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a b s t r a c t

For monogastric animals, changes in dietary protein content modulate calcium (Ca) metabolism by
changing parathyroid hormone and calcitriol concentrations. However, the effects of dietary nitrogen (N)
restriction on Ca metabolism are not known in ruminants. Since ruminants express endogenous recycling
mechanisms very efficiently to save N, it is known that these recycling mechanisms protect ruminants
against N depletion in times of dietary N restriction. Therefore, consequences on Ca metabolism induced
by reduction of dietary N supply as observed in monogastric animals should not occur in ruminants. Due
to this specific metabolic feature, a reduction of dietary N intake can be used to diminish environmen-
tal N pollution. The aim of the present study was to determine the consequences of a reduced N intake
on Ca homeostasis and respective regulatory hormone concentrations in ruminants. Growing goats fed
alcidiol

alcitriol with a reduced N diet showed a decrease in ionised calcium (Ca2+) and total Ca concentrations while
bone resorption marker carboxyterminal cross-linked telopeptide of type I collagen increased in plasma.
Unexpectedly, despite hypocalcemia, concentrations of calcitriol were decreased in the animals of the N
reduction group whereas calcidiol levels were not affected. From this data, it can be concluded that the
Ca metabolism of growing goats can be modulated by changes of dietary N content like in monogastric

animals.

. Introduction

In monogastric animals and humans, changes in dietary pro-
ein supply provided evidence that protein metabolism is closely
elated to calcium (Ca) homeostasis. In monogastric animals and
umans nourished with a low protein diet, a decline in plasma cal-
itriol (1,25-dihydroxyvitamin D3) concentrations was observed,
hich caused a reduction of intestinal Ca absorption [1,2]. Besides

n intestinal reduction of Ca absorption, an abrupt rise in serum
arathyroid hormone concentration was observed in humans, too
2,3] which might have severe consequences for Ca homeostasis
nd health, especially bone and kidney functions. Therefore, an
nteraction between protein and Ca metabolism was discussed in

onogastric animals and humans [4].
In ruminant feeding, controlled reduction of dietary intake
ould be desirable to reduce nitrogen (N) emission into the envi-
onment because of contribution of manure to high eutrophication
f aquatic environments. Dietary total N intake is the major factor
ausing N excretion with the manure in cows [5]. Ruminants are
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unique in their ability to save electrolytes and N by endogenous
recycling mechanisms especially during times of protein and elec-
trolyte scarcity [6–8]. The consequences of a reduction of dietary
N intake can be prevented, thereby maintaining N homeostasis but
reducing N excretion.

Therefore, it was hypothesised that the potential interaction
between low protein dietary intervention and Ca homeostasis as
observed in monogastric animals is unlikely in ruminants. The
objective of this study was to examine potential effects of dietary
N reduction on Ca metabolism and respective hormone concen-
trations like calcidiol (25-hydroxyvitamin D3) and calcitriol in
growing goats.

2. Materials and methods

2.1. Animals and diets

All animal handling and experimental conditions were approved
and its conduct was supervised by the Animal Welfare Commis-
sioner of the University of Hannover according to the German

Animal Welfare Law.

A total number of 13 male White Saanen goats, about 2 months
of age and weighing approximately 16.3 ± 2.3 kg live weight, were
subdivided into two different feeding regimes with adequate (n = 7
animals) or reduced N supply (n = 6 animals). Each feeding group

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
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Table 1
Components and composition of the pelleted concentrate dietsa.

Control (g kg−1) Reduced nitrogen (g kg−1)

Dry matter 966 961
Crude ash 56 86
Crude protein (N × 6.25) 193 67
Crude fibre 71 64
Crude fat 22 18
Urea 31 nd
Calcium 6.9 4.4
Phosphorus 2.7 2.0
Vitamin D3 nd nd
DCAD (mEQ/kg DM) 210 200

Diets
Beet pulp 425 455
Tapioca 407 452
Soybean meal 108 33
Soybean oil 10 10
Mineral–vitamin mixb 10 10
MgHPO4 × 3 H2O 4 6
Urea 30 –
Sipernat 22S 6 34

nd: not detected.
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plasma CTX, as a bone resorption marker, was significantly elevated
in the goats of the N reduced diet (Table 2). Urinary Ca concen-
tration was significantly diminished in goats fed a reduced N diet
(Table 2).
Composition expressed as fed.
b Per kg mineral–vitamin mix: 180 g Ca, 60 g P, 100 g Na, 30 g Mg, 500,000 IU

itamin A, 80,000 IU vitamin D3, 300 mg vitamin E, 4200 mg Zn, 900 mg Mn, 16 mg
o, 20 mg I and 44 mg Se.

f animals were housed separately. The day’s supply was given
n three equal portions. Feed refusals were recorded three times
aily and used to estimate mean daily intake level “per animal” of
utrients and macro minerals over the entire experimental period.
ater was available at all times. The reduction of N supply was
aintained for at least 6–8 weeks. The feed content of dry matter,

rude ash, crude fibre, crude fat and crude proteins (N × 6.25) were
etermined by the standard procedure according to the methods of
he Association of German Agricultural Investigation and Research
enter (VDLUFA) [9]. The components and composition of the diets
re presented in Table 1. Both diets were isoenergetic, contain-
ng approximately 12.1 ± 0.7 kJ metabolisable energy (ME)/kg diet.
he goats were weighed once a week about 3 h after the morning
eed. Blood samples were taken 24 h before slaughter by venipunc-
ure from the vena jugularis with lithium heparinate covered
yringes. Blood plasma was separated by centrifugation at 2000 × g
t room temperature for 15 min and stored at −20 ◦C. Urine sam-
les were obtained at time of slaughter by aspiration from the
ladder.

.2. Biochemical determinations

Plasma urea concentrations were determined using a commer-
ial kit (R-Biopharm, Darmstadt, Germany) to define N status of
he animals. Ionised calcium (Ca2+) was measured immediately
fter taking in whole blood samples with an ion sensitive electrode
Chiron Diagnostics GmbH, Wiesentheid, Germany). Concentra-
ions of inorganic phosphate (Pi) and total Ca were measured
olorimetrically in plasma and urine by standard spectrometric
echniques [10,11]. The amount of calcidiol was determined by
competitive enzyme immunoassay (Immundiagnostik AG, Ben-

heim, Germany). Calcitriol concentrations were measured by a
ommercial radioreceptor assay (Immundiagnostik AG, Bensheim,
ermany). The calcitriol assay systems had already been used in
ther studies to detect caprine hormone levels [12,13]. The con-

entration of plasma carboxyterminal cross-linked telopeptide of
ype I collagen (CTX) was determined using the commercial kit
erum CrossLaps® ELISA (Immundiagnostic Systems, Frankfurt,
ermany). The cross-reactivity for goats had been tested by the
ompany [14]. The inter- and intra-assay CVs of the kit were <10%
ry & Molecular Biology 121 (2010) 304–307 305

and <6%. Plasma and urine creatinine was analysed by an enzymatic
method, the creatinine PAP method [15].

2.3. Statistical analysis

Data are provided as means ± SD; n represents the number of
animals. The data were tested for significance using the unpaired
Student’s t-test and P < 0.05 was considered statistically signifi-
cant. To test for linear relationship between two variables, a simple
correlation analysis with Pearson’s correlation coefficient was cal-
culated. All statistical analyses were performed by using GraphPad
Prism version 4.0 for Windows, GraphPad Software, San Diego Cal-
ifornia USA, www.graphpad.com.

3. Results

3.1. Daily weight gain, body weight, daily feed intake, intake of N
and Ca

The animals were clinically healthy throughout the study. Daily
weight gains (control group 100 ± 39 g d−1 versus reduced N diet
59 ± 32 g d−1) and average body weight of the goats (control group
21.8 ± 1.7 kg versus reduced N diet 19.8 ± 3.1 kg) were not affected
significantly. Mean daily feed, N and Ca intake was estimated from
group mean values. The daily feed intake of the control goats on
a “per animal basis” was significantly higher than in the goats
of N reduced diet (598 ± 43 g d−1 versus 431 ± 70 g d−1***). Conse-
quently, the control group had a significantly higher intake of N
(18.7 ± 1.4 g N versus 5.5 ± 0.8 g N***) and Ca (4.5 ± 0.3 g Ca versus
2.3 ± 0.3 g Ca***) per day.

3.2. Biochemical parameters of blood plasma and urine

The plasma concentrations of urea decreased significantly
by reduced N-feeding regimes (5.05 ± 1.58 mmol L−1 versus
0.78 ± 0.29 mmol L−1) whereas concentrations of plasma creati-
nine increased (Table 2). The decline in plasma urea concentration
was positively related with ionised Ca2+ levels (Fig. 1). Total Ca
and ionised Ca2+ levels were significantly reduced (Table 2), while
plasma Pi concentrations were not affected (1.71 ± 0.60 mmol L−1

versus 1.89 ± 0.43 mmol L−1). Total and ionised Ca levels were pos-
itively correlated (r = 0.8335, P = 0.0004) while ionised Ca2+ and Pi
were negatively related (r = −0.6629, P = 0.0135). The amount of
Fig. 1. Relationship between plasma urea and ionised calcium in goats fed a reduced
nitrogen diet (r = 0.5738, P = 0.0403). The level of significance according to Pearson’s
correlation of coefficient was set to ˛ = 0.05.

http://www.graphpad.com/
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Table 2
Effects of a reduced nitrogen diet in growing goats on calcitriol, carboxyterminal cross-linked telopeptide of type I collagen (CTX), creatinine, total and ionised Ca concentrations
in plasma and total Ca concentrations in urine.

Control diet Reduced nitrogen diet P-value

Plasma
Calcitriol (pg mL−1) (n = 6/group) 46.80 ± 11.73 31.63 ± 8.88* 0.0301
CTX (ng mL−1) (n = 6/group) 0.5014 ± 0.233 0.9320 ± 0.386* 0.0414
Creatinine (�mol L−1) (n = 6 to 7/group) 74.49 ± 6.551 88.22 ± 7.618** 0.005
Total calcium (mmol L−1) (n = 6 to 7/group) 2.657 ± 0.244 2.320 ± 0.148* 0.0133
Ionised calcium (mmol L−1) (n = 6 to 7/group) 1.396 ± 0.103 1.257 ± 0.026** 0.0082

Urine
Total calcium (mmol L−1) (n = 6/group) 1.074 ± 0.624 0.3375 ± 0.236* 0.0222

Results are given as means ± SD (n = number of animals).
* Significance levels for the effect of a low nitrogen level were P < 0.05.

** Significance levels for the effect of a low nitrogen level were P < 0.01.

Fig. 2. Relationship between plasma total calcium and calcitriol in goats fed a
reduced nitrogen diet (r = 0.7327, P = 0.0067). The level of significance according to
Pearson’s correlation of coefficient was set to ˛ = 0.05.
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ig. 3. Relationship between plasma urea as an indirect indicator of dietary nitro-
en supply and calcitriol in goats fed a reduced nitrogen diet (r = 0.6712, P = 0.012).
he level of significance according to Pearson’s correlation of coefficient was set to
= 0.05.

.3. Vitamin D3 metabolites in blood plasma

Calcidiol levels in blood plasma were not changed in both feed-
ng groups (14.66 ± 5.33 nmol L−1 versus 18.22 ± 5.57 nmol L−1)

hile the concentrations of calcitriol were significantly reduced
n the goats fed a reduced N diet (Table 2). Calcidiol levels were
nversely related to ionised Ca2+ levels (r = −0.5969, P = 0.0313)

hile calcitriol was positively correlated with ionised Ca2+ (data
ot shown), total Ca plasma levels (Fig. 2) and with plasma urea
Fig. 3).
. Discussion

Despite effective N recycling pathways, dietary N restriction
ffects Ca homeostasis in goats. A significant decrease in plasma
otal Ca and ionised Ca2+ concentrations could be observed. This
interaction of N and Ca metabolism was also indicated by a lin-
ear relationship between plasma urea levels, which are used as
an indirect parameter for N intake, and plasma ionised Ca2+ con-
centrations (Fig. 1). However, an adaptive increase in calcitriol
concentrations – as it could be expected due to hypocalcemia –
could not be observed. In contrast, calcitriol concentrations were
even decreased in response to a reduced N diet like in monogastric
animals. As a consequence of reduced plasma calcitriol concen-
trations, the intestinal absorption of Ca, which is assumed to be
calcitriol-dependent like in monogastric animals [16], could be
diminished. That could be a reason for the significant decrease in
plasma total and ionised Ca2+ levels in the goats. Additionally, in the
reduced N group a further aspect has to be taken into account. The
dietary Ca intake was decreased due to the diminished food intake,
which could be a consequence of decreased microbial metabolism
caused by low N levels in rumen [17]. Reduced food intake and
lower levels of Ca in the ration could also promote the development
of hypocalcemia. However, dietary Ca restriction only caused an
increase in calcitriol levels in goats [18]. This adaptive response was
not observed in this study, indicating that the mechanisms induced
by N restriction have a stronger influence on Ca metabolism than
pathways stimulated by dietary Ca restriction only. This hypothe-
sis is confirmed by findings in rats fed a low protein diet without
changes in dietary Ca intake. In these rats, a decline in gastrointesti-
nal Ca absorption was observed, concomitantly to the reduction of
plasma calcitriol concentrations [1]. Such a decrease in intestinal Ca
absorption was also reported for humans consuming a low protein
diet [2]. The mechanism that underlies the decrease in intestinal
Ca absorption in response to reduced dietary N is not completely
understood.

Likewise, the decrease in plasma calcitriol concentrations
cannot be explained yet. However, there are some potential mech-
anisms indicated by studies from the literature. A fall of glomerular
filtration rate (GFR) could be induced by a reduction of dietary N
as it has been observed in goats [19], sheep [20,21], and in cattle
[22,23]. Reduction of GFR could be one of the reasons for the sig-
nificant decrease in calcitriol levels in the goats of the N reduced
group of this study. A reduction in GFR was indicated by an increase
of plasma creatinine levels under reduced N feeding. Lower GFR
diminishes the activity of renal 1-alpha-hydroxylase. This enzyme
converts calcidiol to calcitriol [24]. In humans, a negative correla-
tion between GFR and plasma calcitriol concentrations was shown
[25]. The GFR might be influenced by IGF-1 [26] which is reduced
under low dietary protein supply in humans, thereby causing a
decrease in GFR [27]. Confirmingly, a reduction of calcitriol con-

centrations was also observed in rats fed a low protein diet [1].
In humans, a dietary protein based downregulation of calcitriol
synthesis was proposed. Therefore, calcitriol synthesis should be
diminished by the decreased renal function and mass following low
dietary protein intake [28]. This positive relation between calcitriol
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oncentrations and plasma urea levels, as an indirect parameter of
ietary N intake, was also observed in goats (Fig. 3). The complex
omeostatic system that controls extracellular Ca involves pri-
ary kidney and bone. Bone resorption activity increased in goats
ith a reduced N diet while the renal excretion of Ca decreased.

his hypocalciuria could be a compensatory effect induced by the
ypocalcemia.

In conclusion, an interaction of N and Ca metabolism occurred
n growing goats like in monogastric animals.
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