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ABSTRACT. The aim of the present study was to examine the effect of 28 days of dietary 
difructose anhydride (DFA) III supplementation on calcium (Ca) metabolism in late-lactation dairy 
cows. Twenty-four multiparous pregnant Holstein cows were divided into two groups. The DFA 
group was fed total mixed ration (TMR) supplemented with 40 g of DFA III, and the control group 
was fed TMR only. The replenishment of bone Ca reserves was evaluated by measuring bone 
mineral density (BMD) and blood biochemical bone markers. Serum Ca concentrations, urinary 
Ca-to-creatinine (Cre) (Ca/Cre) ratios, and milk Ca concentrations were also analyzed. The BMD of 
the 4th caudal vertebra in the DFA group was higher than in the control group on day 28. With 
respect to bone markers, the ratios of undercarboxylated osteocalcin (ucOC) to osteocalcin (OC) 
in the DFA group were significantly lower than those in the control group on days 21 and 28. Milk 
Ca concentrations in the DFA group were also higher than those in the control group on days 
14, 21, and 28, whereas serum Ca concentrations and urinary Ca/Cre ratios were unchanged in 
both groups. These results suggest that dietary supplementation with DFA III increased BMD and 
decreased serum ucOC/OC ratios in late-lactation dairy cows; this indicates that the replenishment 
of bone Ca reserves may be enhanced by dietary DFA III supplementation.

KEY WORDS: biochemical bone marker, bone mineral density, calcium metabolism, dairy cow, 
difructose anhydride III

Parturient dairy cows can develop varying degree of hypocalcemia during lactation due to the increased calcium (Ca) demands 
[9]. Previous studies have reported that bone mineral density (BMD) in dairy cows tends to decline as the cows get older, with the 
bone Ca reserves falling throughout early lactation and during replenishment in late lactation or dry period [1, 16, 38]. Liesegang 
et al. [16] have suggested that the parturient cows have increased bone resorption and mobilized Ca actively from the bone. 
Therefore, dairy cows experience with a dramatic challenge in Ca homeostasis and BMD from one parturition to the next. The 
replenishment of bone Ca reserves in late-lactation may be one of the potential factors that can aid in the prevention of BMD 
decline in dairy cows.

Difructose anhydride (DFA) III (di-D-fructofuranose-1,2’:2,3c-dianhydride) is an indigestible oligosaccharide that is synthesized 
from inulin [13], and several investigations have suggested that it has positive effects on cows. The ruminal microorganisms have 
difficulty in digesting DFA III in dairy cows [30]. Therefore, approximately 70% of DFA III reaches the duodenum of the cows 
4 hr after feeding [33]. Furthermore, DFA III accelerates Ca absorption via the paracellular pathway in the bovine duodenum 
[33], and dietary DFA III supplementation likely promotes passive intestinal Ca absorption via the paracellular pathway in the 
early postpartum dairy cows [34]. Additionally, dietary DFA III improves the absorption of intestinal immunoglobulin G from the 
colostrum in newborn dairy calves [29] and enhances the overall health of Japanese Black calves [19, 32].

There is little information on dietary techniques that increase bone Ca reserves in late-lactation cows. We hypothesized that 
dietary DFA III supplementation in late-lactation can enhance replenishment of bone Ca reserves. The aim of the present study was 
to examine the effect of dietary DFA III supplementation for 28 days during late-lactation on Ca metabolism in dairy cows.
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MATERIALS AND METHODS

Animals and experimental design
Twenty-four multiparous pregnant Holstein dairy cows in late-lactation (during 199–319 days in milk and 131–157 days of 

gestation on day 0) reared in seven private dairy farms around Obihiro City, Hokkaido, were examined. The cows were divided 
into control and DFA groups. Cows in the control group (n=12) were fed total mixed ration (TMR) formulated with the nutrients 
for maintaining milk yield of 32.0 to 36.0 kg/day ad libitum in each farm. Cows in the DFA group (n=12) were fed daily with 
TMR plus supplementation of 200 g/day of DFA III pellets (Nippon Beet Sugar Manufacturing Corporation Ltd., Tokyo, Japan) 
from day 1 to 28. The DFA III pellets contained 20% DFA III; therefore, the DFA group was fed 40 g of DFA III per day. The daily 
allowance (mean values ± standard error of the mean [SEM]) of Ca, phosphorus (P), magnesium (Mg) and the dietary cation-anion 
difference (DCAD) in the control and DFA III groups, respectively, were 11.0 ± 0.22 and 10.9 ± 0.23 g/kg DM; 4.3 ± 0.06 and 5.1 
± 0.32 g/kg DM; 2.6 ± 0.06 and 2.5 ± 0.07 g/kg DM [15]; 16.9 ± 0.8 and 16.2 ± 0.9 mEq/100 g [1] from day 1 to 28, respectively. 
All cows were in good clinical condition during the experimental period (28 days).

There were no significant differences between the control and DFA III groups in the mean values ± SEM for parity, body weight, 
daily milk yield, or body condition [8]. These values were 3.17 ± 0.07 and 3.17 ± 0.09; 829 ± 4.57 and 829 ± 4.27 kg; 38.1 ± 0.59 
and 38.3 ± 0.66 kg; 3.29 ± 0.01 and 3.29 ± 0.01, respectively.

Evaluations of BMD were performed, and blood, milk, and urine samples were collected five times at 1-week intervals for 28 
days (i.e., on days 0, 7, 14, 21 and 28 of the experiments).

The study protocol and experimental design were approved by the Committee for the Care and Use of Laboratory Animals of 
Obihiro University of Agriculture and Veterinary Medicine (approval number, 28-160).

Evaluation of bone mineral density (BMD)
Based on previous studies, BMD was evaluated by means of radiographic absorptiometry (RA) of the right metacarpal bone 

and the 4th and 5th caudal vertebrae after feeding [12, 18]. Briefly, the metacarpus was exposed to X-rays at 70 kV, 1.0 mAs, 
and film focus distance (FFD) 70 cm, and the caudal vertebrae were exposed at 70 kV, 0.5 mAs, and FFD 70 cm. An aluminum 
(Al) step wedge was exposed simultaneously during each radiographic examination as a reference standard, and imaging was 
performed using a computed radiography unit (FCR XL-2; Fujifilm, Tokyo, Japan). Digital imaging data were transferred to an 
image processing program (ImageJ, Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, MD, U.S.A., https://
imagej.nih.gov/ij/, 1997–2016) for analysis of the BMD of the bones in each region of interest (ROI). The ROI for the metacarpal 
bone was selected to include the cancellous bone at the level of the distal foramen (Fig. 1a), and the ROIs for the caudal vertebrae 
were selected to include the cortical and cancellous bone (Fig. 1b). The BMD values of the metacarpus and caudal vertebrae were 
calculated as described in previous studies [12, 18].

Blood biochemical analysis
Blood samples for biochemical analysis were obtained from the jugular veins using blood collection tubes (Insepack II-D, 

Tokuyama Sekisui Industrial Co., Tokushima, Japan; and VenojectII, Terumo Corp., Tokyo, Japan) after feeding. The samples were 

Fig. 1. Selected region of interest (ROI) for BMD analysis. The ROI for the metacarpus (a) and the 4th caudal vertebra (upper ROI) and 5th 
caudal vertebra (lower ROI) (b) are shown by red lines.
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centrifuged, and the serum and plasma were frozen at −30°C and −80°C, respectively, until analysis.
Serum Ca concentrations were measured using an automatic biochemical analyzer (AU680, Beckman-Coulter, Brea, CA, 

U.S.A.). Serum bone-specific alkaline phosphatase (BAP) activity was measured using a chemiluminescent enzyme immunoassay 
(CLEIA) kit (Access Ostase, Beckman-Coulter). Tartrate-resistant acid phosphatase isoform 5b (TRAP5b) activity was measured 
using a fluorometric method by adding naphthol-ASBI-phosphate as a substrate [20, 37]. Serum undercarboxylated osteocalcin 
(ucOC) and osteocalcin (OC) concentrations were measured using electrochemiluminescence immunoassay (ECLIA) kits 
(Picolumi-ucOC, Eisai, Tokyo, Japan; and Elecsys, Roche Diagnostic, Switzerland). The ucOC-to-OC (ucOC/OC) ratio was 
calculated for analysis [10].

Analysis of milk Ca concentration
Milk samples were collected during the morning milking session at each farm and stored at −30°C until analysis. Milk Ca 

concentration was measured using inductively coupled plasma spectroscopy (ICPE-9000, Shimadzu, Kyoto, Japan). In this assay, 1 
ml of milk sample was mixed with 0.5 g of cellulose (Wako Pure Chemical Industries Ltd., Osaka, Japan), incinerated in a muffle 
furnace for 2 hr at 600°C, and digested using hydrochloric acid according to the standard analytical method [5].

Urinary biochemical analysis
Urine samples were collected aseptically using a urethral catheter (Fujihira Industry, Tokyo, Japan) after feeding, and 

the samples were stored at −30°C until analysis. Urinary Ca and creatinine (Cre) levels were measured using the automatic 
biochemical analyzer (AU680); then, the urinary Ca-to-Cre ratio (Ca/Cre) was calculated.

Statistical analysis
Statistical analysis was performed using SAS Enterprise Guide version 7.1 (SAS Institute Inc., Cary, NC, U.S.A.). All numerical 

data are shown as means ± SEM. The data were analyzed in the mixed model (PROC MIXED) using the minimum variance 
quadratic unbiased estimation method (MIVQUE) for repeated measures. The model was assessed with fixed treatment effects 
(control vs. DFA), day (0, 7, 14, 21 and 28) and day × treatment interaction. The random effect of cows nested within the treatment 
and farm status was set as a covariate. The ante-dependence (ANTE) covariate structure was utilized, and Tukey’s post-hoc 
comparison test was used to explore differences between groups. The level of significance was set at P<0.05.

RESULTS

The changes in the BMD of the metacarpus and the caudal vertebrae in the control and DFA groups during the experiment are 
shown in Fig. 2. The BMD of the metacarpus in the DFA group was significantly increased at days 14, 21 and 28 compared to 
day 0 (P<0.01, P<0.05 and P<0.0001, respectively). A transient elevation of the BMD in the control group was observed on day 
7 (P=0.0001 vs. day 0), and this elevation persisted to day 14 (P<0.01 vs. day 0). In the DFA group, the BMD of the 4th caudal 
vertebra on day 28 was significantly higher than that on day 0 (P<0.01) and higher than that of the control group on day 28 

Fig. 2. Changes in the bone mineral density (BMD) of the metacarpus, 4th caudal vertebra, and 5th caudal vertebra during the experimental 
periods (0 to 28 days) in the control group (●: n=12) and the DFA group (▲: n=12). Values are shown as means ± SEMs. Significant differences 
between the control and DFA groups at each point are shown: *P<0.05. Letters A and B indicate statistically significant differences (P=0.0001, 
P<0.01, respectively) from the value on day 0 in the control group. Letters a, b, and c indicate statistically significant differences (P<0.01, 
P<0.05 and P<0.0001, respectively) from the value on day 0 in the DFA group.
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(P<0.05). There were no significant changes in the BMD of the 5th caudal vertebra in either group.
The blood biochemical data on Ca, BAP, TRAP5b, OC, ucOC and ucOC/OC in both groups are shown in Fig. 3. There were no 

changes in the serum Ca concentrations and serum BAP and plasma TRAP5b activities in either group. However, the serum OC 
concentrations in the control group decreased on day 28 (P <0.05 vs. day 0). Moreover, lower serum ucOC concentrations were 
observed on days 7, 14 and 21 in the DFA group (P<0.01, P<0.05 and P<0.05, respectively) in comparison to the control group. 
The serum ucOC/OC in the DFA group was also significantly decreased on days 21 and 28 compared to day 0 (P<0.01 and P<0.05, 
respectively) and lower than the serum ucOC/OC of the control group on days 21 and 28 (P<0.0001 and P<0.001, respectively).

Changes in the milk Ca concentration and urinary Ca/Cre ratio in the control and DFA groups during the experiment are shown 
in Fig. 4. The milk Ca concentration in the DFA group was significantly increased on day 28 compared to day 0 (P<0.05), and 
the Ca concentrations in the DFA group were higher than those in the control group on days 14, 21 and 28 (P<0.01, P<0.01 and 
P<0.0001, respectively). There were no significant changes in the urinary Ca/Cre ratios in either group.

DISCUSSION

The present study was performed to clarify the effect of 28 days of dietary DFA III supplementation on bone Ca reserves in 
late-lactation dairy cows. In this study, changes in the bone Ca reserves were evaluated by measuring BMD and blood biochemical 

Fig. 3. Changes in the serum calcium (Ca) concentration, bone-specific alkaline phosphatase (BAP) and plasma tartrate-resistant acid phospha-
tase isoform 5b (TRAP5b) activities, serum osteocalcin (OC) and undercarboxylated osteocalcin (ucOC) concentrations, and ucOC/OC ratio 
during experimental periods (0 to 28 days) in the control group (●: n=12) and the DFA group (▲: n=12). Values are shown as means ± SEMs. 
Significant differences between the control and DFA groups at each time point are shown: *P<0.01, **P<0.05, ***P<0.001 and ♯P<0.0001. 
The letter A indicates a statistically significant difference (P<0.05) from the value on day 0 in the control group, and the letters a and b indicate 
statistically significant differences (P<0.01 and P<0.05, respectively) from the value on day 0 in the DFA group.
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bone markers.
In human medicine, RA, dual-energy X-ray absorptiometry (DXA), and quantitative computed tomography (QCT) have been 

used for the noninvasive measurement of BMD [4, 7]. RA measures BMD by area (g/cm2), whereas QCT measures BMD by 
volume (g/cm3). RA uses an X-ray beam with one energy level, whereas DXA uses two X-ray beams with different energy levels 
[36]. The BMD values measured by RA may reflect the effects of bone thickness and soft tissues [6]. However, it is not realistic 
to use these devices and equipment, which are required for DXA and QCT performance, for on-farm screening in dairy cows. On 
the other hand, the apparatus required for RA is portable, and it is the most practical device for measuring BMD in a dairy farm. 
Therefore, RA was chosen to measure BMD in this study.

In the present study, the BMD of the 4th caudal vertebra together with the metacarpus in the DFA group exhibited a significant 
increase on day 28, suggesting increases in bone Ca reserves in late-lactation cows fed the diet supplemented with DFA III. These 
findings are similar to findings in previous studies, which have demonstrated that prolonged feeding with DFA III increased 
femoral mineral concentrations and BMD in ovariectomized rats [21] and a combination of dietary DFAIII and running exercises 
increased femoral and tibial Ca content and BMD in male rats [31].

Meanwhile, the BMD of the metacarpus in the control group was transiently increased on days 7 and 14 compared to day 0. The 
BMD of the metacarpus in the DFA group was also transiently increased from day 14 to 21. However, there were not statistically 
significant changes in the BMD of the 4th caudal vertebra in the both groups at each point during the experimental period. The 
metacarpal bone is thicker than the caudal vertebra in adult cows. Therefore, the BMD of the metacarpus in our cows may have 
been affected by the bone thickness [6]; thus, the RA technique seems to be preferable for measuring the BMD of the caudal 
vertebra in adult cows.

We also analyzed four biochemical bone markers (BAP, TRAP5b, OC and ucOC) to evaluate bone Ca reserves during dietary 
DFA III supplementation. BAP, a non-collagenous protein secreted by osteoblasts, is a bone formation marker that is secreted 
during the matrix maturation phase [11]. Furthermore, TRAP5b is an indicator of bone resorption and reflects the number of 
osteoclasts [27]. In the present study, there were no statistically significant differences in serum BAP and plasma TRAP5b activities 
between the two both groups during the experimental period. This suggests that bone formation has been accelerated at the stage of 
the matrix maturation stage, and osteoclastic bone resorption did not differ between the two groups.

OC is synthesized by osteoblasts and requires vitamin K in gamma-carboxylation where OC combines with hydroxyapatite 
[14]. Consequently, serum OC concentration is used as an indicator of bone ossification, secreted during the latter phase of bone 
mineralization [24, 25, 28]. In contrast, ucOC, an undercarboxylated fraction of OC, binds weakly to hydroxyapatite and is often 
used as a marker of osteopenia in lambs [23]. The ucOC/OC ratio in serum is often utilized as a measure of vitamin K status [22]. 
The serum ucOC concentration in the control group was higher than that in the DFA group on days 7, 14, and 21. The serum OC 
concentration in the control group was also decreased on day 28 compared to day 0 despite the constant serum OC concentration 
in the DFA group during the duration of the experiment. These changes in the serum OC and ucOC concentrations resulted in 
the lower ucOC/OC ratio in the DFA group in comparison to the control group on days 21 and 28 after the supplementation. 
This suggested that, in the DFA group, OC has been synthesized and secreted from the osteoblast because the serum OC 
concentration did not change significantly and ucOC/OC ratio decreased during the experiment. Therefore, we considered that DFA 
supplementation would stimulate the secretion of OC, and that reflected the bone ossification. However, in the present study, the 

Fig. 4. Changes in milk Ca concentration and urine Ca/creatinine (Cre) ratio during experimental periods (0 to 28 days) in the control group (●: 
n=12) and the DFA group (▲: n=12). Values are shown as means ± SEMs. Significant differences between the control and DFA groups at each 
time point are shown: *P<0.01, ♯P<0.0001. The letter “a” indicates a statistically significant difference (P<0.05) from the value on day 0 in the 
DFA group.
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vitamin K status was unclear in both groups. Further studies are needed to ascertain whether DFA III supplementation affects the 
vitamin K status and serum OC and ucOC concentrations in late-lactation dairy cows.

In the present study, there were no statistically significant differences in the serum Ca concentrations between the two groups 
during the experimental period, suggesting that Ca homeostasis was appropriately controlled in the DFA group. Generally, an 
excess Ca ingested in a pregnant cow can migrate to the bone, urine, milk, and fetus [26]. In the present study, the milk Ca 
concentration in the DFA group was increased on day 28 although the urinary Ca/Cre ratio in DFA group did not significantly 
change during the experiment. The milk Ca concentrations on days 14, 21 and 28 in the DFA group were higher than those in the 
control group at each time point. During the course of this study, the gestation periods of our cows were maintained between 159 
and 184 days. As a result, the Ca requirements of the fetuses were considered to be negligible because, during the first 190 days of 
the gestation period, pregnant cows do not need very much Ca for their fetus [2]. Therefore, the excess Ca that was absorbed from 
the intestine, promoted by DFA III supplementation, was excreted by the mammary gland rather than the kidney.

Although the reason for this preference was not specified in this study, one possible explanation for this phenomenon is the 
involvement of calciotropic hormones, such as calcitonin (CT). CT is secreted from the thyroid C-cells in response to high Ca diet 
ingestion [3, 17], which lowers circulating Ca levels by suppressing osteoclast activity in the bones and increasing the amount of 
Ca excreted in the urine via calcitonin receptors (CTR) [17]. Bone and kidney are well-known tissues where CTR exists, whereas 
this receptor is expressed in the mammary glands of pregnant rats [35]. In dairy cows, there is little information on the distribution 
of CTRs in the kidneys and mammary glands. Further study is needed to explain the excretion of Ca from the kidney and 
mammary gland of late-lactation dairy cows with DFA III supplementation.

In summary, the present study revealed that dietary supplementation with DFA III for 28 days increased the BMD and decreased 
serum ucOC/OC ratio in late-lactation dairy cows. These observations indicate that the replenishment of bone Ca reserves can 
be enhanced by dietary DFA III supplementation. Additionally, DFA III supplementation may stimulate Ca secretion into milk, 
suggesting that the excess of Ca absorbed from the intestine shifted to the bone and mammary glands. Further investigations are 
necessary to clarify the mechanism underlying the effects of dietary DFA III supplementation on Ca and bone metabolism in late-
lactation dairy cows.
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