts on improving plasma Ca concentration during parturition. The study 

compared a typical highly cationic diet with and without 25-vitD as well as a similar but 

anionic diet with and without 25-vitD. The study successfully demonstrated the changes in P 

and Ca homeostasis when 25-vitD was included in the diet and also the negative impact on 

plasma Ca concentration at parturition when 25-vitD is included in a cationic diet. The 

plasma concentration of 25-vitD in this experiment reached approximately 180 ng/ml prior to 

parturition. This concentration was not strong enough to change plasma concentrations of 

both Ca and P prior to parturition (Hollis, 2010). However, the concentration was strong 

enough to allow an interaction with anionic diets at parturition. Key findings from the 

experiment are analogous with summarised findings of this literature review. The 

combination of 25-vitD and anionic salts appeared to maintain plasma Ca concentration at 

parturition by increasing the sensitivity of PTH receptors, increase the excretion of urine Ca 

prior to parturition, maintain the labile bone Ca prior to parturition and increase the 

absorption of Ca from the diet. 

	
  	
  	
  	
  	
  	
  	
  	
  	
  2.5.3	
   DCAD	
  and	
  Vitamin	
  D	
  –	
  a	
  better	
  treatment	
  for	
  hypocalcaemia	
  

Based on this critical review of the literature, I believe that compensated metabolic 

acidosis and 25OHD may provide a better method for treating hypocalcaemia than anionic 

salt therapy alone. Both techniques improve the availability of Ca. However, complementary 

methods of improving Ca availability from both therapies may result in a synergistic 

relationship were the whole is greater than the individual affects of each therapy (). 

It appears that supraphysiological doses of 25-vitD appear to usurp the PTH mediated 

control of 1,25-vitD and independently initiate Ca absorption from the small intestine, 

preemptively initiating the active absorption of Ca prior to parturition (Rowling et al., 2007). 

As an increase in Ca availability from both the skeleton and diet may require up to 24h to 

activate, prior activation is critical for prevention of hypocalcaemia.  

The combination of compensated metabolic acidosis and supraphysiological doses of 25-

vitD should initiate all of the main aspects of Ca availability prior to parturition. This has 

recently been demonstrated in parturient dairy cows (Wilkens et al., 2012). Prior activation of 

Ca mobilisation mechanisms prior to parturition is critical to the avoidance of hypocalcaemia 

(Horst et al., 2005). The combination of both techniques may result in greater Ca availability 
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than just 25-vitD or metabolic acidosis as all homeostatic mechanisms that generate Ca 

availability are functioning. Furthermore, the improvement in PTH hormone receptor 

sensitivity should enable the animal to increase Ca availability further by initiating 

conversion of the available 25-vitD to 1,25-vitD if low serum Ca concentrations promote the 

secretion of PTH. 

Table 2.4 Method of increase in Ca availability and period of affect generated by either 

metabolic acidity (strongly -ve DCAD) or metabolic neutrality (neutral DCAD) due to 

anionic salt supplementation or supraphysiological doses of 25-vitD. 

Increase in Ca availability Cause Period of Action 

Bone degradation Metabolic acidity 24h after feeding of anions 

Active absorption from 

alimentary tract 
25-vitD 

24-48h after feeding or injection 

of 25-vitD 

Reduction in refractory nature 

of PTH receptors 
Metabolic neutrality 

24h after feeding of anions, but 

benefit is not seen until PTH 

secretion (i.e. parturition) 

Excretion of large amounts of 

urinary Ca 

Metabolic acidity 

or 

Metabolic neutrality and 25-

vitD 

24h after feeding of anions, but 

benefit is not seen until PTH 

secretion (i.e. parturition) 

Availability of large amounts of 

substrate for metabolism to 

1,25-vitD 

25-vitD and to a lesser extent 

metabolic neutrality 

When PTH is secreted (i.e. 

parturition) 

 

In some practical situations, i.e. when pastures are extremely high in potassium or there is 

excessive Na in water, it is extremely difficult to promote metabolic acidosis to the advised 

levels. Furthermore, anionic salts are extremely unpalatable and cows required to consume 

supplemented feed may not do so.  In such situations moderate reductions in DCAD may still 

be of benefit when combined with 25-vitD as the reduced alkalinity of the diet may not be 

sufficient enough to initiate Ca removal from bones but it may be adequate enough for 

reducing the refractory nature of highly alkalinic diets. This would result in the animal 

retaining four out of the five benefits given in Table 2.4.    
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Chapter 9. General	
  Discussion	
  
As the structure of this thesis incorporates published articles and stand alone studies many 

of the results have already been discussed. However, the discussion within the individual 

study chapters is generally specific to the individual chapter and does not seek to add to a 

general understanding of Vitamin D mediated Ca and P metabolism in cattle. 

This general discussion aims to discuss the overarching theme of the thesis. It attempts to 

draw on the conclusions made within the individual chapters and present a concept of how 

25-vitD influences mineral metabolism. The potential for the combination of 25-vitD and 

dietary anionic salts in alleviating hypocalcaemia experienced during parturition is also 

described. 

25-­‐vitD	
  actively	
  increases	
  dietary	
  absorption	
  of	
  Ca	
  and	
  P	
  

This thesis study demonstrated the major physiological effects that supraphysiological 

plasma concentrations of 25-vitD can have on Ca and P homeostasis in cattle. Previous 

research has identified that large doses of 25-vitD can increase the plasma concentration of 

Ca and P in cattle but have been unable to identify the source of the increase in mineral 

concentration and have incorrectly concluded that the increase originated from bone (Hollis 

et al., 1977. The results of the metabolism studies described in Chapter 3 and Chapter 6 

identify that Ca and P homeostasis is manipulated by 25-vitD and the majority of the increase 

in availability of both Ca and P originates from the diet. Furthermore, the studies conducted 

on markers of bone degradation in Chapter 8 suggest that very high concentrations of plasma 

25-vitD did not increase the rate of bone degradation. This finding is in agreement with the 

review of literature, which suggests that Vitamin D induced degradation of bone will only 

occur when low plasma Ca concentrations promotes the secretion of PTH. Rapid degradation 

of skeletal stores of Ca is an undesirable aspect of any Vitamin D supplementation program. 

While bone metabolism is normal, and some net bone degradation is normal immediately 

post parturition in dairy cows, bone degradation prior to parturition reduces the pool of labile 

Ca available for rapid release in response to severe hypocalcaemia. 



128 

 

Generating increased absorption of Ca and P from the small intestine is the most desirable 

solution for both hypocalcaemic and P deficient cattle. In all studies conducted within this 

thesis the high concentration of plasma 25-vitD occurred with the absence of PTH, thus 

enabling the Vitamin D mediated increase in Ca availability to be derived from the 

alimentary tract. 25-vitD can only improve both Ca and P absorption when PTH is absent, as 

in the presence of PTH bone degradation may also occur. However, in the case of 

hypocalcaemia an absence of bone degradation is not as important as in the case of P 

deficiency. The quantity of Ca required at parturition cannot be immediately met by diet 

alone and unlike P deficiency, hypocalcaemia is an acute disease and therefore bone 

degradation should only exist for one to two weeks maximum. However, it is beneficial if 

bone is only degraded at parturition and not prior.  

Dietary	
  absorption	
  of	
  minerals	
  in	
  absence	
  of	
  PTH	
  

In the dairy industry, the current practice of dietary manipulation of the transition diet 

generates large amounts of Ca available from the skeleton. Negative DCADs, usually 

achieved by addition of anionic salts to positive DCADs, make large amounts of Ca available 

from skeleton by causing severe compensated metabolic acidosis. Part of the metabolic 

buffering system involves using Ca from bones as a cationic buffer, thus enabling the animal 

to compensate for the acidosis. In Chapter 5 strongly anionic diets resulted in daily urinary 

excretion of approximately 4 g of Ca per day. If this is based on live weight and extrapolated 

to dairy cows it equates to approximately 12 g of Ca per day, which is equivalent to 

approximately half the Ca excreted in an average daily lactation.  

There is only a limited amount of labile bone Ca, which is easily exhausted. Further Ca 

release then must result from further osteoclastic degradation. Osteoclastic degradation is 

slow and less responsive and it also results in a release of P from bone stores, which may 

inhibit 1α-hydroxylase. The transition from labile Ca release to osteoclastic release may be 

the reason that cows consuming transition diets that are anionic (DCAD < 0 mEq/kg) for 30d 

instead of 20d increase their risk of clinical hypocalcaemia by 42% (Lean et al., 2006). 

Therefore, improvements in transition feeding should aim to increase Ca availability from 

diets. If supraphysiological levels of 25-vitD can replace the actions of 1,25-vitD in cattle, as 

they can in mice, then the absence of PTH prior to parturition ensures that 25-vitD will 

increase Ca absorption from the small intestine. This will benefit the cow at parturition as the 



129 

 

very labile bone stores of Ca should still be available to be activated by PTH release during 

parturition.  

While Ca absorption from the diet was not clearly shown in this thesis it was demonstrated 

that it was likely in Table 7.2, and this was explained in Chapter 6. Furthermore, in Chapter 7 

bone degradation was shown to not be enhanced by 25-vitD. Thus, the inclusion of 25-vitD in 

the typical anionic transition diet will increase Ca absorption prior to parturition, enabling 

labile bone Ca stores to remain intact and available for immediate use at parturition. 

On one hand, it is beneficial for cattle consuming P deficient diets to not have secretions 

of PTH, as PTH is known to cause excessive bone degradation and excretion of P in urine. 

These actions lead to the clinical signs of P deficiency such as ‘peg-leg’. On the other hand, it 

is also the same low concentrations of PTH that cause P digestibility not to be increased. This 

may occur as PTH secretion is controlled by plasma Ca concentration and Ca is often 

satisfactory, or at least not the limiting factor, in P deficient situations. The supplementation 

of 25-vitD in P deficient situations enables the Vitamin D humoral control to effectively 

bypass regulation by PTH. 

In Chapter 6 steers were supplemented daily with 3.25 mg of 25-vitD, after 10 days the 

plasma concentration of 25-vit D had increased to approximately 375 ng/ml, which was about 

7 times the endogenous concentration. The steers with supplemented 25-vitD increased the 

absorption of both Ca and P, the concentration of both plasma Ca and P, and increased the 

level of Ca excretion in urine. Analysis of bone degradation markers in Chapter 7 confirmed 

that additional 25-vitD did not increase the rate of bone degradation. The result of Chapter 6 

and Chapter 7 confirm the theory that active Vitamin D (whether it be 1,25-vitD or 

supraphysiological amounts of 25-vitD) in the absence of PTH increase both Ca and P 

absorption from the gastro-intestinal tract. Steers in Chapter 6 treated with 25-vitD retained P 

of 3g per day, this is equivalent to the amount of P found in typical supplement programs. In 

Chapter 5 the steers were consuming a diet with excessive Ca and as a consequence the extra 

Ca absorbed was expelled in the urine. Ruminants remove excess P by increasing P excretion 

through saliva, and while attempts were made to measure rumen turnover and salivary P 

concentration they were not successful.  

25-­‐vitD	
  and	
  Anionic	
  salts	
  synergy	
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Pharmacological concentrations of 25-vitD in dairy cows prior to parturition do not 

improve Ca availability and do not increase the cow’s ability to maintain plasma Ca 

concentration during parturition (Taylor et al., 2008). In Chapter 6 it was demonstrated that 

increased concentrations of plasma 25-vitD result in an increase in both Ca and P plasma 

concentration. Furthermore, the origins of these minerals are dietary. This should increase the 

availability of Ca. However, the demand for Ca at parturition in dairy cows is extreme and 

cannot be immediately met by dietary absorption. Furthermore, dietary intakes drop during 

parturition further reducing the intake of Ca. When plasma Ca concentrations inevitably dip 

during parturition PTH is released, activating the metabolism of 25-vitD to 1,25-vitD, 

enabling bone degradation and the conservation of urinary Ca. It may be possible that the 

high levels of plasma P as a consequence of 25-vitD supplementation, as seen in Chapter 7, 

inhibit the part of this process.  

The combination of anionic salts and elevated concentrations of plasma 25-vitD allow an 

improvement in several factors that allow cows to adapt to rapid Ca demand at parturition 

(Table 2.4). Research has been published that demonstrated that a combination of plasma 

concentrations of ~180 ng/ml of 25-vitD and a negative DCAD result in an improved 

maintenance of plasma Ca at parturition (Wilkens et al., 2012). In the studies presented 

within this thesis Chapter 4, 5 and 6 demonstrate that there is a positive interaction between 

anionic salt addition and the concentration of 25-vitD on Ca availability, which is 

demonstrated by urinary Ca excretion (Figure 5.1). 

It is likely that the combination of 25-vitD and anionic salts (neutral to negative DCAD) 

enables the cow to improve Ca availability at parturition because: 

• Compensated metabolic acidosis requires Ca as a buffer which may be partly or 

completely provided from the diet when elevated concentrations of 25-vitD 

increase the absorption of Ca. This prevents the labile pool of skeletal Ca from 

becoming exhausted prior to calving. 

• Anionic salts permit PTH and its receptors in the bone and kidney to function 

effectively. 

• Ample amounts of 25-vitD in plasma allow for optimum production of 1,25-vitD 

when PTH is secreted. 
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• Combination therapy results in a much greater increase urinary Ca excretion than 25-

vitD alone.  

The above points are in agreement with Wilkens et al. (2012), in fact the first three points 

are analogous with some of their discussion points. However, the article failed to present a 

compelling argument for the negative impact of 25-vitD therapy without anionic salts.  

The effect of the combination of 25-vitD and anionic salts have of dramatically increasing 

urinary Ca excretion was demonstrated within this thesis and in Wilkens et al. (2012), in both 

cases 25-vitD without anionic salts has been shown to only marginally increase urinary Ca 

excretion (Table 7.2). However, the massive increase in urinary Ca excretion is a consequence 

of the reduced pH of the renal tubule fluid causing Ca to not be reabsorbed. This flow of Ca 

through the plasma pool would demand Ca be replaced, which enables the Ca generating 

mechanisms in the diet to up-regulate and increase the absorption rate of Ca to match that lost 

in urine. 

 In the case of treatment with 25-vitD only, urinary Ca excretion is inhibited and only 

marginally increased as the reabsorption of renal Ca is a function of 1,25-vitD and high 

plasma concentrations of 25-vitD are likely to replicate this affect (DeLuca, 2004).  However, 

it is generally accepted that both 1,25-vitD and PTH are required to enable high rates of Ca 

renal reabsorption in the distal tubule. In this thesis, Chapter 6 demonstrated that extremely 

high levels (375 ng/ml, 8 x normal concentration) of plasma 25-vitD and no anionic salts 

resulted in hypercalcaemia and only a marginal increase in urinary Ca excretion, unlike other 

studies which contained both anionic salts and 25-vitD (Chapter 5: McGrath et al., 2011a, 

Chapter 6: McGrath et al., 2012b, Wilkens et al., 2012). This contrast of results suggest that 

the action of 25-vitD without increased secretion of PTH still has some resorptive effects on 

renal Ca, which consequently results in mild hypercalcaemia.  

However, this resorptive effect of 25-vitD is overcome by acidic urinary pH in steers that 

are consuming anionic diets. Consequently, urinary Ca excretion is increased (Chapter 4 and 

5) and the high plasma concentrations of 25-vitD will continue to increase the absorption of 

Ca from the alimentary tract as this function is independent of PTH. However, when Ca 

demand is increased at parturition and PTH is secreted the combination of PTH and 25-vitD 
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increasing Ca reabsorption in the renal distil tubule is apparently greater than the low urine 

pH induced excretion of Ca, thus renal Ca is reabsorbed.  

Treatment with 25-vitD in isolation reduces the ability of cows to maintain plasma Ca at 

parturition as it effectively mimics a high Ca diet by increasing the absorption of Ca from the 

diet in the days immediately pre parturition. The resulting state of hypercalcaemia would 

cause suppression of PTH secretion and potentially down regulation of alternative Ca 

generating pathways such as bone degradation and production of 1,25-vitD. When plasma Ca 

concentration is required for lactation at parturition the humoral system of the animal would 

be slower to respond (not unlike cows consuming high Ca diets), urinary Ca excretion has 

already been largely reabsorbed and it takes approximately 24h for small intestine absorption 

of Ca to be further increased (Horst et al., 1994b). Thus, the use of 25-vitD in transition cows 

must not be conducted without a diet that enables high levels of urinary Ca excretion. 

In conclusion, the combination of 25-vitD and anionic salts has physiological implications 

that allow sufficient generation of extracellular Ca at parturition. The combination treatment 

permits greater PTH receptor sensitivity, urinary Ca excretion and most importantly a 

dramatic increase in dietary Ca absorption, while maintaining skeletal Ca reserves. The thesis 

also demonstrates why 25-vitD therapy in isolation results in lower blood plasma Ca in cows 

during parturition. 

Ideal	
  25-­‐vitD	
  concentration	
  and	
  toxicity	
  

From the studies conducted in this thesis target plasma concentrations for 25-vitD have 

been developed. One for 25-vitD supplementation for an improvement in P absorption, and 

the other for the combination of 25-vitD and anionic salts. It would appear from Chapter 7 

the required concentration of 25-vitD for increasing the absorption of P is in excess of 300 

ng/ml. However, digestibility studies are difficult to conduct, if the concentration of P in 

plasma is related to an increase in absorption of P from the alimentary tract then other studies 

are able to be compared. Chapter 4 and 5 demonstrated treatments without anionic salts with 

25-vitD concentrations in the range of 115 to 180 ng/ml, neither of these treatments 

demonstrated an increase in plasma P concentration. This is in agreement with other studies 

that have demonstrated that concentrations of 200 ng/ml are required to increase plasma P 

concentration (Hollis et al., 1977).  
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The use of 25-vitD and anionic salts for the control of hypocalcaemia at parturition in 

dairy cattle appears to be an alternate methodology to current methods of prevention. From 

the studies conducted within this thesis it would appear that there is a synergy between Ca 

availability and the concentration of plasma 25-vitD when animals are consuming a negative 

DCAD (Figure 5.1). However, the plasma concentration of 25-vitD required to elicit the Ca 

homeostatic responses required to make Ca availability adequate at parturition is confounded 

by multiple factors. These factors are not able to be fully analysed within this proof-of-

concept study. Nevertheless, the results generated from Chapter 4, 5 and 6 suggest that the 

concentration of 25-vitD required is negatively correlated with DCAD value of the diet. 

Highly anionic diets require a lower plasma concentrations of 25-vitD while neutral diets are 

more likely to require much higher concentrations of 25-vitD to elicit a response. In Chapter 

4 plasma concentration of 25-vitD was estimated to be 200 ng/ml or greater, this estimate was 

derived from Chapter 6 and 7. Chapter 4 demonstrated that urinary Ca excretion was 

increased from positive DCAD diets with small amounts of anionic salts added to the diet. In 

Chapter 6, no significant increase in urinary Ca excretion occurred with similar DCAD 

concentrations. However the trend suggested a similar reaction to Chapter 4. However, in 

Chapter 5 much more Ca was excreted through urine when the diets were highly anionic 

(DCAD -140 mEq/kg) but plasma concentration of 25-vitD was much lower than the other 

experiments (~110 mEq/kg).  

A target for plasma 25-vitD concentration of 200 – 350 ng/ml should permit an increase in 

P absorption without resulting in any short or long term toxicity. Further work is required to 

ascertain the ideal concentration of 25-vitD in the diet that permits a stable concentration of 

25-vitD in plasma that allow for an increase in P absorption from the diet without potentially 

causing any long term physiological impairments.  

Toxicity is of less importance in short term supplementation. The transition period in dairy 

cows is of short duration and thus does not permit continual accretion of 25-vitD, furthermore 

the target concentrations are likely to be much lower than for P deficient cattle and extremely 

large levels of 25-vitD have been fed to cattle for short periods without causing toxicity 

(Bringe et al., 1971, Carnagey et al., 2008). In dairy cows that can effectively be fed a highly 

negative DCAD, 25-vitD plasma concentrations of 100-150 ng/ml will greatly increase Ca 
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availability (Chapter 5). However, cows that are consuming neutral to positive DCAD may 

require plasma concentrations of 25-vitD greater than 200 ng/ml. 

 However, any benefit to Ca homeostasis that was attributed to 25-vitD when DCAD was 

positive was only evident when the diet contained additional anionic salts. For example, in 

Chapter 4 one of the treatments had a DCAD of 150 mEq/kg but the DCAD had been 

reduced from approximately 220 mEq/kg by anionic salts. However, in Chapter 5 and 

Chapter 6 the DCAD of the control diets was already approximately 150 mEq/kg and this diet 

did not show any response in Ca availability when the animals offered the diet were also 

supplied with 25-vitD. Further work is required to develop a guideline for the appropriate 

quantity of 25-vitD and anionic salts for control of hypocalcaemia during parturition. Of 

particular interest may be the interaction between additional anionic salts and 25-vitD, not 

specifically DCAD.  

	
  Intra-­‐ruminal	
  supplementation	
  and	
  type	
  of	
  25-­‐vitD	
  

Chapter 5 of this thesis examined the prospect of supplementing cattle with 25-vitD via 

intra-rumen slow release boluses. There are several benefits for using this procedure. Intra-

rumen supplementation guarantees the correct daily application rate per animal. This is very 

important in situations where the total ration is not being fed, or individual daily intake of 

feed supplements cannot be guaranteed. Intra-rumen supplementation enables animals in 

extensive grazing situations to be successfully supplemented when otherwise it would be 

logistically impractical. 

In Chapter 5 intra-rumen boluses were used to deliver the 25-vitD. The release rate of the 

bolus was equivalent to the steers receiving approximately 4.1 mg/day for 11 days. This 

amount of 25-vitD should have resulted in 25-vitD plasma concentrations increasing above 

300 ng/ml. However, plasma concentrations only averaged 120 ng/ml. The result led to the 

conclusion that the release pattern from the bolus may have resulted in the lower than 

expected plasma concentrations. As a consequence the study featured in Chapter 6 was 

designed to ascertain if the lower than expected plasma concentration was due to the release 

pattern from the bolus.  

In Chapter 6 the contents of the bolus were removed from the bolus, ground and then 

added to the rumen at the equivalent rate as the typical 25-vitD beadlet powder. The results 
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clearly demonstrated that efficacy of absorption from the bolus content was much lower than 

from 25-vitD beadlet powder (Table 6.2). The study demonstrated that the physical attributes 

of the bolus are not a cause of poor efficacy of absorption of 25-vitD. The formulation of the 

25-vitD crystal in the pellet which includes the combination of monensin and a lactose based 

carrier may affect absorption of 25-vitD, and therefore be a cause of low absorption rates 

reported in Chapter 4.  

 

 

9.1	
  	
  	
  	
  Implications	
  and	
  future	
  research	
  

Implications	
  

The research conducted within this thesis has demonstrated aspects of the modification of 

Ca and P homeostasis by treatment with 25-vitD in cattle that influence productivity in both 

the beef and dairy industries. Calcium and P are major minerals in bovine; consequently any 

sub-clinical or clinical deficiency will result in dramatic reductions in productivity and 

economic loss. 

Calcium and P nutritional management in both dairy and beef industries has been 

comprehensively researched. Nutritional programs for meeting the requirements of Ca and P 

in ruminant production systems have largely been reliant on increasing the amount of each 

mineral within the diet, either from supplementation or via fertilisation of the fodder prior to 

harvest. However, Ca and P are not completely available for absorption within ruminants and 

in many deficient situations there is adequate mineral content within the diet, but it is not 

available. Furthermore, acute Ca deficiency within a dairy cow at parturition is not a 

consequence of low Ca concentration in the diet but an inability of the animal to control Ca 

homeostasis. 

In this thesis, the metabolite of Vitamin D, 25-vitD, has been proven to increase the 

retention of both Ca and P from normal forage diets. This finding has the potential for 

providing an alternative to supplementation method for meeting Ca and P deficiencies in 

ruminants. This technology has implications; which are environmental, welfare and economic 

in nature. 
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The animals in intensive ruminant industries, such as dairies, have a high requirement for 

P. Due to the low rate of digestibility (50-70%), much of the dietary P is lost in faeces. This 

loss can result in an excessive build up of P in the immediate environment. 

Phosphorus deficiencies in extensive grazing industries in many countries are endemic. 

However, supplementation of P within this environment faces considerable logistical 

problems, which often results in ineffective supplementation and a continuation of P 

deficiency. P deficiency in beef cattle within this environment has serious economic 

implications. However, acute P deficiency also has animal welfare implications, which may 

lead to bone chewing, botulism and death. 

The economic implications of replacing Ca and P supplements with 25-vitD are largely 

dependent on the price of Ca and P sources. While Ca is readily available and cost effective, 

the sources of economically available P are small and rapidly diminishing. Phosphorus is 

widely predicted to have a supply and cost pattern similar to other finite resources. Finding an 

alternative to P supplementation for alleviating P deficiencies may have definite economic 

benefits in the immediate future. Furthermore, the addition of 25-vitD to current Ca and P 

supplementations will increase the digestibility of supplemented minerals making the supply 

of the minerals more cost effective while also reducing the amount of the minerals supplied. 

The studies conducted within this thesis confirm that supraphysiological plasma 

concentrations (~4 x normal) of 25-vitD effectively bypass the control of production of active 

Vitamin D by PTH. This has important implications for the control of hypocalcaemia at 

parturition, as it is largely a consequence of an inability of the cow to quickly adapt to the 

rapid increase in demand for extracellular Ca. The confirmation of very high concentrations 

of plasma 25-vitD largely replacing the functions of 1,25-vitD may have further implications 

in other aspects of human and animal health.   

The use of a combination of dietary anionic salts and 25-vitD for the control of 

hypocalcaemia in dairy cows appears to be a novel and effective method for the control of the 

disease. Traditional approaches, while largely effective, have relied upon either a restriction 

of dietary Ca or by increasing Ca excretion and bone degradation by feeding anionic salts. 

Both techniques effectively ready the animal’s homeostasis system for generating large 
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amounts of extracellular Ca. As previously mentioned there are considerable draw backs with 

either system. 

The combination of both dietary anionic salts and 25-vitD aims to alleviate hypocalcaemia 

by stimulating the Ca homeostasis mechanisms without relying on increased production of 

PTH. This should allow for more effective control of the disease. Furthermore, it provides a 

multi-faceted control option which may be beneficial in production environments that are not 

suited the traditional methods of control for various reasons.  

Future	
  research	
  

Work is required to analyse the ability of 25-vitD to be supplemented via intra-rumen 

techniques, specifically analysing the suitability of crystalline 25-vitD within the digestive 

tract. The benefit of individual animal application of the product is that it allows the exact 

application rate, if the product was included in fed supplements the actual intake of the 

animal would determine the application rate of 25-vitD. Furthermore, part of the attraction of 

the product for hypocalcaemia in the dairy industry is that it provides an alternative source of 

protection. For instance, if the animal, for various reasons, does not consume its allocated 

amount of supplement the intra-ruminal supply of 25-vitD may still provide some level of 

protection.  

The use of 25-vitD for extended periods of time, for example the period of time that would 

be required for improving P digestibility during the wet season 3-6 months, requires 

investigation. There may be negative feedback mechanisms within the animal that result in 

rapid degradation of plasma 25-vitD, thus reducing the effectiveness of the supplementation 

program. Prolonged supplementation of 25-vitD may also cause negative health effects – a 

major concern would be metastatic calcification. 
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