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Abstract

In goats, the combination of dietary N and Ca reduction caused hypocalcaemia and further changes in Ca homeostasis. The aim of the

present study was to characterise the effects of dietary N reduction under normocalcaemia on mineral and bone metabolism in young

goats. Young male goats of the Saanen breed were fed a diet reduced in N (8 %) for about 7 weeks (ten animals per group) and were

compared with goats fed with an adequate N (14 %) diet. When N intake was reduced in young goats, plasma urea concentrations as

well as renal elimination of urea were reduced. This was inversely related to creatinine in plasma and urine, which increased during a

dietary N reduction as a function of reduced renal activity to save urea during N scarcity. During this decrease in renal function, associated

with declined insulin-like growth factor 1 concentrations, a reduction in calcidiol and calcitriol concentrations could be observed.

Meanwhile, carboxyterminal cross-linked telopeptide of type I collagen values and activity of total alkaline phosphatase were both

elevated, indicating some bone remodelling processes taking place during a reduced N diet in young goats. The concentrations of inor-

ganic phosphate (Pi) and total Ca were changed in several body fluids, indicating that Pi and Ca homeostasis was perturbed in goats fed a

reduced N diet. Therefore, more research is needed to find the balance between reduction of environmental N pollution by reducing

dietary N in ruminant feeding and maintaining the animal’s health.
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In ruminant feeding, one aim is to reduce environmental

pollutants, including emissions of N generally and NH3 and

N2O especially. While the contribution of manure causes

high eutrophication of aquatic environments, NH3 affects air

quality and the presence of N2O increases global greenhouse

gas concentrations. Recently, it has been shown that in lactat-

ing dairy cows, the total dietary N intake determines the total

N excretion as manure(1). Therefore, there is an opportunity

for decreasing N pollution in ruminants by reducing dietary

N intake as long as reducing N does not decrease animal

health and productivity. Exacerbating the known changes in

Ca homeostasis by dietary N and Ca reduction(2) could abolish

the positive effects of N reduction on environmental pollution.

Since ruminants are unique in their ability to save N by

endogenous recycling mechanisms, especially at times of pro-

tein scarcity(3,4), it is expected that these efficient recycling

mechanisms help to maintain the animal’s health in times of

dietary N reduction.

In monogastric animals and humans, metabolic responses to

variation in dietary protein supply provided evidence that

protein metabolism was closely related to electrolyte homeo-

stasis. Alterations in plasma 25-hydroxyvitamin D3 (calcidiol)

and urinary excretion of Ca and inorganic phosphate (Pi) in

dietary protein-restricted fed rats confirmed that hypothesis(5).

Additionally, a reduction of intestinal Ca absorption occurs in

monogastric animals and humans with a low-protein diet(5,6).

During the reduction of intestinal Ca absorption in humans,

an abrupt rise in serum parathyroid hormone (PTH) concen-

tration has been observed(6,7). A low-protein diet reduces

plasma amino acid concentrations(8,9), which induces higher

secretion of PTH from parathyroid glands(10). In vitro studies

have shown that in isolated bovine parathyroid gland cells,

changes in amino acid concentrations were able to modulate

PTH secretion(11). In kidneys, high PTH concentrations

induced internalisation of Na-dependent Pi transporters

(NaPi II; SLC34A1, renal NaPi IIa) located in proximal tubules,
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resulting in higher renal Pi excretion(12). Simultaneously, PTH

stimulated renal synthesis of 1,25-dihydroxyvitamin D3

(calcitriol), which elevates the intestinal absorption of Ca

and Pi
(13). In bones, an increase in PTH concentrations acti-

vated the mobilisation of Ca and Pi, which causes a reduction

in bone density and increases the risk of osteoporosis(14).

During periods of protein deficiency, it is expected that in

goats, because of their ability to recycle N from the blood

and saliva into the gastrointestinal tract, the described inter-

action between protein and electrolyte metabolism in mono-

gastric animals would be less expressed, and therefore the

possible negative effect for the animal’s health would be less

pronounced.

The first findings showed that when growing goats were fed

a diet reduced in N and Ca, hypocalcaemia and further

changes in Ca homeostasis occurred(2). However, it could

not be distinguished to what extent the dietary N reduction

elicited these changes. Therefore, the purpose of the present

study was to determine the effect of dietary N reduction

under normocalcaemia on the relationship between N and

electrolyte metabolism in young goats. For this reason,

parameters of Ca and Pi homeostasis were determined in

goats fed a reduced N diet. In addition, calcitriol and calcidiol

concentrations were measured to evaluate whether this

relationship is hormonally regulated. Finally, we investigated

whether a reduced N diet affects the intestinal absorption of

Pi focusing on Naþ-dependent Pi transport across the apical

membrane using brush-border membrane vesicles (BBMV)

and examining the protein amount of Naþ-dependent Pi

transporters (SLC34A2, intestinal NaPi IIb).

Materials and methods

Animals and feeding regimen

The protocol of the animal treatment was approved, and its

conduct was supervised by the Animal Welfare Commissioner

of the University of Veterinary Medicine Hannover (Hannover,

Germany) according to the German Animal Welfare Law.

A total of twenty male White Saanen goats, about 3 months

of age and weighing approximately 24·0 (SE 1·0) kg live

weight, were subdivided into two different feeding regimens

with an adequate or a reduced N supply. Each group of ten

animals was housed separately. Water was available at all

times. The amounts of all feeds offered and refused was mon-

itored for estimating intake ‘per animal’ based on the intake

amounts from pooled group mean values.

The reduction of N supply was maintained for about 7

weeks. The feed content of DM, crude ash, crude fat and

crude protein was determined by the standard procedure of

VDLUFA (Der Verband Deutscher Landwirtschaftlicher Unter-

suchungs- und Forschungsanstalten; Weender analysis)(15).

The amount of acid-detergent and neutral-detergent fibres

was measured by a method described by Van Soest et al.(16).

The components and composition of the two diets are pre-

sented in Table 1. Both diets were isoenergetic, containing

11·35 kJ metabolisable energy/kg diet.

Sampling

Plasma and saliva samples were obtained shortly before the

goats were killed. These samples were stored at 2208C for

subsequent analysis. At the end of the study (4–5 months of

age), the animals were slaughtered after captive bolt stunning

by exsanguination. Samples of ruminal fluid, abomasal fluid

and urine from the bladder were taken. Mid-jejunal segments

were removed within 3–5 min after slaughter. After being

rinsed with ice-cold saline (0·9 % NaCl, w/v), the mucosa of

the jejunum was stripped off. After freezing in liquid N2, the

jejunal samples were stored at 2808C until further structural

and functional analyses.

Biochemical determinations

Haematocrit was determined in total blood samples. An ali-

quot of each blood sample was placed in a microhaematocrit

tube and spun to constant packed cell volume at 14 926 g

for 5 min at room temperature. Plasma and urine urea con-

centrations were measured by using a commercial kit

(R-Biopharm, Darmstadt, Germany). Creatinine concentration

in plasma and urine was analysed by a standard enzymatic

method, the creatinine p-amino-phenazone method(17).

Total plasma protein concentration was measured with a com-

mercial Coomassie blue protein assay (Bio-Rad, Munich,

Germany) using bovine plasma g-globulin as a standard

protein. Plasma albumin concentrations were detected by a

standard dye-binding technique using bromocresol green

Table 1. Components and composition of the pelleted concentrate diets*

Control
(g/kg)

Reduced N
(g/kg)

Components
Beet pulp 425 425
Tapioca 455 455
Soyabean meal 60 60
Soyabean oil 10 10
Mineral–vitamin mix† 10 10
NaH2PO4 10 10
Urea 30 –
Sipernat 22S‡ – 30

Composition
DM 896 896
Crude ash 44 65
Crude protein 144 81
Acid-detergent fibre 112·3 74·2
Neutral-detergent fibre 218·4 199·3
Crude fat 18 22
Urea 31 ND
Ca 9·72 9·61
P 4·32 4·37
Vitamin D3 ND ND
DCAD (mEq/kg DM) 271 271

ND, not detected; DCAD, dietary cation–anion differences.
* Composition expressed as fed.
† Per kg mineral–vitamin mix: 180 g Ca, 60 g P, 100 g Na, 30 g Mg, 500 000 IU

(525mmol/l) vitamin A, 80 000 IU vitamin D3 (4992 nmol/l), 300 mg vitamin E
(697mmol/l), 4200 mg Zn, 900 mg Mn, 16 mg Co, 20 mg I and 44 mg Se. Values
are determined by Weender analysis.

‡ Sipernat type 22S (Evonik Industries AG, Essen, Germany) is a fine particle silica
with high oil absorption capacity. It is widely used as a flow regulator, anti-caking
and dusting agent, especially in the food and feed industry.
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(Hengler Analytik, Steinbach, Germany). Concentrations of

Pi and total Ca were measured colorimetrically in plasma,

saliva, urine, abomasal and ruminal fluids by standard

spectrometric techniques(18,19). The amount of calcidiol was

determined by a competitive enzyme-linked immunosorbent

assay (Immundiagnostik AG, Bensheim, Germany). The

declared inter- and intra-assay CV of the kit were ,13·2 and

,10·7 %. Calcitriol concentrations were measured by a com-

mercial radioreceptor assay (Immundiagnostik AG, Bensheim,

Germany). For this process, the plasma was cleaned by

Extrelut extraction. The intra-assay CV were ,15 and ,10 %

for samples with calcitriol concentrations of 10 and 60 pg/

ml, respectively. The inter-assay CV were ,20 and ,15 %

for these two concentrations. The detection limit of this

assay was 2 pg/ml. The calcitriol assay systems had already

been used in other studies to detect caprine hormone

concentrations(20–22). cAMP concentrations were determined

in plasma and urine by a commercial competitive binding

assay (Immundiagnostik AG, Bensheim, Germany). The

inter- and intra-assay CV of the kit were ,8·8 and ,7·6 %.

The concentration of plasma carboxyterminal cross-linked tel-

opeptide of type I collagen (CTX) was determined using the

commercial kit Serum CrossLapsw ELISA (Immunodiagnostic

Systems, Frankfurt, Germany). The cross-reactivity for goats

had been tested by the company(23). The inter- and intra-

assay CV of the kit were ,10 and ,6 %. Total alkaline phos-

phatase (EC 3.1.3.1) activity was determined in plasma

samples by measuring the increase in absorbance (405 nm)

due to the formation of p-nitrophenol from p-nitrophenyl

phosphate ester(24). For the determination of total plasma

insulin-like growth factor 1 (IGF-1), an ACTIVE Insulin-Like

Growth Factor-I coated-tube IRMA Kit (DSL-5600; Diagnostic

Systems Laboratories, Inc., Webster, TX, USA) was used.

IGF-1 was separated from its binding proteins by an

acid–ethanol extraction procedure, and IGF-1 concentrations

were determined with a two-site immunoradiometric assay.

Intra- and inter-assay CV were 1·5–3·5, and 1·5–8·5 %, respect-

ively. The concentration of growth hormone (GH) was

measured by an enzyme-linked immunosorbent assay, as

described previously(25,26), with the following modifications:

a rabbit antibody against ovine GH (anti-ovine GH-3, 1:20,

AFP-0802210, obtained from the National Hormone and Pep-

tide Program, National Institute of Diabetes and Digestive

and Kidney, and Dr Parlow) was distributed in all wells of a

ninety-six-well microplate previously coated with anti-rabbit

g-globulin antiserum (D Schams; TU-Munich, Weihenstephan,

Germany). After incubation for 24 h at room temperature and

decantation of the antibody solution, 100ml of chicken serum

diluted in assay buffer (1 %) was added to each well. Then,

15ml of a standard GH solution (0·78–100 ng/ml, bovine

GH, AFP-9984C, obtained from the National Hormone and

Peptide Program, National Institute of Diabetes and Digestive

and Kidney, and Dr Parlow) dissolved in assay buffer or

plasma samples were added, and the plate was incubated

for 24 h at room temperature. After washing the plate,

biotin-labelled GH was distributed in all wells and then incu-

bated for 3 h at room temperature. Streptavidin solution

(Sigma Aldrich, St Louis, MO, USA) was added and optical

density was measured, and concentrations were calculated

using Magellan software (Magellan 3.11, Dortmund, Germany).

Intra- and inter-assay CV were 9·8 and 12·6 %, respectively.

The lowest detection limit was 1·0 ng/ml, and the effective

dose 50 in this assay system was 7·6 ng/ml.

Calculation of fractional excretion

The fractional excretion (FE) of urea was determined at the

end of the experimental period using the following formula:

FE urea ¼
creatinineplasma ðmmÞ £ ureaurine ðmmÞ

creatinineurine ðmmÞ £ ureaplasma ðmmÞ
£ 100 ð%Þ:

The fractional excretion of cAMP, Pi and total Ca was calcu-

lated according to the same equation, but with respective

cAMP, Pi and total Ca concentrations.

Isolation of intestinal brush-border membrane vesicles,
transport studies and Western blot analysis

For preparation, transport studies and Western blot analysis

of small-intestinal BBMV have already been described in

Muscher et al.(22). Briefly, BBMV were prepared according to

the Mg2þ precipitation method, with two precipitation steps.

For the uptake of 32P/Pi, BBMV were incubated at 218C with

the uptake medium containing non-labelled Pi and a-32P

(Hartmann, Braunschweig, Germany; 0·037 MBq/incubation

vessel). Concentration-dependent Pi uptakes were performed

over a range of 0·01–1·0 mM-Pi. Extravesicular incubation

buffer contained 100 mM-mannitol, 10 mM-HEPES–Tris, pH

7·4, and 100 mM-NaCl. The stop solution contained 150 mM-

KCl, 1 mM-KH2PO4 and 10 mM-HEPES–Tris, pH 7·4. The Naþ

dependency of Pi transport was established by incubating

BBMV in solutions in which KCl replaced NaCl equimolarly.

BBMV were washed with stop solution on a 0·65mm cellulose

nitrate filter. The 32P activity of each filter was counted

using a Packard Tri-Carb 2500TR scintillation counter. Kinetic

parameters Vmax (nmol £ 10 s Pi/mg protein) and Km

(mmol Pi/l) were calculated from the Michaelis–Menten

kinetic equation of Pi uptake into the BBMV.

Immunoblot assays using brush-border membrane prep-

arations were performed as described previously(22,27).

In brief, brush-border membrane protein (50mg/lane) was

separated by 8·5 % SDS–PAGE. Separated proteins were trans-

ferred onto nitrocellulose membranes and blocked with 10 %

fat-free milk powder. Immunodetection of electrotransferred

protein was performed according to standard procedures.

The NaPi IIb antibody was used at 1:2000 dilution. Specificity

of the murine antibody for goat NaPi IIb protein was validated

by blocking the antibody with the respective antigenic pep-

tide. Immunoreactive proteins were visualised using the

enhanced chemiluminescence system (Perbio Science GmbH,

Bonn, Germany) according to the manufacturer’s protocol.

The internal standard b-actin was used to semi-quantify

relative protein expression amounts. Bands were analysed

semi-quantitatively using Quantity One software (Bio-Rad).
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Statistical analyses

Results are expressed as means with their pooled standard

errors, with n number of animals. Significance of differences

was tested by unpaired Student’s t test, if appropriate (soft-

ware GraphPad Prism version 4.0 for Windows, GraphPad

Software, San Diego, CA, USA, www.graphpad.com). In all

cases, P values ,0·05 were set to be significant, and a ten-

dency was assumed when P,0·1. To test for a linear relation-

ship between two variables, a simple correlation analysis with

Pearson’s correlation coefficient was calculated.

Results

Daily weight gain, body weight, daily feed intake, intake
of DM, nitrogen, calcium and phosphorus

The animals were clinically healthy throughout the study. The

daily weight gain of the goats receiving a reduced N diet was

tendentially lower than in the control animals (Table 2). How-

ever, the mean body weight of all goats at the beginning and

at the end of the study was not affected by dietary treatment

(Table 2). Mean daily feed, DM, N, Ca and P intake for each

animal was estimated from group mean values, and parts of

these results have already been published in Muscher

et al.(28) (Table 2).

Blood parameters

The concentration of urea in plasma decreased significantly by

a reduced N feeding regimen, while plasma creatinine concen-

trations increased simultaneously (Table 3). Both parameters

were inversely related (r 20·604, P,0·01). Haematocrit, total

plasma protein and albumin content remained unchanged

throughout the complete experiment, indicating that there

was neither haemoconcentration nor haemodilution with the

various diets (Table 3). The concentrations of plasma Pi and

total Ca (Table 4) were not affected by a reduction of dietary

N supply in young goats. Plasma concentrations of calcidiol

and calcitriol were significantly reduced in the animals fed a

reduced N diet (Table 3). There were no significant differences

between control and N-reduced fed goats in the plasma con-

centrations of cAMP (Table 3). However, a linear correlation

between plasma cAMP concentrations and calcidiol could

be detected in the goats (r 0·642, P,0·01). The amount of

plasma CTX, as the bone resorption marker, and total alkaline

phosphatase was both significantly elevated in the goats of

the N-reduced N group.

The reduction of dietary N content was associated with a

decrease in plasma IGF-1 concentration in these animals,

while concentrations of GH were not affected (Table 3).

Additionally, the concentrations of IGF-1 and plasma urea

were positively related (r 0·475, P,0·05).

Concentrations of inorganic phosphate and total calcium
in saliva, ruminal and abomasal fluids

The Pi concentrations of parotid saliva, ruminal and abomasal

fluids were all significantly reduced in goats fed a reduced N

diet, whereas plasma Pi concentrations were not affected

Table 2. Daily feed, DM, nitrogen, calcium and phosphorus intake,
initial and final body weight and daily weight gains on a per animal
basis, as estimated from group mean values over the entire experi-
mental period (about 7 weeks)

(Mean values with their pooled standard errors)

Control Reduced N SE P

Feed intake (g/d) 740 713 14·7 0·07
DM intake (g/d) 817 792 13·9 0·07
N (g/d) 17·9 10·2 0·29 ,0·0001
Ca (g/d) 7·7 7·4 0·15 0·02
P (g/d) 3·33 3·25 0·07 0·20
Initial body weight (kg) 24·2 23·8 1·93 0·86
Final body weight (kg) 33·9 31·8 1·98 0·31
Body weight gain (kg/d) 0·18 0·14 0·02 0·09

Table 3. Haematocrit values of young goats fed a reduced nitrogen diet*

(Mean values with their pooled standard errors and number of animals (n))

n Control Reduced N SE P

Haematocrit (%) 10 29·4 31·5 1·99 0·31
Plasma

Urea (mM) 10 5·8 1·49 0·41 ,0·001
Creatinine (mM) 10 83·78 95·51 3·63 0·005
Total protein (mg/ml) 10 51·24 54·57 3·52 0·36
Albumin (g/l) 10 33·27 32·61 1·27 0·61
Calcidiol (nM) 9 21·46 12·46 3·98 0·038
Calcitriol (pg/ml) 9 40·50 27·86 4·54 0·013
cAMP (pmol/ml) 10 28·4 13·57 11·84 0·23
CrossLaps (ng/ml) 9 0·876 1·259 0·12 0·007
Total alkaline phosphatase (mkat/l) 8 5·65 7·80 0·99 0·048
Growth hormone (ng/ml) 10 5·52 5·32 1·75 0·91
Insulin-like growth factor 1 (ng/ml) 10 311·5 156·1 44·9 0·003

Urine
Urea (mM) 7–10 319·5 27·2 55·0 ,0·001
Creatinine (mM) 7–10 9921 21 400 2924 0·001
cAMP (pmol/ml) 7–10 3208 4233 768·3 0·20

* Concentrations of urea, creatinine, total protein, albumin, calcidiol, calcitriol, cAMP, CrossLaps, total alkaline phospha-
tase, growth hormone and insulin-like growth factor 1 in the plasma and urine of goats as affected by a reduced N diet.
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(Table 4). The decline in Pi concentrations in saliva (r 0·684,

P,0·001), ruminal (r 0·503, P,0·05) and abomasal fluids

(r 0·715, P,0·001) was positively correlated with decreasing

plasma urea concentrations.

Salivary total Ca concentrations were significantly elevated

at the end of the experiment (Table 4). Ruminal concen-

trations of total Ca were not affected, whereas total Ca concen-

trations in the abomasal fluid were significantly diminished

in the goats with the reduced N diet (Table 4).

Effects of the reduced nitrogen diet on the renal excretion
of urea, total calcium, inorganic phosphate and adenosine
30,5 0-cyclic monophosphate

A reduced dietary N supply was associated with a decrease in

the FE of urea (control: 48·4 %, reduced N: 9·34 (SE 6·13) %)

and an increase in total urine Ca, while FE of Pi (Table 4)

and cAMP (control: 232·7 %, reduced N: 262·6 (SE 127·7) %)

remained unaffected.

Naþ-dependent inorganic phosphate transport and type IIb
Naþ-inorganic phosphate cotransporter expression in the
small intestine

Transport capacity (Vmax; control: 1·38 nmol/mg protein per

10 s, reduced N: 1·48 (SE 0·33) nmol/mg protein per 10 s;

P¼0·76) and transporter affinity (Km; control: 0·074 mM,

reduced N: 0·063 (SE 0·01) mM; P¼0·29) of Naþ-dependent Pi

transport into mid-jejunal BBMV were not affected by a

reduced dietary N supply in young goats. However, the pro-

tein expression (90 kDa) of NaPi IIb normalised to b-actin in

the mid-jejunum was tendentially reduced under a reduced

N diet (control: 2·29, reduced N: 1·24 (SE 0·51); P¼0·08).

Discussion

The present study demonstrates that the electrolyte homeosta-

sis of young goats was influenced by a reduced N diet despite

efficient N recycling mechanisms. These effects of a reduced N

diet might be most marked during growth; therefore, a grow-

ing goat model was chosen. A slightly reduced daily weight

gain indicates that dietary N reduction (8 %) may show the

limitation of compensation of N metabolism. Isoenergetic

diets were used to detect the effect of N reduction as the

single variable on electrolyte homeostasis.

Plasma urea concentrations were determined as a significant

indicator of the extent of dietary N supply. The reduction of

dietary N by about 44 % caused a marked decrease in

plasma urea concentrations. The order of magnitude of this

effect is in accordance with data reported for other goats

and sheep(29). The FE of urea in the kidney fell to a very

low concentration as one of the N-saving mechanisms to facili-

tate the recycling of urea for microbial protein synthesis in the

rumen. In previous studies in goats, this renal reduction of

urea excretion rate could be demonstrated as a consequence

of renal mechanisms to conserve urea during N deprivation,

whereas glomerular filtration rate (GFR) dropped by about

60 % when N intake was reduced(30,31). A decrease in GFR

could be caused by a reduction in IGF-1 concentrations,

which were able to modulate GFR in rats(32). Such a decline

in GFR was indicated by an increase in plasma creatinine con-

centration in the goats fed a reduced N diet in the present

study. However, as indicated by the simultaneous increase

in urinary creatinine concentrations, it is also likely that crea-

tinine was increasingly released from muscle due to a higher

muscle turnover. A higher muscle protein turnover would pro-

vide more N for urea synthesis in the N-reduced fed goats to

improve N supply to ruminal micro-organisms. Furthermore, a

reduction in urine volume, as has been observed in ongoing

balance studies in N-reduced fed goats, could contribute to

high creatinine concentrations in urine.

Besides a decrease in GFR, reduced IGF-1 concentrations

could also cause a decrease in the renal blood flow as in

monogastric animals(33). Both parameters, a reduced GFR

and a decrease in renal blood flow, could diminish substrate

delivery to the renal 1-a hydroxylase, which would cause

less calcitriol formation in the kidney(34). Confirmingly, a cor-

relation between GFR and plasma calcitriol concentrations

was shown in humans(35). Another reason could be that

reduced IGF-1 concentrations affect the activity of the renal

1-a hydroxylase as in humans(36). A reduction in calcitriol con-

centrations could be already shown in goats fed a reduced N

and Ca diet(2) as well as in rats with a low-protein diet(5). In

monogastric animals, changes in calcitriol concentrations

Table 4. Effects of a reduced nitrogen diet on calcium and inorganic phosphate (Pi)
concentrations in plasma, saliva, ruminal fluid, abomasal fluid and fractional excretion
(FE) in young goats

(Mean values with their pooled standard errors and number of animals (n))

n Control Reduced N SE P

Plasma Ca (mM) 10 2·52 2·55 0·10 0·81
Plasma Pi (mM) 10 2·18 1·86 0·24 0·20
Saliva Ca (mM) 10 0·197 0·266 0·02 0·004
Saliva Pi (mM) 10 30·77 22·62 1·64 ,0·001
Ruminal fluid Ca (mM) 10 0·98 1·36 0·25 0·14
Ruminal fluid Pi (mM) 10 30·68 23·37 2·74 0·016
Abomasal fluid Ca (mM) 9–10 10·85 7·42 1·09 0·006
Abomasal fluid Pi (mM) 9–10 30·47 20·48 2·47 0·001
FE Ca (%) 7–10 0·80 3·85 1·14 0·018
FE Pi (%) 7–10 0·86 2·09 0·36 0·21
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were able to regulate the intestinal absorption of Pi by the

modulation of intestinal Pi transporter function and expression

amounts(37,38). However, the decrease in calcitriol concen-

trations in the young goats caused only a tendential reduction

in the intestinal transport protein NaPi IIb, which was not

reflected in changes in the intestinal absorption of Pi.

Low calcitriol concentrations in plasma are known to

decrease bone mineralisation(39). In this experiment, the

bone resorption marker CTX in goats fed a reduced N diet

was increased, indicating a higher bone resorption in these

animals; this could be shown in goats fed a reduced N and

Ca diet, too(2). Hypothetically, higher bone resorption could

be caused by changes in PTH concentrations because of the

intense intertwining of these regulating hormones in Ca and

Pi homeostasis(40). Humans consuming a low-protein diet

expressed an increase in serum PTH(10). These elevated PTH

concentrations were able to activate Ca and Pi mobilisation

from bones. Hence, a link between protein and electrolyte

metabolism was postulated for monogastric animals and

humans(41). A possible candidate for such a link could be

the Ca-sensing receptor (CaR), which is expressed in many

organs(42,43). The CaR seemed to be able to respond to altered

Ca and also to changes in amino acid concentrations due to its

binding sites for both(41). This property of the CaR may be the

molecular basis for the crosstalk between protein and Ca and

Pi metabolism. Therefore, it is assumed that a low-protein diet

was able to stimulate PTH synthesis and secretion via the CaR.

Another possibility could be that as in rats, the reduced calci-

triol concentrations inhibited less of the CaR, which results in

higher PTH secretion by the parathyroid glands(44). Further

investigation of the expression and activity of the CaR in

young goats fed a reduced N diet is needed.

The elevated activity of total alkaline phosphatase in plasma

in the goats of the N-reduced group could be a result of the

decreased calcitriol concentrations, which caused perturbed

mineralisation of the bones. However, total alkaline phospha-

tase was not a specific marker of bone formation because its

activity in plasma was also contributed to other sources than

the bone(45).

The concentration of cAMP in plasma and urine, which

were described in the literature as indirect parameters of

PTH activation(46,47) in humans and monogastric animals,

could not confirm that the higher bone resorption detected

in the goats fed a reduced N diet was PTH-dependent.

Alterations in amounts of other humoral factors could also

be another explanation for the change in bone resorption

induced by dietary N reduction. In particular, changes in

IGF-1 concentrations were associated with unchanged GH

concentrations in the growing N-reduced fed goats. In

humans, a positive correlation between protein intake and

bone growth factor IGF-1 was observed, while concentrations

of CTX decreased at the same time(48). Therefore, the effects of

N reduction on mineral and bone metabolism observed in

the present study may be mediated in part by reduced IGF-1

concentrations. Calcidiol synthesis in the liver might also

be affected by reduced IGF-1 concentrations because, in

humans, a positive correlation between these two hormones

was detected(49).

Besides the effects on bone mineralisation, the influence of

a dietary N reduction on electrolyte homeostasis was

expressed by alterations of Pi and Ca concentrations in body

fluids of young goats (Table 4). Changes in Pi homeostasis

included a decrease of Pi in saliva starting at the 28th day of

the experiment (Fig. 1; Table 4) and low Pi concentrations

in ruminal and abomasal fluids (Table 4). Plasma Pi concen-

trations and extent of urinary Pi excretion were not affected

as in goats fed a reduced N and Ca diet(2) (Fig. 1; Table 4).

The concentrations of Pi in saliva, ruminal and abomasal

fluids were all positively correlated with plasma urea concen-

trations. Since neither the rumen epithelium nor the abomasal

mucosa is able to absorb Pi, explaining lower concentrations

in these fluids, the modulation of Pi concentrations must be

mediated by the capacity of salivary glands to concentrate

and secrete Pi into the rumen. In general, it is well known

that salivary Pi is adjusted to plasma Pi concentration without

any regulation by hormones or other factors(50). During a

reduced N feeding, this tight adjustment seemed to be

uncoupled by mechanisms not known so far. Caprine salivary

gland Pi transporter was assessed to be a Pi transporter similar

to those which are members of the SLC34 transporter family

(NaPi IIb-like)(51). NaPi IIb protein is ubiquitously expressed

in different organs (e.g. small intestine) and tissues(52).

In monogastric animals, intestinal NaPi IIb was regulated by

calcitriol, which stimulated NaPi IIb expression as well as

Naþ-dependent Pi transport(53). Hypothetically, the caprine

Naþ-dependent Pi transporter might be decreased in its func-

tion by the lack of calcitriol stimulation due to low calcitriol

concentrations in N-reduced goats.

In the present study, Ca homeostasis was also affected in

growing goats by a reduced N intake. While in plasma and

ruminal fluids, total Ca concentrations were not affected,

which was in contrast to goats fed a reduced N and Ca diet

where plasma Ca concentrations were reduced(2), an increase

in salivary Ca was found (Table 4). Even though salivary total

Ca concentrations were elevated at the end of the experiment,

the physiological meaning of the increased Ca concentrations
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Fig. 1. Concentrations of inorganic phosphate (Pi) in the plasma and

saliva of goats fed a reduced N diet for about 7 weeks. Values are means,

with standard errors represented by vertical bars (n 10). Mean values were

significant for the effect of a dietary reduced N level: *P,0·05 and

**P,0·01. , Pi saliva control; , Pi saliva reduced N; , Pi

plasma control; , Pi plasma reduced N.
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in saliva was not clear. Low abomasal Ca concentrations may

be associated with an enhanced ruminal active Ca absorption,

which was described for goats and sheep(54). The reason for

this activated ruminal absorption of Ca during a reduced N

diet cannot be explained yet.

The hypercalciuria of the goats receiving a N-reduced diet

was not associated with a reduction in plasma total Ca concen-

trations. In goats fed a reduced N and Ca diet, a reduction in

plasma total and ionised Ca concentrations could be observed,

caused by a lower Ca intake, which resulted in hypocal-

ciuria(2). In the present study, a higher Ca release from

bones could be assessed, as indicated by the increase in the

bone resorption marker CTX. The majority of Ca is transported

in the plasma bound to protein. However, a reduction in bind-

ing capacity could be excluded because plasma protein and

albumin concentrations did not differ between the two feed-

ing groups. The excess of Ca was finally excreted by the

kidneys resulting in a higher FE of Ca. Hypothetically, this

could be mediated by lower calcitriol concentrations due to

a down-regulation of calcitriol-dependent epithelial Ca chan-

nels (transient receptor potential cation channel, subfamily

V, member 5) as in rats(55).

In summary, the present study shows that a reduced N diet

in young goats led to decreased calcitriol, calcidiol as well as

IGF-1 concentrations and increased bone resorption marker

CTX. Furthermore, Pi and Ca homeostasis was perturbed in

the N-reduced fed goats despite N recycling mechanisms. In

conclusion, an interaction between dietary N and electrolyte

metabolism occurred in young goats as in monogastric

animals. The dietary requirements of N for young goats must

be investigated further regarding the aim to decrease N

pollution, especially with a focus on mineral and bone

metabolism.
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20. Schröder B & Breves G (1996) Mechanisms of phosphate

uptake into brush-border membrane vesicles from goat

jejunum. J Comp Physiol B 166, 230–240.
21. Widiyono I, Huber K, Failing K, et al. (1998) Renal phos-

phate excretion in goats. Zentralbl Veterinarmed A 45,

145–153.

Regulation of mineral metabolism in goats 1625

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114510005350  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114510005350


22. Muscher A, Hattendorf J, Pfeffer E, et al. (2008) Hormonal
regulation of phosphate homeostasis in goats during tran-
sition to rumination. J Comp Physiol B 178, 585–596.

23. Chavassieux P, Garnero P, Duboeuf F, et al. (2001) Effects of
a new selective estrogen receptor modulator (MDL 103,323)
on cancellous and cortical bone in ovariectomized ewes:
a biochemical, histomorphometric, and densitometric
study. J Bone Miner Res 16, 89–96.

24. Kawade M (1964) An automatic method for determination of
alkaline phosphatase in serum using p-nitrophenylpho-
sphate as substrate. Mie Med J 14, 41–46.

25. Kawashima C, Sakaguchi M, Szuki T, et al. (2007) Metabolic
profiles in ovulatory and anovulatory primiparous dairy
cows during the first follicular wave postpartum. J Reprod
Dev 53, 113–120.

26. Roh SG, Matsunaga N, Miyamoto A, et al. (1997) Competitive
enzyme immunoassay for bovine growth hormone. Endocr J
44, 195–198.
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