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ABSTRACT
The objective of this experiment was to test the hypothesis that the concentration of Ca in diets fed to late gestating
sows affects the apparent total tract digestibility (ATTD) and retention of Ca and P, serum concentrations of Ca and
P, hormones, and blood biomarkers for bone formation and resorption. Thirty-six sows (average parity = 2.8) were
housed in metabolism crates from day 91 to day 104 of gestation and fed 1 of 4 experimental diets containing 25,
50, 75, or 100% of the requirement for Ca. All diets met the requirement for P. The initial 5 d of each period were
the adaptation period, which was followed by 4 d of quantitative collection of feces and urine. At the end of the
collection period, a blood sample was collected from all sows. Results indicated that feed intake, weights of dried
fecal and urine samples, and the ATTD of DM were not affected by dietary Ca, but ATTD of Ca increased (quadratic,
P < 0.05) as Ca in diets increased. Urine Ca output was not affected by dietary Ca, but Ca retention increased
(quadratic, P < 0.05) as Ca intake increased. Fecal P output increased (linear, P < 0.001) as dietary Ca increased, which
resulted in a linear decrease (P < 0.001) in the ATTD of P. Urine P output also decreased (linear, P < 0.001) as dietary
Ca increased, but P retention increased (linear, P < 0.05). Regressing the apparent total tract digestible Ca against
dietary Ca intake resulted in a regression line with a slope of 0.33, indicating that true total tract digestibility of Ca
in calcium carbonate was 33%. Serum concentrations of Ca and P and estrogen, calcitonin, and parathyroid hormone
were not affected by dietary Ca. Serum concentration of carboxyterminal cross-linked telopeptide of type I collagen
(CTX-I) decreased (linear, P < 0.05) as dietary Ca increased, which is a result of reduced bone resorption as dietary Ca
increased. Serum bone-specific alkaline phosphatase tended to decrease (linear, P < 0.10) as Ca in diets increased, but
the concentration of osteocalcin (OC) in serum was not affected by dietary Ca. The ratio between OC and CTX-I tended
to increase (P < 0.10) as dietary Ca increased, which indicated that there was more bone formation than resorption
in sows as dietary Ca increased. In conclusion, P digestibility in late gestating sows decreased, but retention of P
increased, as dietary Ca increased from inadequate to adequate levels and blood biomarkers for bone resorption
changed as Ca and P retention increased.
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Introduction
Values for apparent total tract digestibility (ATTD) of P in sows
fed Ca-free diets are greater than values from sows fed diets
containing corn and calcium carbonate (Lee et al., 2019b), and
increasing dietary Ca linearly reduces P digestibility in growing
pigs (Stein et al., 2011). These observations indicate that there
is an interaction between dietary Ca and P, which is probably a
result of precipitation of Ca and P in the intestinal tract of pigs.
Relatively more Ca and P are needed for fetus development
in late gestation compared with earlier gestation periods
(Bikker and Blok, 2017; Lee et al., 2019b), but an assessment
of the exact requirements for Ca and P in sows is challenging
and expensive. However, biomarkers for bone turnover
including carboxyterminal cross-linked telopeptide of type
I collagen (CTX-I), osteocalcin (OC), and bone-specific alkaline
phosphatase (BAP) have been used in humans, beef breeder
cows, and growing pigs as indicators of Ca and P adequacy in
diets (Larsen et al., 2000; Vasikaran et al., 2011; Anderson et al.,
2017; Sørensen et al., 2018). Therefore, changes in dietary Ca
and P, retained Ca and P in the body, and bone turnover may be
estimated from serum concentrations of biomarkers, but this
relationship has not been demonstrated in sows, and it is not
known if blood biomarkers can be used to estimate Ca and P
status of gestating sows.
Blood Ca levels are regulated by several hormones including
parathyroid hormone (PTH) and calcitonin and, occasionally,
estrogen (Heaney, 1990; Crenshaw, 2001). It is also possible that
hormone levels are affected by dietary Ca and P, but pig data
to demonstrate this are lacking. Therefore, the objective of this
experiment was to test the hypothesis that the concentration of
Ca in diets fed to late gestating sows affects ATTD and retention
of Ca and P, blood Ca and P concentrations, serum hormone
levels, and concentrations of serum biomarkers.

Materials and Methods
The Institutional Animal Care and Use Committee at the
University of Illinois reviewed and approved the protocol for the
experiment before the animal work was initiated.

Thirty-six gestating Camborough sows (PIC, Hendersonville, TN;
average parity = 2.8) were allotted to 3 blocks of 12 sows using
a randomized complete block design. Four diets were fed to the
12 sows in each block with 3 sows per diet; thus, there was a
total of 9 replicate sows for each treatment. Sows were housed
individually in metabolism crates from approximately day 91 to
day 104 of gestation. Metabolism crates were equipped with a
feeder, a nipple drinker, and fully slatted tribar floors. A screen
floor and a urine pan were installed below the tribar floors to
allow for collection of feces and urine, respectively.
Experimental diets were based on corn, soybean meal, and
sugar beet pulp (Table 1). All diets were formulated to contain
P at the requirement for total P by late gestating sows in parity
greater than 3 (i.e., 0.55%; NRC, 2012), but Ca was included at 25%,
50%, 75%, or 100% of the requirement for sows in late gestation
that are in their third or greater parity (Table 2). Thus, the 4
experimental diets were formulated to contain 0.18%, 0.36%,
0.54%, or 0.72% Ca, and these concentrations were achieved by
adding increasing concentrations of calcium carbonate to the
diets at the expense of cornstarch. All vitamins and minerals
except Ca were included in all diets to meet requirements (NRC,
2012).
Daily feed allotments were provided in 2 equal meals that
were fed at 0800 and 1600 h throughout the experiment. The
daily feed allowance was 1.5 times the maintenance energy
requirement for gestating sows based on the body weight of
sows when they were moved to the metabolism crates (i.e., 100
kcal metabolizable energy (ME)/kg body weight0.75; NRC, 2012).
Water was available at all times.
The initial 5 d of each period in the metabolism crates were
considered the adaptation period to the diets, and this period
was followed by 4 d of total fecal collection using the marker to
marker procedure (Adeola, 2001). Fecal collection was initiated
when the first marker (i.e., indigo carmine) appeared in the
feces and ceased when the second marker (i.e., chromic oxide)
appeared (Adeola, 2001). It took 3 to 4 d for the second marker
to appear in the feces, and as a consequence, sows were housed
for 13 d in the metabolism crates. Fecal samples were stored
at ‒20 °C as soon as collected. Urine was collected in buckets
placed under the urine pans with 50 mL of 3N HCl from day 6 in
the morning until day 10 in the morning. Buckets were emptied
daily, the weight of the collected urine was recorded, and 10%
of the collected urine was stored at ‒20 °C until subsampling.
Following fecal and urine collections, sows were fasted for 24 h
(Vasikaran et al., 2011) and a blood sample was collected from
the vena cava. Blood samples were immediately centrifuged and
serum was collected and stored at ‒20 °C.
At the conclusion of the experiment, urine samples were
thawed and mixed within animal and collection period and

Table 1. Analyzed nutrient composition of feed ingredients (as-is basis)

Item

Corn

DM, %
GE, kcal/kg
CP, %
Acid hydrolyzed ether
extract, %
Ash, %
Ca, %
P, %

86.3
3,859
7.1
4.3
1.3
—
0.29

Soybean meal
92.0
4,240
49.8
2.3
6.6
0.30
0.80

Sugar beet pulp
89.5
3,630
7.3
3.0
6.6
0.82
0.09

Calcium
carbonate

Monosodium
phosphate

Vitamin–mineral
premix

Sodium
chloride

99.9
—
—
—

99.7
—
—
—

96.4
—
—
—

99.7
—
—
—

93.3
37.8
—

91.4
0.05
26.7

55.9
2.04
0.12

99.8
0.25
—
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ME
OC
PTH
TTTD

apparent total tract digestibility
bone-specific alkaline phosphatase
carboxyterminal cross-linked
telopeptide of type I collagen
metabolizable energy
osteocalcin
parathyroid hormone
true total tract digestibility
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Table 2. Composition of experimental diets (as-is basis)
Ca level, % of the requirement1
Item

50

75

76.45
11.00
8.00
0.15
1.10
1.40
1.20
0.10
0.05
0.40
0.15

76.45
11.00
8.00
0.62
1.10
0.93
1.20
0.10
0.05
0.40
0.15

76.45
11.00
8.00
1.09
1.10
0.46
1.20
0.10
0.05
0.40
0.15

100

76.45
11.00
8.00
1.55
1.10
—
1.20
0.10
0.05
0.40
0.15

3,347 3,328
3,310
3,291
88.1
88.1
87.6
87.9
12.1
11.3
12.0
11.6
3.2
4.1
4.5
4.8
14.3
13.6
16.3
14.5
2.0
1.4
2.6
2.0
12.3
12.2
13.7
12.5
0.18
0.36
0.59
0.71
0.61
0.61
0.61
0.57
0.30:1
0.59:1
0.97:1
1.25:1

The requirement estimate is based on the requirement for Ca by
gestating sows that are in their third parity and in late gestation
(NRC, 2012).
2
The vitamin–micromineral premix provided the following
quantities of vitamins and microminerals per kg of complete diet:
vitamin A as retinyl acetate, 11,150 IU; vitamin D3 as cholecalciferol,
2,210 IU; vitamin E as selenium yeast, 66 IU; vitamin K as
menadione nicotinamide bisulfate, 1.42 mg; thiamin as thiamine
mononitrate, 1.10 mg; riboflavin, 6.59 mg; pyridoxine as pyridoxine
hydrochloride, 1.00 mg; vitamin B12, 0.03 mg; d-pantothenic acid
as d-calcium pantothenate, 23.6 mg; niacin, 44.1 mg; folic acid,
1.59 mg; biotin, 0.44 mg; Cu, 20 mg as copper chloride; Fe, 125 mg
as iron sulfate; I, 1.26 mg as ethylenediamine dihydriodide;
Mn, 60.2 mg as manganese hydroxychloride; Se, 0.30 mg as
sodium selenite and selenium yeast; and Zn, 125.1 mg as zinc
hydroxychloride. Wheat bran, but not limestone, was used as a
carrier in the premix to avoid Ca being added from the premix.
3
Values for ME were calculated rather than analyzed (NRC, 2012).
4
Total dietary fiber = soluble dietary fiber + insoluble dietary fiber.
1

subsamples were collected. Urine subsamples were filtered
through a 4- to 8-µm P4 filter (Fisher Scientific International, Inc.,
Hampton, NH). Fecal samples were dried at 65 °C in a forced-air
oven and finely ground through a 1-mm screen before analysis
using a Wiley mill (Model 4; Thomas Scientific, Swedesboro, NJ).

Chemical analyses
Calcium and P in ingredients, diets, feces, urine, and serum were
analyzed by inductively coupled plasma spectroscopy (AOAC
Int., 2007; method 985.01 A, B, and C) after wet ash sample
preparation [AOAC Int., 2007; method 975.03 B(b)]. Ingredient,
diet, and fecal samples were analyzed for DM (AOAC Int., 2007;
method 930.15), and ash was analyzed in all ingredient and diet
samples (AOAC Int., 2007; method 942.05). Crude protein in corn,
soybean meal, sugar beet pulp, and all diets was calculated as
N × 6.25 and N was analyzed by combustion (AOAC Int., 2007;
method 990.03) using a LECO FP628 apparatus (LECO Corp.,
Saint Joseph, MI). Insoluble dietary fiber and soluble dietary

fiber in diets were analyzed according to method 991.43 (AOAC
Int., 2007) using the AnkomTDF Dietary Fiber Analyzer (Ankom
Technology, Macedon, NY). Acid hydrolyzed ether extract in
corn, soybean meal, and sugar beet pulp was analyzed by
acid hydrolysis using 3N HCl (AnkomHCl, Ankom Technology)
followed by fat extraction using petroleum ether (AnkomXT15,
Ankom Technology). The GE in corn, soybean meal, and sugar
beet pulp was measured using an isoperibol bomb calorimeter
(Model 6400, Parr Instruments, Moline, IL).
Serum samples were analyzed for CTX-I using a Pig CrossLinked C-Telopeptide of Type I Collagen ELISA Kit (Abbexa Ltd.,
Cambridge, UK) that had an intra-assay and an interassay CV
of 10%. Concentrations of OC in serum were analyzed using an
N-MID Osteocalcin ELISA Kit (Immunodiagnostic Systems Ltd.,
The Boldons, UK), and BAP was analyzed using an Ostase BAP
Enzyme Immunoassay Kit (Immunodiagnostic Systems Ltd.). The
intra-assay CV was 1.8% and 4.2% for OC and BAP, respectively,
and the interassay CV was 4.0% and 5.5%, respectively. Serum
samples were also analyzed for calcitonin (Porcine Calcitonin
ELISA Kit; MyBioSource, San Diego, CA; intra-assay CV = 8.0%,
interassay CV = 12.0%), PTH (Porcine PTH ELISA Kit; MyBioSource;
intra-assay CV = 4.8%, interassay CV = 4.9%), and estrogen as
estradiol (Porcine Estrogen ELISA Kit; MyBioSource; intra-assay
CV = 8.0%, interassay CV = 12.0%).

Calculations
The ATTD of DM, Ca, and P in experimental diets was calculated
as outlined by Almeida and Stein (2010), and retention of Ca and
P (%) were calculated according to Petersen and Stein (2006).
Apparent total tract digested Ca (g/d) was regressed against
dietary Ca intake (g/d) using the following equation, which was
adopted from Fan et al. (2001):
Apparent total tract digested Ca = − B + (A × dietary Ca intake),

where A is the slope of the regression and represents the
coefficient for true total tract digestibility (TTTD), and B is the
intercept of the regression and represents the endogenous loss
of Ca (g/d).

Statistical analysis
Data were analyzed using the PROC MIXED (SAS Inst. Inc., Cary,
NC), and homogeneity of the variance among treatments and
normality was confirmed using the PROC UNIVARIATE of SAS.
Outliers were identified and eliminated if values deviated from
the first or third quartiles by more than 3 times the interquartile
range (Tukey, 1977). Sow was the experimental unit for all
analyses. The statistical model included diet as fixed effect
and parity, block, and replicate within block as random effects
and LSmeans of each treatment were calculated. Polynomial
contrasts were used to test for linear and quadratic effects of
increasing dietary Ca. The PROC REG of SAS was used to estimate
the y-intercept and the slope to determine the endogenous
losses of Ca and the TTTD of Ca, respectively. Significance
and tendency were considered at P < 0.05 and 0.05 ≤ P < 0.10,
respectively.

Results
Calcium and P balance
Feed intake, fecal excretion, urine excretion, and the ATTD of DM
by sows were not affected by the level of Ca in the diets (Table 3),
but Ca intake, fecal Ca output, and absorbed Ca increased (linear,
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Ingredient, %
Corn
Soybean meal
Sugar beet pulp
Calcium carbonate
Monosodium phosphate
Cornstarch
Soybean oil
l-Lys∙HCl, 78.8% Lys
l-Thr, 99% Thr
Sodium chloride
Vitamin–mineral premix2
Analyzed composition, %
ME, kcal/kg3
DM
CP
Ash
Total dietary fiber4
Soluble dietary fiber
Insoluble dietary fiber
Ca
P
Ca:P ratio

25

3

4

|
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Table 3. Calcium and P balances for sows in late gestation fed diets containing different levels of Ca1
Ca level, % of the requirement2
Item

25

50

75

100

SEM

Lin.

Quad.

3.05
0.29
3.99
89.11

3.09
0.31
4.76
88.80

3.05
0.30
7.87
88.82

3.08
0.32
4.80
88.47

0.13
0.02
1.39
0.54

0.834
0.116
0.380
0.156

1.000
0.884
0.177
0.955

5.7
6.2
−0.4
−7.49
0.1
−0.5
−9.33
—

10.8
9.3
1.6
14.34
0.1
1.6
13.53
99.88

16.0
12.8
3.3
20.59
0.1
3.2
19.83
99.80

21.0
16.5
4.7
22.04
0.1
4.6
21.45
96.08

0.5
1.0
0.8
5.95
0.04
0.7
5.87
5.29

<0.001
<0.001
<0.001
<0.001
0.300
<0.001
<0.001
0.491

0.935
0.571
0.601
0.039
0.581
0.592
0.034
0.705

18.6
11.5
7.0
39.02
4.9
2.3
12.33
28.39

18.8
13.1
5.7
31.26
3.8
2.0
10.90
29.49

18.6
13.2
5.3
29.72
2.2
3.2
17.87
50.83

18.8
14.4
4.3
23.97
1.3
3.3
17.86
69.03

0.8
0.9
0.6
3.01
0.3
0.5
3.19
7.93

0.822
<0.001
<0.001
<0.001
<0.001
0.031
0.026
<0.001

0.967
0.673
0.680
0.677
0.770
0.704
0.755
0.093

Each least squares mean represents 9 observations.
The requirement estimate is based on the requirement for Ca by gestating sows that are in their third parity and in late gestation (NRC,
2012).
3
Lin. = linear effect of Ca level; Quad. = quadratic effect of Ca level.
4
Regardless of calculated value, Ca retention was assumed to be close to zero. Therefore, the first diet was excluded to test the linear and
quadratic effects of dietary Ca.
1
2

P < 0.001) with increasing Ca in diets. Values for the ATTD of Ca
increased (quadratic, P < 0.05) as Ca in diets increased. Urine
Ca output and Ca retention, expressed as percent of absorbed,
were not affected by dietary Ca, but Ca retention expressed as
g/d increased (linear, P < 0.001), and Ca retention, expressed as
percent of intake, increased quadratically (P < 0.05).
Phosphorus intake was not affected by dietary Ca because all
diets had the same concentration of P. Fecal P output increased
(linear, P < 0.001) as dietary Ca increased, which resulted in
linear decreases (P < 0.001) in ATTD of P and absorbed P (g/d).
Urine P output also decreased (linear, P < 0.001) as dietary Ca
increased, whereas P retention expressed as g/d and as percent
of P intake and as percent of absorbed P increased as dietary
Ca increased (linear, P < 0.05). The slope of the regression line
that was developed by regressing apparent total tract digestible
Ca against dietary Ca intake was 0.33, which indicates that the
TTTD of Ca in calcium carbonate was 33% (Table 4). The intercept
of the regression line and the vertical axis was at 0.79, indicating
that total endogenous loss of Ca was 0.79 g per kg DM intake.

Calcium and P levels, hormones, and biomarkers in
blood samples
Serum concentrations of Ca and P and estrogen, calcitonin, and
PTH in serum samples were not affected by Ca concentration in
diets (Table 5). However, the concentration of CTX-I decreased
(linear, P < 0.05) as Ca concentration increased in the diets,
indicating that reduced quantities of Ca were mobilized from
the bones as dietary Ca increased. In contrast, serum BAP
tended to decrease (linear, P < 0.10) as Ca in diets increased. The

Table 4. Regression of apparent total tract digested Ca (g/d) against
dietary Ca intake (g/d) of sows fed diets containing 4 levels of calcium
carbonate1
Item
Regression equation
SE of slope
SE of intercept
Coefficient of determination (r2)
Endogenous loss of Ca, g/d
Endogenous loss of Ca2, g/kg DM intake
True total tract Ca digestibility2, %

Calcium carbonate
Y = −2.1230 + 0.3318X
0.0186 (P = 0.003)
0.2705 (P = 0.016)
0.994
2.12
0.79
33.18

The number of observations (n) = 36.
The SE of the endogenous loss was 0.10; the SE for the true total
tract digestibility = 1.86 (the SE of the slope × 100).

1
2

concentration of OC in serum was not affected by dietary Ca, but
the ratio of OC to CTX-I tended to increase (P < 0.10) as dietary
Ca increased, which indicates that bone formation increased
more than bone resorption increased.

Discussion
Calcium and P balance
The requirement for Ca in late gestation sows is 0.72% (NRC,
2012). Concentrations of analyzed Ca in the 4 diets were 0.18%,
0.36%, 0.59%, and 0.71%, which is equivalent to 25%, 50%, 82%,
and 99% of the requirement, respectively. Thus, analyzed Ca in
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Feed intake, kg/d
Fecal excretion, kg DM/d
Urine excretion, kg/d
ATTD of DM, %
Ca balance
Ca intake, g/d
Fecal Ca output, g/d
Absorbed Ca, g/d
ATTD of Ca, %
Urine Ca output, g/d
Ca retention, g/d
Ca retention, % of intake
Ca retention, % of absorbed4
P balance
P intake, g/d
Fecal P output, g/d
Absorbed P, g/d
ATTD of P, %
Urine P output, g/d
P retention, g/d
P retention, % of intake
P retention, % of absorbed

P-value3
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Table 5. Calcium and P concentrations, bone resorption and formation biomarkers, and hormone concentrations in serum samples of late
gestation sows fed diets containing different levels of Ca1
Ca level, % of the requirement2
Item

93
81

50

75

100

92
79

91
79

92
83

SEM

Lin.

Quad.

2.1
2.8

0.713
0.560

0.539
0.162

2.1
2.7
1.7

2.0
2.7
1.8

2.0
2.5
1.6

2.0
2.5
1.6

0.16
0.14
0.10

0.546
0.230
0.348

0.706
0.935
0.758

1.5

1.0

1.4

0.2

0.39

0.033

0.296

12.1
16.6
25

10.7
18.7
42

10.5
18.8
43

10.2
19.0
82

1.15
1.37
21.5

0.091
0.176
0.055

0.506
0.446
0.570

Each least squares mean represents 9 observations.
The requirement estimate is based on the requirement for Ca by gestating sows that are in their third parity and in late gestation (NRC, 2012).
Lin. = linear effect of Ca level; Quad. = quadratic effect of Ca level.

1
2
3

the 4 diets was in agreement with formulated concentrations.
The observations that urine Ca output was not affected by
dietary Ca intake, whereas Ca retention increased as dietary Ca
increased, indicates that sows retained absorbed Ca with the
same efficiency regardless of dietary Ca intake. This indicates
that even at the greatest level of Ca intake, sows retained almost
all absorbed Ca. A similar observation was made in growing pigs
that were fed diets with increasing dietary concentrations of Ca
(González-Vega et al., 2016a).
The requirement for P is 0.55% (NRC, 2012), and all diets
were formulated to meet the requirement. The analyzed P in all
diets was 0.02 to 0.06 percentage units greater than formulated,
indicating that all diets met the requirement for P as was
intended. The reason for the slightly greater analyzed than
formulated concentrations was that corn and soybean meal
contained slightly more P than expected.
Values for the ATTD of Ca and P in the diets were in agreement
with previous values for gestating sows (Nyachoti et al., 2006;
Jang et al., 2014; Lee et al., 2019b). The quadratic increase in
the ATTD of Ca that was observed as dietary Ca increased is a
result of a greater proportion of endogenous Ca in the feces of
sows fed diets with a low concentration of Ca compared with
sows fed diets with greater Ca (González-Vega et al., 2013). The
negative values for ATTD of Ca and retention of Ca as percent of
intake for sows fed the diet with the least concentration of Ca
demonstrate that these sows had endogenous losses of Ca that
were greater than the daily Ca intake.
The TTTD of Ca in calcium carbonate was close to the
standardized total tract digestibility of Ca in calcium carbonate
fed to late gestating sows (Lee et al., 2019b). The standardized
total tract digestibility and TTTD of Ca in calcium carbonate
by growing pigs were between 69% and 76% (González-Vega
et al., 2015; Merriman and Stein, 2016; Zhang and Adeola,
2017; Lee et al., 2019a). The observation that the TTTD of Ca in
calcium carbonate was 33% indicates that sows have much less
digestibility of Ca compared with growing pigs, which concurs
with previous data (Lee et al., 2018a,b).
The ATTD of P in diets containing corn, soybean meal, and
monosodium phosphate is expected to be approximately 60%
if the diets are fed to growing pigs (NRC, 2012). However, the
observation that the ATTD of P in the 4 diets fed to sows was
less than 40% further confirms that sows have much lower

digestibility of Ca and P than growing pigs. It is not clear why
the digestibility of Ca and P in gestating sows is so much lower
than in growing pigs. In the diet with the least amount of Ca,
sows were fed only 25% of the requirement, which theoretically
should have upregulated the transcellular absorption of Ca,
resulting in a greater digestibility of Ca. However, the fact that
this did not happen indicates that sows are not able to regulate
the intestinal absorption of Ca, even if Ca is fed well below the
requirement. This observation is in agreement with data from
growing pigs (Stein et al., 2011) and intestinal absorption of P
also appears not to be upregulated if the P is provided at levels
below the requirement (Stein et al., 2008).
The observation that the ATTD of P was reduced by increasing
dietary Ca clearly demonstrates that P absorption is reduced by
increasing Ca from calcium carbonate in the diets. This is likely
due to chelation of phytate from corn, soybean meal, and sugar
beet pulp with Ca+2 ions, which results in undigestible Ca–P
complexes (Stein et al., 2011). It is also possible that dietary P binds
directly to Ca ions in the intestinal tract of pigs, which results
in precipitation and, therefore, reduction in digestibility (Walk
et al., 2012). However, the observations that urine excretion of P
decreased and retention of P increased as dietary Ca increased
indicates that P was in excess in the low Ca diets because there
was not enough Ca to support maximum bone tissue synthesis.
However, as dietary Ca increased, more bone was synthesized,
which required more P and less P was, therefore, excreted in
the urine. These observations indicate that Ca was the limiting
nutrient for synthesizing bone because Ca and P are needed
at the same time in the body to synthesize bone tissue. This
observation is in agreement with data demonstrating that bone
mineralization in growing pigs increased as dietary Ca increased
with a constant concentration of P (González-Vega et al., 2016a;
Merriman et al., 2017; Lagos et al., 2019). However, regardless
of dietary treatment, values for Ca and P retention that were
calculated in this experiment were less than those observed in a
previous experiment for sows in late gestation (Lee et al., 2019b).
Thus, it is possible that even though the diet with the greatest
concentration of Ca was formulated to meet the requirement
for Ca, sows fed this diet were fed below the concentration of Ca
that is required to maximize Ca retention.
As demonstrated in this experiment, the DM digestibility
was in agreement with what is observed in growing pigs and AA
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Osteocalcin, µg/L
Osteocalcin/CTX-I
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Endogenous loss of Ca
The y-intercept of the regression line indicated that the
endogenous loss of Ca was 2.12 g/d and 0.79 g/kg DM intake
if corrected for the average DM intake of sows. The total
endogenous loss of Ca was in agreement with the value for the
basal endogenous loss of Ca by sows in late gestation that was
measured in a previous experiment (Lee et al., 2019b). However,
the values obtained from sows were much greater compared
with the endogenous loss of Ca in growing pigs (González-Vega
et al., 2013; Zhang and Adeola, 2017; Lee et al., 2019a). The reason
for this observation may be that gestating sows are fed only 1.5
times the energy requirement for maintenance, whereas growing
pigs are usually fed 3.0 to 3.4 times the energy requirement for
maintenance. The endogenous losses of AA measured as g per
kg DM intake increases as feed intake is reduced (Stein et al.,
1999; Moter and Stein, 2004), but it is unlikely that is the case for
Ca because the level of feed intake does not affect ATTD of Ca
and P in gestating sows (Lee et al., 2018a).

Calcium and P levels, hormones, and biomarkers in
blood samples
Concentrations of Ca and P in serum were in agreement with
expected values (Lauridsen et al., 2010; Weber et al., 2014). These
results indicate that dietary Ca levels do not affect serum Ca
or P in sows, which is in agreement with previous data (Larsen
et al., 2000; González-Vega et al., 2016b). Blood concentrations
of Ca are regulated by PTH and calcitonin (Crenshaw, 2001). If
blood Ca is low, PTH is released from the parathyroid glands,
which results in increased Ca absorption, efflux of Ca from
bones, and reabsorption of Ca in the kidneys to increase blood
Ca concentration (Crenshaw, 2001; Molina, 2013; Blaine et al.,
2015). However, calcitonin is released when blood Ca is high,
which results in a decrease in blood Ca concentration because
of storage of more Ca in bone and reduced reabsorption of
Ca from the kidney (Crenshaw, 2001; Molina, 2013). Estrogen
concentration in serum is related to Ca metabolism in the
body (Heaney, 1990; Ross et al., 2011; Harmon et al., 2016), and
estrogen in serum increases during late gestation and during
the postpartum period to support the development of mammary
glands (Kensinger et al., 1982). Therefore, it was expected that
estrogen, PTH, and calcitonin concentration in serum would be
affected by dietary Ca, but that was not the case. It is possible
that this is a result of sows being fasted for 24 h before bleeding.
Sows were fasted because some bone biomarkers may be
affected by food intake (Vasikaran et al., 2011).
Several biomarkers to predict bone turnover have been used
in clinical practice for humans (Seibel, 2005; Vasikaran et al., 2011;
Smith and Samadfam, 2017) and in some pig experiments (Weber
et al., 2014; Sørensen et al., 2018). Most markers are derivatives
or byproducts of bone turnover (Weber et al., 2014; Sørensen
et al., 2018). The CTX-I is a collagen peptide derived from the
bone matrix, which is released in greater quantities as bone

breakdown increases; OC is synthesized by osteoblasts when new
bone tissues are formed and BAP is an enzyme that is involved in
calcification of bone tissues by using blood P as a building block
for bone tissue synthesis (Vasikaran et al., 2011). When dietary Ca
is low, bone tissue breakdown is increased, which results in an
increase in serum concentrations of collagen fragments including
CTX-I that were parts of the bone matrix as was demonstrated
in this experiment. In contrast, when there is sufficient Ca, it
is more likely that osteoblasts are activated to increase bone
tissue formation, which results in increases in OC and BAP levels.
However, the bone formation markers did not increase as dietary
Ca increased and the tendency for a decrease in the serum BAP as
Ca increased was unexpected. However, a reduction in serum BAP
in growing pigs as dietary Ca increased was reported (Sørensen
et al., 2018). It is possible this is a result of the fact that changes
in bone formation take up to 3 mo whereas only 10 d are needed
for bone resorption (Seibel, 2005). In this experiment, sows were
fed experimental diets for 13 d and this may explain why only
CTX-I concentration differed among dietary treatments. For other
markers to show a change as a result of dietary changes in Ca
concentration, it is possible that a longer period of feeding is
required. Nevertheless, the observation that CTX-I increased and
the OC to CTX-I ratio tended to increase as dietary Ca increased
indicates that these biomarkers possibly can be used to estimate
Ca status of gestating sows, but more research is needed to verify
this hypothesis.

Conclusion
Data from this experiment indicate that P digestibility by late
gestating sows decreases, but retention of P increases, as dietary
Ca increases from below to at the requirement. Blood Ca, P, and
hormones are not affected by dietary Ca if Ca and P levels do not
exceed the requirement for Ca. Some blood biomarkers may be
useful in predicting bone resorption by late gestation sows, but
the present data indicate that bone formation biomarkers may
be less accurate in predicting changes in bone status of animals
than bone resorption biomarkers. More research is needed to
verify the present results for bone biomarkers, and quantification
of bone mass relative to biomarker concentrations is needed for
biomarkers to be used in requirement studies for gestating sows.

Acknowledgments
Financial support for this research from AB Vista, Marlborough,
UK, is appreciated.

Conflict of interest statement
The authors declare no real or perceived conflicts of interest.

Literature Cited
Adeola, O. 2001. Digestion and balance techniques in pigs. In:
A. J. Lewis and L. L. Southern, editors, Swine nutrition. CRC
Press, Washington, DC. p. 903–916.
Almeida, F. N., and H. H. Stein. 2010. Performance and phosphorus
balance of pigs fed diets formulated on the basis of values for
standardized total tract digestibility of phosphorus. J. Anim.
Sci. 88:2968–2977. doi:10.2527/jas.2009-2285
Anderson, S. T., L. J. Kidd, M. A. Benvenutti, M. T. Fletcher, and
R. M. Dixon. 2017. New candidate markers of phosphorus
status in beef breeder cows. Anim. Prod. Sci. 57:2291–2303.
doi:10.1071/An17363

Downloaded from https://academic.oup.com/jas/article-abstract/98/3/skaa076/5801101 by ASAS Member Access, hstein@illinois.edu on 31 March 2020

digestibility in gestating sows is also close to the values observed
in growing pigs (Stein et al., 2001). It therefore appears that the
low digestibility of Ca and P is specific to these nutrients and
not something that is general for all nutrients fed to gestating
sows. The digestibility of Ca and P in lactating sows is closer to
values obtained in growing pigs compared with gestating sows
(Kemme et al., 1997; Jongbloed et al., 2004; Nyachoti et al., 2006).
It therefore seems that the very low digestibility of Ca and P that
was observed in this experiment is specific to gestating sows.
More research is needed to elucidate the reasons for these low
digestibility values in gestating sows.

Lee et al. |

plasma calcium, and abundance of genes involved in intestinal
absorption of calcium in pigs from 11 to 22 kg fed diets with
different concentrations of digestible phosphorus. J. Anim. Sci.
Biotechnol. 10:47. doi:10.1186/s40104-019-0349-2
Larsen, T., J. A. Fernández, and R. M. Engberg. 2000. Bone
turnover in growing pigs fed three levels of dietary calcium.
Can. J. Anim. Sci. 80:547–557. doi:10.4141/A00-024
Lauridsen, C., U. Halekoh, T. Larsen, and S. K. Jensen. 2010.
Reproductive performance and bone status markers of gilts
and lactating sows supplemented with two different forms of
vitamin D. J. Anim. Sci. 88:202–213. doi:10.2527/jas.2009-1976
Lee, S. A., G. A. Casas, and H. H. Stein. 2018a. The level of
feed intake does not influence digestibility of calcium and
phosphorus in diets fed to gestating sows, but gestating
sows have reduced digestibility of calcium and phosphorus
compared with growing gilts. Can. J. Anim. Sci. 98:591–594.
doi:10.1139/CJAS-2017-0144
Lee, S. A., L. V. Lagos, C. L. Walk, and H. H. Stein. 2019a.
Standardized total tract digestibility of calcium varies
among sources of calcium carbonate, but not among sources
of dicalcium phosphate, but microbial phytase increases
calcium digestibility in calcium carbonate1. J. Anim. Sci.
97:3440–3450. doi:10.1093/jas/skz176
Lee, S. A., L. V. Lagos, C. L. Walk, and H. H. Stein. 2019b. Basal
endogenous loss, standardized total tract digestibility of
calcium in calcium carbonate, and retention of calcium
in gestating sows change during gestation, but microbial
phytase reduces basal endogenous loss of calcium. J. Anim.
Sci. 97:1712–1721. doi:10.1093/jas/skz048
Lee, S. A., C. L. Walk, and H. H. Stein. 2018b. Comparative
digestibility and retention of calcium and phosphorus
by gestating sows and growing pigs fed low- and highphytate diets without or with microbial phytase. J. Anim. Sci.
96(Suppl. 2):83. (Abstr.) doi:10.1093/jas/sky073.154
Merriman, L. A., and H. H. Stein. 2016. Particle size of calcium
carbonate does not affect apparent and standardized total
tract digestibility of calcium, retention of calcium, or growth
performance of growing pigs. J. Anim. Sci. 94:3844–3850.
doi:10.2527/jas.2015-0252
Merriman, L. A., C. L. Walk, M. R. Murphy, C. M. Parsons, and
H. H. Stein. 2017. Inclusion of excess dietary calcium in diets
for 100- to 130-kg growing pigs reduces feed intake and daily
gain if dietary phosphorus is at or below the requirement. J.
Anim. Sci. 95:5439–5446. doi:10.2527/jas2017.1995
Molina, P. E. 2013. Chapter 5. Parathyroid gland and Ca2+ and PO4−
regulation. In: P. E. Molina, editor, Endocrine physiology. 4th ed.
The McGraw-Hill Companies, New York, NY.
Moter, V., and H. H. Stein. 2004. Effect of feed intake on endogenous
losses and amino acid and energy digestibility by growing
pigs. J. Anim. Sci. 82:3518–3525. doi:10.2527/2004.82123518x
NRC. 2012. Nutrient requirements of swine. 11th rev. ed. Natl. Acad.
Press, Washington, DC.
Nyachoti, C. M., J. S. Sands, M. L. Connor, and O. Adeola. 2006.
Effect of supplementing phytase to corn- or wheat-based
gestation and lactation diets on nutrient digestibility and
sow and litter performance. Can. J. Anim. Sci. 86:501–510.
doi:10.4141/A04-500
Petersen, G. I., and H. H. Stein. 2006. Novel procedure for
estimating endogenous losses and measurement of apparent
and true digestibility of phosphorus by growing pigs. J. Anim.
Sci. 84:2126–2132. doi:10.2527/jas.2005-479
Ross, A. C., C. L. Taylor, A. L. Yaktine, and H. B. Del Valle. 2011.
Dietary reference intakes for calcium and vitamin D. National
Academies Press, Washington, DC. doi:10.17226/13050
Seibel, M. J. 2005. Biochemical markers of bone turnover. Part I:
biochemistry and variability. Clin. Biochem. Rev. 26:97–122.
Smith, S. Y., and R. Samadfam. 2017. Bone toxicology. In:
S. Y. Smith, A. Varela, and R. Samadfam, editors, Biochemical
markers of bone turnover. Springer, Cham, Switzerland.
doi:10.1007/978-3-319-56192-9

Downloaded from https://academic.oup.com/jas/article-abstract/98/3/skaa076/5801101 by ASAS Member Access, hstein@illinois.edu on 31 March 2020

AOAC Int. 2007. Official methods of analysis of AOAC int. 18th ed.,
rev. 2. AOAC Int., Gaithersburg, MD.
Bikker, P., and M. Blok. 2017. Phosphorus and calcium requirements
of growing pigs and sows. CVB Documentation Report 59.
Wageningen (the Netherlands): Wageningen Livestock
Research. doi:10.18174/424780
Blaine, J., M. Chonchol, and M. Levi. 2015. Renal control of
calcium, phosphate, and magnesium homeostasis. Clin. J. Am.
Soc. Nephrol. 10:1257–1272. doi:10.2215/CJN.09750913
Crenshaw, T. D. 2001. Calcium, phosphorus, vitamin D, and
vitamin K in swine nutrition. In: A. J. Lewis and L. L. Southern,
editors, Swine nutrition. 2nd ed. CRC Press, Boca Raton, FL. p.
187–212.
Fan, M. Z., T. Archbold, W. C. Sauer, D. Lackeyram, T. Rideout,
Y. Gao, C. F. de Lange, and R. R. Hacker. 2001. Novel
methodology allows simultaneous measurement of true
phosphorus digestibility and the gastrointestinal endogenous
phosphorus outputs in studies with pigs. J. Nutr. 131:2388–
2396. doi:10.1093/jn/131.9.2388
González-Vega, J. C., Y. Liu, J. C. McCann, C. L. Walk, J. J. Loor,
and H. H. Stein. 2016a. Requirement for digestible calcium
by eleven- to twenty-five-kilogram pigs as determined by
growth performance, bone ash concentration, calcium and
phosphorus balances, and expression of genes involved in
transport of calcium in intestinal and kidney cells. J. Anim.
Sci. 94:3321–3334. doi:10.2527/jas.2016-0444
González-Vega, J. C., C. L. Walk, Y. Liu, and H. H. Stein. 2013.
Endogenous intestinal losses of calcium and true total tract
digestibility of calcium in canola meal fed to growing pigs. J.
Anim. Sci. 91:4807–4816. doi:10.2527/jas.2013-6410
González-Vega, J. C., C. L. Walk, M. R. Murphy, and H. H. Stein.
2016b. Requirement for digestible calcium by 25 to 50 kg
pigs at different dietary concentrations of phosphorus as
indicated by growth performance, bone ash concentration,
and calcium and phosphorus balances. J. Anim. Sci. 94:5272–
5285. doi:10.2527/jas.2016-0751
González-Vega, J. C., C. L. Walk, and H. H. Stein. 2015. Effects of
microbial phytase on apparent and standardized total tract
digestibility of calcium in calcium supplements fed to growing
pigs. J. Anim. Sci. 93:2255–2264. doi:10.2527/jas.2014–8215
Harmon, Q. E., D. M. Umbach, and D. D. Baird. 2016. Use of
estrogen-containing contraception is associated with
increased concentrations of 25-hydroxy vitamin D. J. Clin.
Endocrinol. Metab. 101:3370–3377. doi:10.1210/jc.2016-1658
Heaney, R. P. 1990. Estrogen-calcium interactions in the
postmenopause: a quantitative description. Bone Miner.
11:67–84. doi:10.1016/0169-6009(90)90016-9
Jang, Y. D., M. D. Lindemann, E. van Heugten, R. D. Jones,
B. G. Kim, C. V. Maxwell, and J. S. Radcliffe. 2014. Effects of
phytase supplementation on reproductive performance,
apparent total tract digestibility of Ca and P and bone
characteristics in gestating and lactating sows. Rev. Colomb.
Cienc. Pecu. 27:178–193.
Jongbloed, A. W., J. T. M. van Diepen, P. A. Kemme, and J. Broz.
2004. Efficacy of microbial phytase on mineral digestibility in
diets for gestating and lactating sows. Livest. Prod. Sci. 91:143–
155. doi:10.1016/j.livprodsci.2004.07.017
Kemme, P. A., A. W. Jongbloed, Z. Mroz, and A. C. Beynen. 1997.
The efficacy of Aspergillus niger phytase in rendering phytate
phosphorus available for absorption in pigs is influenced
by pig physiological status. J. Anim. Sci. 75:2129–2138.
doi:10.2527/1997.7582129x
Kensinger, R. S., R. J. Collier, F. W. Bazer, C. A. Ducsay, and
H. N. Becker. 1982. Nucleic acid, metabolic and histological
changes in gilt mammary tissue during pregnancy and
lactogenesis. J. Anim. Sci. 54:1297–1308. doi:10.2527/
jas1982.5461297x
Lagos, L. V., S. A. Lee, G. Fondevila, C. L. Walk, M. R. Murphy, J. J. Loor,
and H. H. Stein. 2019. Influence of the concentration of dietary
digestible calcium on growth performance, bone mineralization,

7

8

|

Journal of Animal Science, 2020, Vol. 98, No. 3

Tukey, J. W. 1977. Exploratory data analysis. Boston (MA): AddisonWesley Pub. Co.
Vasikaran, S., R. Eastell, O. Bruyère, A. J. Foldes, P. Garnero,
A. Griesmacher, M. McClung, H. A. Morris, S. Silverman,
T. Trenti, et al.; IOF-IFCC Bone Marker Standards Working
Group. 2011. Markers of bone turnover for the prediction of
fracture risk and monitoring of osteoporosis treatment: a
need for international reference standards. Osteoporos. Int.
22:391–420. doi:10.1007/s00198-010-1501-1
Walk, C. L., M. R. Bedford, and A. P. McElroy. 2012. Influence of diet,
phytase, and incubation time on calcium and phosphorus
solubility in the gastric and small intestinal phase of an in
vitro digestion assay. J. Anim. Sci. 90:3120–3125. doi:10.2527/
jas.2011-4428
Weber, G. M., A. K. Witschi, C. Wenk, and H. Martens.
2014. Triennial Growth Symposium – Effects of dietary
25-hydroxycholecalciferol and cholecalciferol on blood
vitamin D and mineral status, bone turnover, milk
composition, and reproductive performance of sows. J. Anim.
Sci. 92:899–909. doi:10.2527/jas.2013-7209
Zhang, F., and O. Adeola. 2017. True is more additive than apparent
total tract digestibility of calcium in limestone and dicalcium
phosphate for twenty-kilogram pigs fed semipurified diets. J.
Anim. Sci. 95:5466–5473. doi:10.2527/jas2017.1849

Downloaded from https://academic.oup.com/jas/article-abstract/98/3/skaa076/5801101 by ASAS Member Access, hstein@illinois.edu on 31 March 2020

Sørensen, K. U., M. C. Kruger, J. Hansen-Møller, and H. D. Poulsen.
2018. Bone biochemical markers for assessment of bone
responses to differentiated phosphorus supply in growingfinishing pigs. J. Anim. Sci. 96:4693–4703. doi:10.1093/jas/sky311
Stein, H. H., O. Adeola, G. L. Cromwell, S. W. Kim, D. C. Mahan,
and P. S. Miller; North Central Coordinating Committee on
Swine Nutrition (NCCC-42). 2011. Concentration of dietary
calcium supplied by calcium carbonate does not affect the
apparent total tract digestibility of calcium, but decreases
digestibility of phosphorus by growing pigs. J. Anim. Sci.
89:2139–2144. doi:10.2527/jas.2010-3522
Stein, H. H., C. T. Kadzere, S. W. Kim, and P. S. Miller. 2008. Influence
of dietary phosphorus concentration on the digestibility of
phosphorus in monocalcium phosphate by growing pigs. J.
Anim. Sci. 86:1861–1867. doi:10.2527/jas.2008-0867
Stein, H. H., S. W. Kim, T. T. Nielsen, and R. A. Easter. 2001.
Standardized ileal protein and amino acid digestibility
by growing pigs and sows. J. Anim. Sci. 79:2113–2122.
doi:10.2527/2001.7982113x
Stein, H. H., N. L. Trottier, C. Bellaver, and R. A. Easter. 1999.
The effect of feeding level and physiological status on total
flow and amino acid composition of endogenous protein
at the distal ileum in swine. J. Anim. Sci. 77:1180–1187.
doi:10.2527/1999.7751180x

