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Abstract

Summary—The goal in this study was to examine the hormonal and dietary predictors of true
fractional Ca absorption (TFCA) in adult women and to determine whether TFCA differs due to
body weight. Results showed that TFCA is higher in obese individuals and dietary fat, estradiol,
and 1,25-dihydroxy vitamin D are the most significant positive predictors of TFCA in adult
women.

Introduction—Calcium absorption is an important determinant of calcium balance and is
influenced by several factors. Previous studies have identified that age, intake of protein, fat and
fiber, and hormones such as 1, 25-dihyroxyvitamin D (1,25(OH),D3) influence absorption. The
determinants of TFCA using the double isotope method, the gold standard estimate of absorption,
have not been examined previously in adult women nor has the role of obesity been addressed.
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Methods—In this study, we examined the hormonal and dietary predictors of TFCA in adult
women with a wide range of age, body weights, and nutrient intake. TFCA was measured using
dual stable isotope (*2Ca and 43Ca) technique. Serum was analyzed for bone-regulating hormones,
and dietary information was obtained through food records. The independent dietary factors and
hormonal predictors (25-hydroxyvitamin D, 1,25(0OH),D3, parathyroid hormone, and estradiol) of
TFCA were analyzed using multiple regression analysis.

Results—Two hundred twenty-nine women aged 54+11 years old (24-75 years) and with BMI
of 31£7.0 kg/m? were eligible and were categorized into tertiles of body mass index (BMI) into
leaner, overweight, and obese. In the entire group of women, total fat intake, estradiol, and 1,25
(OH),D3 are significant positive predictors (p<0.05). As expected, age is a significant negative
predictor of TFCA (R2=26%). TFCA is higher in obese women compared to non-obese women
(p<0.05).

Conclusion—Together, these data show that dietary fat is the most significant positive predictor
of TFCA which may have implications for dietary intake for non-obese individuals who are more
likely to have lower and potentially compromised Ca absorption.
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Introduction

Calcium absorption is an important determinant of calcium balance. Previous studies have
shown that older women with lower fractional calcium absorption are at an increased risk
for hip fracture [1]. Indeed, calcium absorption is lower in osteoporotic populations
compared to age-matched controls [2]. Other factors that influence absorption include a
declining renal function due to aging and/or certain medications (i.e., glucocorticoids) [3].
Understanding other factors that affect Ca absorption is important, since interventions that
improve absorption may be one way to attenuate bone loss and fracture risk [1, 4-6]. True
fractional calcium absorption (TFCA) that estimates intestinal calcium absorption using dual
stable isotopes is an accurate and precise technique to measure absorption [7].

The primary hormonal regulators of calcium absorption are estrogen, parathyroid hormone
(PTH), and 1,25-dihydroxyvitamin D3 (1,25(0OH),D3) [3, 8-11]. Recently, it has been
shown that prolactin also plays an important role [12]. In healthy individuals, serum PTH
regulates Ca absorption and renal reabsorption to maintain serum calcium levels. Serum
1,25(0OH),D3 is consistently shown to have a direct positive effect on Ca absorption,
whereas the role of serum 25-hydroxyvitamin D (250HD) is considered indirect [13], and it
does not show a consistent relationship with Ca absorption [6, 14, 15] except when levels
are as very low as <15 ng/mL [16]. Several dietary factors have also been shown to
influence calcium absorption, such as dietary calcium, protein, fat, fiber, and supplemental
vitamin D. A higher intake of dietary protein increases transcellular calcium uptake and thus
increases gut absorption [17, 18]. In addition, supplemental vitamin D increases Ca
absorption in some but not all studies [19-21]. Dietary fat has also been shown to be a
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positive predictor, while dietary calcium and fiber are negatively associated with calcium
absorption in premenopausal and perimenopausal women [1, 6].

Obesity is associated with an altered endocrine profile and includes hormones that regulate
TFCA. These include lower serum levels of 250HD and 1,25(0H),D3 [22—24] and higher
PTH [25-27], estradiol, and other sex steroids [28, 29]. Higher levels of estradiol may
contribute to the rate of Ca absorption, especially in older postmenopausal women [30], yet
its effect has not been examined specifically in relationship to body weight. Since food
intake is altered in obesity, it is expected that this too will influence Ca absorption. The goal
in this study was to examine how bone-regulating hormones (PTH, estradiol, 250HD, 1,25
(OH),D3) and nutrients influence Ca absorption in women with a wide range of ages and
body weights, and whether this interaction is modulated by obesity.

Subjects and methods

Subjects

Methods

Women who participated in previous clinical trials in the laboratory from 2001-2011 were
analyzed retrospectively in this dataset. Women were excluded if they were osteoporotic (T-
score<—2.5 at hip and spine), taking osteoporosis medications known to influence bone or
mineral metabolism including use of hormone replacement therapy, had evidence of
metabolic bone disease, thyroid disorders, immune disease, heart attack or stroke in the past
6 months, kidney stones, diabetes, active cancers, or cancer therapy within the past 12
months. Premenopausal women who were menstruating regularly were excluded if they
were taking oral contraceptives or if they were pregnant or lactating within the past year. At
least 2 years was required for postmenopausal women since their last menstruation.

Women were provided with calcium supplementation to meet their recommended intakes of
1-1.2 g/day of calcium for at least 4 weeks before measurements were performed
(stabilization period). During the stabilization, nutrient intake was estimated with a 3-day
food intake questionnaire (Food Works, version 10.1, Longvalley, NJ). At the beginning of
the study, a calcium questionnaire was used to determine the intake of calcium from foods
and other supplements. If intake was below 1,200 mg/day from diet and supplements, then
participants were given additional calcium supplement to total to 1.0-1.2 g/day. Similarly if
intake from diet and supplements was greater than 1.2 g/day, they were advised to reduce
the intake. All participants were also given a daily multivitamin/mineral with 400 1U of
vitamin D beginning at 4 weeks prior to baseline blood draw and TFCA measurements. This
was done to reduce the variability in the intake of these nutrients known to affect TFCA.
This study was approved by the Institutional Review Board at Rutgers University, and all
participants signed an informed consent form before initiation of any study procedures.

Weight and height were measured with a balance beam scale and stadiometer, respectively,
(Detecto, Webb City, MO). Nutrient intake was estimated using 3-day food records and
analyzed using nutrient software. Bone mineral density and content, and fat and lean mass
were measured using dual-energy x-ray absorptiometry [Lunar Prodigy Advanced; GE-

Osteoporos Int. Author manuscript; available in PMC 2014 May 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shapses et al.

Page 4

Lunar, Madison, WI; coefficient of variation (CV) <1% for all sites using enCORE 2004
software (version 8.10.027; GE Lunar)].

True fractional calcium absorption—Dual stable isotope method was used to
determine TFCA. After an overnight fast and morning void, blood was collected and
subjects were served a standard breakfast (170 mg Ca). Subjects received 0.012 mg/kg

of 43Ca and 0.017 mg/kg of #2Ca. The #3Ca had been mixed in milk and allowed to
equilibrate for about 12 h before the test. Immediately after breakfast, 42Ca was injected
intravenously over 3 min. Complete urine collection was monitored in each subject for the
next 24-h period by the study staff. The 24-h urine sample was later subjected to oxalate
precipitation, and the ratio of each isotope to 44Ca was determined by high-resolution
inductively coupled plasma mass spectrometry. TFCA was calculated using equations from
the pooled 24-h urine samples as described previously [31].

Laboratory assays—Blood was centrifuged to separate serum that was stored at —80°C
until further analysis. Serum was analyzed for calcium using a colorimetric method
(Arsenazo 11, Endpoint, Ponte Scientific, Canton, MI) and other markers.
Radioimmunoassays were used to analyze serum levels of PTH (Scantibodies laboratory,
CA; CV<6.8%), 250HD (Diasorin, MN, CV<12.5%), 1,25(0H),D3 (Diasorin, MN;
CV<16.0%), and estradiol (Beckman Coulter, TX; CV<8.9%). Our laboratory participates in
the international Vitamin D External Quality Assessment Scheme (to ensure quality and
accuracy of 250HD analysis).

Statistical analysis

Women were divided into tertiles of BMI as follows: leaner (BMI <27.1 kg/m?2), overweight
(BMI 27.2-29.8 kg/m?), and obese group (BMI >29.9 kg/m?). Pearson’s correlation
coefficient (r) was calculated to quantify the strength of the linear relationship between
TFCA, nutrients, and hormones. Stepwise multiple regressions were performed to determine
independent dietary and hormonal predictors (independent variables) of TFCA (dependent
variable), controlling for other variables. p value <0.05 was considered significant.
Macronutrient intake, fiber, and alcohol intake, age, BMI, and PTH, 1,25(0OH),D3, 250HD,
and estradiol were used as independent predictors of TFCA. The model R? (percent of
variance explained) was examined to evaluate the contribution of different independent
variables to variance explained in TFCA. Since BMI was not normally distributed (mean
BMI, 30.9 kg/m?, is higher than the median BMI, 28.4 kg/m?) in this dataset, log-
transformed data were also analyzed. Total calcium intake, vitamin D intake, and
micronutrient intake were also used as independent predictors in these models, even though
we would not expect it to be a major contributor since all participants had similar calcium
and micronutrient intakes due to daily supplementation. Data are shown as meanszstandard
deviation (SD) and were analyzed using statistical software (SAS Institute, Cary, NC;
version 9.2).
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Two hundred and twenty-nine women who participated in clinical trials in our laboratory
previously were eligible for this analysis. Women were primarily Caucasian (86%) and aged
54+11 years that included 58 premenopausal (38+ 6 years) and 171 postmenopausal (5916
years). Body composition, TFCA, serum levels of hormones, and dietary intake are
presented in Table 1 for the entire cohort of women and separately for the leaner,
overweight, and obese women.

Mean values of TFCA were analyzed in tertiles of BMI and are shown in Table 1. TFCA
was significantly higher in the obese women compared to the overweight and normal-weight
women (p<0.05) (Table 1, pFig. 1). Ca intake did not differ between the groups and as a
result, net absorption was also higher in obese compared to non-obese women (Fig. 1). Not
surprisingly, 250HD and PTH levels were lower and higher, respectively, in the obese
women compared to the non-obese women (<0.001) (Table 1). In addition, macronutrient
intake was also higher in these obese women. In the postmenopausal women, estradiol levels
were higher in the obese group compared to the overweight or leaner group (p<0.05).

Pearson’s correlation between TFCA, hormones, and nutrients

The linear relationship among TFCA, body composition, nutrients, and hormones is
presented in Table 2. In the entire population of women, age was negatively associated with
TFCA (r=-0.33, p<0.01). BMI, lean mass, and macronutrient intake were positively
associated with TFCA (r>0.15, p<0.05). Other nutrients such as fiber and alcohol were not
associated with TFCA. Other micronutrients were provided in the multivitamin pill and thus
due to similar intake, they were not included in the correlation analysis. Serum levels of
PTH and estradiol were positively associated with TFCA (r=0.17, p<0.05) (Table 2),
whereas there was no association with serum 250HD and 1,25(0OH),Ds3. Similar correlations
were observed in the overweight and obese women, whereas only estradiol correlated with
TFCA in the leaner women.

Independent hormonal and dietary predictors of TFCA

The independent dietary and hormonal predictors of TFCA in all women are presented in
Table 3. These independent factors together explain 26% of the variance in TFCA. The
standardized beta coefficient (and not the regular coefficient) is reported which represents
the SD change of the dependent variable due to one SD change in the independent variable.
The most significant variance in TFCA is explained by age, with one deviation increase in
age, leading to —0.26 SD decrease in TFCA. The second largest predictor for TFCA in the
entire group of women was explained by dietary intake of fat (p<0.05) with one deviation
increase in fat intake, leading to 0.18 SD increase in TFCA. Serum levels of estradiol and
1,25(0OH),D3 were also positive predictors of TFCA (p<0.05) (Table 3). Log transformation
of BMI was also done and was examined as an independent predictor in the model due to the
non-normal distribution of BMI. The primary predictors of TFCA remained as age,
estradiol, 1,25(0OH),D3 and fat intake, and the log-transformed BMI was still not a predictor
of TFCA. We did not analyze the predictors in the individual BMI tertiles due to the narrow
range of BMI in the two lower tertiles and also due to a narrow range of explanatory
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variables in these relatively smaller groups. However, when examining predictors in obese
women (BMI >30 kg/m?2) compared to non-obese women (BMI <30 kg/m?2), we found that
only fat intake explained Ca absorption in the non-obese women (p<0.02), whereas age was
the only factor determining variance in the obese women (p<0.05). Also a separate analysis
of predictors in the premenopausal women showed that age was the only source of variance
for TFCA (p<0.02), while in the postmenopausal women, Ca intake was a negative
predictor, and fat intake and 1,25(OH),D3 (p<0.05) were positive predictors of TFCA.

Discussion

The variability in the amount of calcium absorbed by individuals is high since several
factors contribute to lower or higher absorptive efficiency. These factors include age,
hormonal factors such as estradiol, 1,25(0OH),D3 and dietary factors such as calcium,
protein, and fat intake [6, 14, 15]. The relative influence of all these factors on TFCA has
not been addressed previously and was the primary focus in this study. Importantly, due to
the wide range in body weights in this population, we specifically examine how BMI affects
these factors and influences TFCA by examining the population in BMI tertiles. These data
show that TFCA is higher in the obese group compared to the hon-obese women, and this
may be an important mechanism to increase BMD in larger persons.

There are multiple factors that may contribute to a higher calcium absorption in the obese
individual. This may include their higher macronutrient intake such as protein and fat, both
of which have a positive effect on absorption [6, 18]. Our data also show that the obese have
higher sodium intake but lower caffeine consumption which would be expected to increase
and decrease calcium excretion, respectively. In addition, higher levels of PTH and estradiol
in the obese shown here and by others [25-28] should contribute to the greater calcium
absorption. In our population, we did not find higher serum estradiol levels in the obese than
non-obese women, but by excluding the variability of serum estradiol in the premenopausal
women, estradiol levels were, in fact, higher in the obese postmenopausal women. The
lower levels of 250HD and similar or lower levels of 1,25(0OH),D3 due to high BMI is an
expected finding in obesity [22, 23, 32]but does not explain their higher Ca absorption.
Height was used as an indicator of gut length in the model, since it is positively associated
with absorption [33]; however, it was not a significant predictor of TFCA. Whether or not
the higher Ca absorption in obesity is due to individual hormones or nutrients, or a
combination of these factors, is not clear from this cross-sectional analysis and would
require future trials.

The greatest variance in TFCA in these women is explained by aging. Aging reduces the
expression of intestinal calcium transporters, TRPV6 and calbindin-D9k [34] and is
associated with an increased intestinal resistance to 1,25(0OH),D3 [35]. A decline in renal
function due to aging may also result in reduced TFCA [36, 37], but the women in this study
were generally healthy, and when multiple regression analysis was done on the subset of
postmenopausal women, age was no longer a significant predictor of TFCA. In addition, the
population included very few elderly individuals (<3%) who were greater than 70 years of
age. Hence, it is likely that the strong apparent age-related decline in TFCA in these women
was largely due to a decline in serum estradiol and possibly other sex steroids [4, 6, 24, 38].
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The current study shows that a higher level of serum estradiol is a significant positive
predictor of absorption in women at all ages, and that it directly correlates with absorption in
all three BMI tertiles. Estradiol treatment has been shown to influence calcium absorption
[39] without influencing 1,25(0OH),D3 levels [40]. Studies in VDR KO mice show that
estrogen replacement after ovariectomy induces intestinal TRPV6, whereas TRPV®6 is
reduced in estrogen receptor a null mice [9]. Together, the clinical and animal findings
suggest that estrogen action on calcium absorption is independent of vitamin D. The direct
effect of estrogen on bone is well known, and these data suggest that estrogen also increases
Ca absorption in obesity.

Serum PTH showed a positive correlation with TFCA in this dataset but did not explain the
variance of TFCA, despite a relatively wide range of PTH values. These findings are
consistent with others showing that PTH does not explain the variance in TFCA [15] or has
a weak positive association (Table 2) [6]. Maximal suppression of PTH by serum 250HD is
considered an indicator of maximal calcium absorption efficiency [41]. However, serum
250HD is an indirect marker of 1,25(0OH),D3 that affects Ca absorption, so it is not
surprising that it does not always show a positive relationship with TFCA in adults [6, 14,
15, 42] and in children [20, 42, 43]. In contrast, supplementation with a large dose of
vitamin D increases short-term Ca absorption [19], but this is not always shown with lower
doses [21, 44]. Serum calcitriol shows a linear relationship with Ca absorption in both
children and adults [6, 14, 15] and is an independent predictor of calcium absorption in
women [6, 14, 42], consistent with our findings in the current dataset over a wider age and
BMI range than in previous studies.

These observational data strongly support the direct association between fat intake and
TFCA, and this may be due to a variety of reasons. A high-fat diet may indirectly increase
estradiol levels [45] since a high-fat intake increases adipose tissue production of
androdiestrone, and low-fat diets lower serum estradiol levels in women [46]. Thus, a
dietary fat-stimulated increase in serum estradiol could positively influence both calcium
absorption and bone [4, 30]. Vitamin D-dependent changes in membrane lipid composition
and fluidity are partially responsible for altering the rate of calcium transport and absorption
[47, 48]. There may be an indirect effect of higher fat on Ca absorption by enhancing serum
levels of 250HD and 1,25(0H),D3, although the type of fat may also affect this. For
example, a recent well-designed study showed that monounsaturated fatty acids, but not
polyunsaturated fats, increases serum 250HD levels [49]. Our findings do not address the
type of fat, as the accuracy of assessing this and the range of intake in this cross-sectional
study limit our ability to examine this question. In contrast to our findings and those in
another clinical trial that higher fat predicts higher Ca absorption [6], continual high-fat
feeding in a rodent model [50] shows exactly the opposite effect on calcium absorption.
However, this model differs due to the very high-fat intake due to the hyperphagia in a diet-
induced obesity model. In the current study, we found that total fat was the only dietary
variable that was a predictor of TFCA. We suggest that higher fat intake in leaner women
may be important for raising Ca absorption in an at-risk population that is also at higher risk
of fracture [51].
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Several other dietary factors have been shown to influence Ca absorption. Dietary protein
intake has been shown to increase transcellular uptake of calcium [17] and intestinal
absorption of calcium [18]. In this study, we found a positive association between TFCA
and protein intake, but it was not a significant predictor in the multiple regression analysis.
Although we did not find any relationship of TFCA with fiber intake, others have found a
negative association between fiber intake and calcium absorption [6]; however, more
recently the effect of fiber has been clarified [52]. Specific compounds in wheat products
(i.e., phytates) will reduce absorption, but total fiber intake has little, if any, relationship
with Ca absorption.

A major strength of this study is the inclusion of women with a wide range of age, body
weight, and nutrient intake. In addition, this study is the first to examine both younger and
older estrogen-deficient women. A unique aspect of the dataset is that all women were
stabilized to the recommended Ca intake, thereby reducing serum PTH variability and
allowing for a more careful examination of other Ca-absorption regulators. In addition, the
stable isotope method to estimate true fractional calcium absorption is considered a gold
standard to estimate intestinal absorption, and this is the largest dataset in adults using this
methodology. The inclusion and separate examination of obese individuals was also unique
to this dataset. Due to the predominance of higher body weights in this dataset, the mean
lowest and middle BMI tertiles are close in values (25 kg/m? and 27 kg/m?, respectively)
compared to the highest tertile with a mean BMI of 39 kg/m2. Hence, it is not surprising that
the two lower tertiles showed similar characteristics including TFCA, whereas a lower body
weight would be expected to further reduce TFCA [5]. In addition, the potential
generalizability of these data is a concern, since this was primarily a Caucasian population.
Furthermore, several factors in addition to nutrient and hormonal factors influence
absorption such as gut motility, intestinal transit time, and/or hydration status that were not
measured in this study. Due to the nature of this study design, confounding variables cannot
be excluded as an explanation for correlations observed. Finally, the model of nutrients and
hormones explains ~26% of total variance in the model, and this suggests that there are
other factors that influence the absorptive process.

Overall, these data show a decline in Ca absorption with age, and the significant
independent positive predictors are dietary fat, serum estradiol, and 1,25(0OH),D3 The
extent to which higher serum levels of estradiol and PTH in the obese increases calcium
absorption in this population is not known. Our data suggest that dietary intake of fat may
play a more important role in raising Ca absorption in the normal-weight and overweight
than obese individuals, possibly because the obese are exceeding a fat threshold value. This
may have special implications for dietary intake for non-obese individuals who are more
likely to have lower and potentially compromised Ca absorption. In addition, understanding
whether there is a specific level of dietary fat required for optimal calcium absorption may
be particularly important during low calorie and fat intakes since weight reduction reduces
Ca absorption and increases bone loss and fracture risk [53].
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Net Ca Absorption
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*
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True fractional calcium absorption and net calcium absorption in the leaner/overweight and
obese women. Leaner and overweight tertiles were combined since BMI in both these
groups (26.8+2.8 kg/m?) fit within the clinical definition of non-obese (BMI<30 kg/m?)
compared to obese group (39.0+10.4 kg/m?). Also, there were no significant differences in
TFCA and net absorption between the leaner and overweight groups (see Table 1). Asterisk
indicates data presented as mean+SEM at p<0.05
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Pearson’s correlations of TFCA with age, BMI, and dietary and hormonal factors

Table 2

Variable All women (n=229) Leaner (n=76) Overweight (n=77) Obese (n=76)
Age -0.331" -0.163 -0.303" -0.476"
BMI 0.288" -0.099 -0.183 0.369"
Trochanter BMD 0.012 -0.015 -0.157 0.059
Femoral Neck BMD 0.118 0.102 -0.027 0.167
Total body BMD 0.035 -0.105 -0.168 0217t
Nutrients
Carbohydrate 0.189** -0.007 0.334* 0.214t
Protein 0.260 -0.011 0.259™" 0.363""
Fat 0.373" 0.211t 0.454" 0.360"
Ca 0.069 -0.094 0.138 0.134
Fiber -0.053 -0.078 0.094 -0.080
Alcohol 0.041 0.137 -0.048 0.114
Vit D 0.112 -0.110 -0.138 0.070
Hormones
PTH 0.172™* -0.029 0.004 0.268"*
250HD -0.082 0.031 0.065 -0.158
1,25(0H),D5 0.091 0.172 0.094 0.065
Estradiol 0.291" 0.249"" 0.252"" 0.351"

Pearson’s correlations (r) values are presented

Page 15

BMI body mass index, BMD bone mineral density, 1,25 (OH)2D3 1,25-dihydroxyvitamin D3, 250HD 25-hydroxyvitamin D, PTH parathyroid

hormone
*

p<0.01;
* %

p<0.05;

tp<0.1
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Multiple regression model analyzing independent predictors of TFCA in entire population of women

All women model R2=25.6%

Variable B coefficient P value
Age -0.258 0.001
Fat intake 0.178  0.032
1,25(0H),Dj 0.148  0.042
Estradiol 0.137  0.046
BMI 0.107 0.195
Ca intake -0.062  0.391
Alcohol intake 0.049  0.450
PTH 0.031 0.681
Fiber intake -0.029  0.696
Protein intake 0.028  0.698
250HD 0.026 0.428
Sodium intake -0.018  0.843
Vitamin D intake 0.015 0.832
Carbohydrate intake -0.012  0.878

1,25(0OH)2D3 1,25-dihydroxyvitamin D3, BMI body mass index, 250HD 25-hydroxyvitamin D, PTH parathyroid hormone
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