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ABSTRACT

Background: Increased dietary calcium is associated with changes
in body composition. One proposed mechanism is that dietary cal-
cium increases fat oxidation, potentially via regulation of serum
parathyroid hormone (PTH) concentrations.

Objectives: The objectives of the study were to determine whether
acute or chronic increased dairy calcium intakes alter postprandial
whole-body fat oxidation and whether the increased intake is related
to changes in PTH concentrations.

Design: Normal-weight women aged 18-30 y were randomly as-
signed to a low (<800 mg/d, control; n = 10) or high (1000-1400
mg/d; n = 9) dietary calcium intake group for 1 y. Whole-body fat
oxidation was assessed by measuring respiratory gas exchange after
each subject consumed 2 isocaloric liquid meals containing 100 or
500 mg Ca at baseline and 1 y. Fasting serum PTH was measured at
baseline and 1 y.

Results: The mean 1-y change in fat oxidation was higher in the
high-calcium group than in the low-calcium control group after a
low-calcium meal (0.10 £ 0.05 compared with 0.005 % 0.04 g/min;
P < 0.001) and a high-calcium meal (0.06 = 0.05 compared with
0.03 £ 0.04 g/min; P < 0.05). The 1-y change in serum log PTH was
negatively associated with the 1-y change in postprandial fat oxida-
tion after a high-calcium meal (partial » = —0.46, P < 0.04) when
controlled for thel-y change in total body fat mass.

Conclusions: The results suggest that a chronic diet high in dairy
calcium increases whole-body fat oxidation from a meal, and in-
creases in fasting serum PTH relate to decreases in postprandial
whole-body fat oxidation. Am J Clin Nutr 2005;82:1228 -34.
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INTRODUCTION

Obesity affects >40 million US adults and is a risk factor for
heart disease, cancer, stroke, and diabetes (1). Weight loss (2)
and diet play a significant role in disease risk (3). Although much
effort has been devoted to studying the effects of macronutrients
on weight control, little research has focused on micronutrients.
Dietary calcium, in particular, may play a role in body weight
regulation (4).

A growing body of evidence supports that higher intakes of
calcium are associated with weight loss, often with changes spe-
cific to fat mass (5-19). For example, in a 2-y exercise interven-
tion trial in 54 healthy young women, calcium intake—con-
trolled for energy—was negatively associated with changes in
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body weight and fat mass (11). Other studies have supported an
effect of calcium intake on body weight and fat mass in children
(8, 18), men (15), and women (6,9, 11, 15, 19). In addition, dairy
products may enhance the effect of calcium on weight loss
(14, 16).

It has been proposed that high rates of fat oxidation might
protect an individual from obesity, whereas low rates of fat ox-
idation promote body fat accretion (20). Furthermore, data sug-
gest that dietary calcium affects fat mass through an increase in
whole-body fat oxidation (21). In a cross-sectional study of
nonobese, healthy adults (n = 35; mean age = 31 y), daily energy
expenditure and distribution of macronutrient oxidation were
measured by using whole-room indirect calorimetry (21). It was
shown that acute calcium intake (mg/kcal) was positively corre-
lated with fat oxidation over 24 h (r = 0.38, P = 0.03), during
sleep (r = 0.36, P = 0.04), and during light physical activity (r =
0.32, P = 0.07). After correction for fat mass, fat-free mass,
energy balance, acute fat intake, and habitual fat intake, the acute
calcium intake explained 10% of the variance in 24-h fat oxida-
tion. This suggests that fat oxidation is increased in response to
acute increases in dietary calcium. It is unknown, however,
whether chronic intakes of high dietary calcium alter fat oxida-
tion regardless of calcium load.

The regulation of serum calcium by parathyroid hormone
(PTH) and 1,25 dihydroxyvitamin D (1,25(OH),D) induced by
changes in dietary calcium has been proposed as a mechanism
that mediates the effects of dietary calcium on fat mass. High
dietary calcium loads can acutely suppress concentrations of
serum PTH (22), and it is hypothesized that serum 1,25(OH),D
concentrations parallel these changes. Both PTH and
1,25(0OH),D increase the concentrations of intracellular calcium
in adipocytes, which leads to a decrease in lipolysis and an
increase in lipogenesis through increases in fatty acid synthase
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concentrations in the cell (13, 15). A study by Gunther et al (23)
showed that the 1-y change in serum PTH was positively asso-
ciated with the change in fat mass in healthy, normal-weight,
young women (18-31 y).

The current study was designed to determine /) whether there
are differences in fat oxidation in response to an acute low or high
dietary calcium load in women consuming a chronically low-
calcium diet (before randomization), and 2) whether the chronic
intake of high dietary calcium affects fat oxidation after either a
low or high dietary calcium load. We hypothesized that increased
chronic dietary calcium intake increases whole-body fat oxida-
tion, even with a low-calcium meal, and that fat oxidation would
inversely relate to serum PTH.

SUBJECTS AND METHODS

Subjects

A subset of 26 women (1826 y) was randomly recruited from
a 1-y dairy calcium intervention study (24) for a study that was
designed and powered to investigate the changes in whole-body
fat oxidation. The primary purpose of the parent study was to
compare the effect of a high- with that of a low-calcium diet on
changes in body fat mass in healthy young women over 1 y.
Inclusion criteria included a daily calcium intake of <800 mg
and a daily energy intake of <1900 kcal at the beginning of the
study. The subjects had been randomly assigned to either a high
dairy calcium intervention group (n = 13) or a low-calcium
control group (n = 13) in the parent study. Seven subjects with-
drew after baseline testing: 5 because of time constraints, 1 be-
cause of pregnancy, and 1 because they moved away from the
study area. The study protocol was approved by the Purdue
University Institutional Review Board, and all subjects provided
written informed consent.

Exclusion criteria

Exclusion criteria included the following: ) chronic intake of
medication that interferes with calcium metabolism; 2) malab-
sorptive, skeletal, muscular, kidney, or hormonal disorders that
might affect calcium metabolism; 3) >20% overweight or
<15% underweight according to the Metropolitan Life Insur-
ance Tables; 4) self-reported history of an eating disorder; 5) high
alcohol consumption (>2 drinks/d); 6) pregnancy or lactation
during the previous 6 mo; 7) self-reported symptoms of lactose
intolerance; and 8) an unwillingness to consume dairy products.

Assessment of calcium and energy intakes

To select participants with low calcium intakes, a short cal-
cium questionnaire (25) was used for initial screening. A food-
frequency questionnaire (26) was used to determine whether the
inclusion criteria of <800 mg Ca/d was met. During the study,
calcium and energy intakes were assessed by 3-d dietary records
atbaseline and at 6 and 12 mo. Dietary records were reviewed and
analyzed by one trained nutritionist using the Nutrition Data
System (NDS) for Research (version 4.04; Food and Nutrient
Database 28, Minneapolis, MN). The results of the 3-d dietary
records were used in the statistical analyses.

Study design

At baseline, the participants (n = 26) were each given a low-
and a high-calcium meal challenge (Figure 1). After the chal-
lenge meal, the thermic effect of a meal, respiratory quotient
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FIGURE 1. Study design. DXA, dual-energy X-ray absorptiometry.

(RQ), and fat oxidation were determined. These studies allowed
the comparison of the effects of a low- and high-calcium meal
challenge, with each participant serving as their own control. The
participants were then randomly assigned to either the low-
calcium control group or the high-calcium group and were fol-
lowed for 1 y. Differences in participant characteristics were
compared by group assignment. At the end of the intervention,
the low- and high-calcium meal challenges were repeated for
each participant, and the changes in thermic effect of a meal, RQ,
and fat oxidation after either the low- or high-calcium meal
challenge from baseline to 1 y were determined.

Dairy calcium intervention protocol

Participants in the high-calcium groups received individual
dietary counseling by trained nutritionists and were instructed to
increase their daily calcium intakes to 1000—-1400 mg/d by sub-
stituting dairy products rich in calcium, with an emphasis on
nonfat or low-fat milk. Participants were given a pocket-sized
pamphlet with a comprehensive list of substitutions. To maintain
isocaloric intakes and equivalent dietary fat, participants were
instructed to remove other dietary components from their diets to
approximate the added dairy intake of energy and fat. On the
basis of an analysis of their food records, each subject was coun-
seled by a dietitian on appropriate substitutions and on how to
maintain a daily record of their added dairy intakes and substi-
tutions. The subjects recorded the type and number of servings of
dairy foods added and the corresponding foods subtracted each
day. This daily record of dairy intake and foods removed from the
diet to maintain isocaloric balance was returned monthly by
participants in the intervention group to assess compliance. The
records were checked by a nutritionist to determine whether
adequate increases in dairy intake were achieved and whether
appropriate substitutions were recorded. If discrepancies were
found, the participant was contacted and retrained to the dietary
protocol. Thus, regular contact with the participants and dietary
counseling were provided throughout the duration of the study.
Subjects in the low-calcium control group were instructed to
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make no changes to their dietary patterns for 12 mo after ran-
domization, and compliance was assessed by 3-d food records
every 3 mo. Contact with the investigators was similar between
the low-calcium control and high-calcium intervention groups.

Weight, body-composition measurements, and physical
activity

Weight and body composition were assessed at baseline and at
12 mo after the subjects had fasted and between days 3 and 11 of
the menstrual cycle. Weight was measured with a calibrated
balance scale while the subjects were wearing light clothing and
no shoes. Fat and lean mass were assessed by using dual-energy
X-ray absorptiometry (software version 4.3e; Lunar Corp, Mad-
ison, WI). Three-day records were collected at baseline and at
6-mo intervals to assess physical activity energy expenditure
(kcal/d) with the use of a validated questionnaire (27). The av-
erage energy expenditure during the study was calculated as the
mean value of the 6- and 12-mo assessments.

Postabsorptive resting metabolic rate

Resting metabolic rate (RMR; kcal/min) was estimated by
indirect calorimetry with the use of a metabolic cart (VMax 29n;
SensorMedics, Anaheim, CA) at baseline and 12 mo. On the day
before the testing was conducted, the subjects were instructed to
eat a typical diet, maintain a record of foods ingested, refrain
from physical activity and exercise, and avoid caffeine, nicotine,
and alcohol. The subjects were also instructed to fast for 12 h
before testing. On the morning of the test, the subjects completed
a compliance questionnaire regarding these requirements and
indicated the days of their menstrual cycle. On entering the semi-
darkened, thermoneutral laboratory, the subjects voided urine
and were placed in a supine position on a bed with a clear ven-
tilated respiratory canopy over the head. The subjects were asked
to remain motionless and to breathe normally for 45 min. Read-
ings were taken over the final 10 min and averaged to determine
of oxygen uptake (L/min) and the respiratory exchange ratio,
from which RMR was estimated. Gas exchange was measured
with an infrared carbon dioxide analyzer and a paramagnetic
analyzer.

Assessment of postprandial fat oxidation

Within 10 d of the measurement of postabsorptive RMR, the
subjects returned to the laboratory on 2 separate mornings for the
meal challenges. The procedures for indirect calorimetry were
the same as for the postabsorptive RMR assessment described
above. On the day before fat oxidation was measured, the sub-
jects were asked to eat meals that were similar to what they ate on
the day before the previous test. The subjects consumed a low or
a high dairy calcium liquid meal, standardized for energy and
macronutrient contents, immediately before the measurement of
fat oxidation. At baseline, the low- compared with the high-
calcium meal challenges tested the acute effect of calcium intake
on fat oxidation after chronically low calcium intakes by the
subjects. In contrast, after the intervention, the low-calcium meal
challenge tested whether there was an overall body modification
in the ability to oxidize fats after chronically high intakes (high-
calcium group) compared with chronically low intakes (low-
calcium control group). The high-calcium meal challenge tested
whether the response to a high calcium load was altered after
chronically high (high-calcium) compared with chronically low
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(low-calcium control group) calcium intakes. Thus, to summa-
rize, both alow- and high-calcium liquid meal were designed and
administered at baseline and at 1 y to determine the acute and
chronic effects on fat oxidation. Immediately after this meal was
consumed, expired air was collected for 10 min with the use of a
metabolic cart, which was followed by collections every 10 min
for 240 min. At 12 mo, the subjects returned to the laboratory for
arepeat of all baseline testing procedures. Postprandial values for
fat oxidation (g/min) were estimated for the low- and high-
calcium test meals.

Experimental meal design

The liquid meals were adjusted to each subject’s daily energy
needs. The percentage of macronutrients was standardized for all
subjects (55% carbohydrate, 15% protein, and 30% fat), and the
meals (low and high calcium) were administered in random or-
der. The energy content of the experimental meals was 50% of
each subject’s postabsorptive RMR. The low-calcium (<100
mg) liquid meals contained the following foods to achieve the
percentage of macronutrient and calcium goals: powdered choc-
olate drink mix (Swiss Miss Sensation; ConAgra Foods, Omaha,
NE), soy protein, heavy whipping cream, and orange juice. The
high-calcium (>500 mg) meals contained the following foods to
meet the percentage of macronutrient and calcium goals: yogurt
(Yoplait; General Mills, Minneapolis, MN), powdered chocolate
drink mix (Swiss Miss Sensation), heavy whipping cream, and
2%-fat milk. The meals were rapidly consumed in their entirety.

Serum analysis

Blood samples were collected at baseline and at 12 mo during
days 3—11 of the menstrual cycle (follicular phase) between 0700
and 1100 after a 12-h fast. After the blood samples were collected
and allowed to clot, they were centrifuged and the serum was
removed and stored at —80 °C. Serum samples were analyzed for
concentrations of PTH by a 2-site immunoradiometric assay,
which assessed the biologically intact 84 amino acid chain of
PTH (Allegro Intact PTH Immunoassay; Nichols Institute, San
Clemente, CA).

Statistical analyses

All computations were performed by using SAS software (ver-
sion 8; SAS Institute, Cary, NC). Means and SDs were computed
for all variables of interest. Unless stated otherwise, all data are
expressed as means = SDs. Because the distribution of serum
PTH (ng/mL) was positively skewed, a log transformation of this
variable was used in the analysis. A paired ¢ test was used to
determine the response to alow- or high-calcium meal at baseline
before randomization. Baseline and 1-y results were analyzed by
using a repeated-measures analysis of variance with group (low-
calcium compared with high-calcium intervention) as a between
factor and meal (low or high-calcium meal challenge) as a within
factor. Student’s 7 tests were used to examine differences be-
tween /) baseline subject characteristics by group assignment, 2)
subjects remaining in the study and dropouts; and 3) calcium and
energy intakes during the study by group. Correlations and par-
tial correlations were used to examine relations between PTH and
fat-oxidation variables. A partial regression plot was used to
illustrate the partial correlation between changes in fat oxidation
and log PTH, with control for group and change in fat mass.
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TABLE 1
Baseline characteristics of the subjects who completed the study’

Low-calcium
control group

High-calcium
intervention group

Characteristic (n =10) (n=9)
Age (y) 203 £2.5 194 £2.6
Weight (kg) 550+ 6.5 659 +7.9%
Height (cm) 165+ 5 166 £ 9
BMI (kg/m?) 202+ 2.4 24.0 +£3.32
Fat mass (kg) 12.1 £3.1 20.8 +5.8°
Lean mass (kg) 393+44 39.8 £5.8
Parathyroid hormone 25.1 £12.6 357 £ 129
(ng/mL)*

Calcium intake (mg/d) 643 = 167 663 = 242
Energy intake (kcal/d) 1685 + 304 1765 £ 536
Physical activity (kcal/d) 2660 + 728 2933 + 402

Al values are X + SD.

23 Significantly different from the low-calcium control group (7 test):
2P <0.01,° P<0.001.

4 Five-number summary (minimum, 25th quartile, median, 75th quar-
tile, and maximum): low-calcium control group (9.2, 11.3, 26.5, 34.6, and
44.5), high-calcium control group (20.5, 27.5, 29.9, 39.5, and 58.8).

RESULTS

Atbaseline, before randomization, the short-term acute effects
of alow-calcium compared with a high-calcium liquid meal were
compared by using a paired ¢ test. There were no significant
differences (n = 26) in the mean thermic effect of a meal (88.5 =
29.5 compared with 86.4 = 29.1 kcal/4 h; P = 0.69), RQ (0.96
+ 0.07 compared with 0.95 = 0.07; P = 0.72), or fat oxidation
(0.02 = 0.03 compared with 0.02 = 0.03; P = 0.79) in response
to either a low-calcium or high-calcium test meal, respectively,
before the intervention.

The subjects who withdrew from the study after baseline test-
ing (n = 3 in the low-calcium control group; n = 4 in the inter-
vention group) had higher body mass index (BMI; in kg/m?;
24.8 = 2.1and 22.0 £ 4, P = 0.05) and fat mass (22.4 £ 5.1 and
16.2 £ 6.4 kg; P = 0.03) values than did the subjects who
completed the study (n = 19). However, there were no significant
differences in mean baseline age (y), weight (kg), height (cm),
lean mass (kg), PTH (ng/mL), dietary calcium (mg/d), or energy

TABLE 2

intake (kcal/d) between those who withdrew from and those who
completed the study.

The baseline characteristics of the subjects who completed the
study are shown in Table 1 (n = 19). There were significant
differences at baseline between groups in body weight (kg), BMI,
and fat mass (kg); the intervention group was heavier and fatter.
In contrast, there were no significant differences between groups
at baseline in lean mass (kg), fasting concentrations of serum
PTH (ng/mL), calcium intake (mg/d), energy intake (kcal/d), or
physical activity (kcal/d). The mean total calcium intake was
<800 mg/d, and energy intakes were <1900 kcal/d for both
groups at the beginning of the study.

The mean total daily calcium intake over the study period (6
and 12 mo averaged) was significantly higher for the 9 interven-
tion subjects than for the 10 low-calcium control subjects:
1057 £ 362 and 673 £ 213 mg/d (P < 0.01). The mean energy
intake (6 and 12 mo averaged) was not significantly different
between the intervention and low-calcium control groups:
1515 = 511 and 1505 % 319 kcal/d (P = 0.96). There were no
significant differences in the mean change in body weight (0.9 =
2.5and 0.8 *+ 2.5 kg, respectively; P = 0.94) between the inter-
vention and low-calcium control groups, and the changes from
baseline within groups also were not significant.

Baseline 2-factor analysis of variance with group (low-
calcium group compared with high-calcium group) as a between
factor and meal (low or high challenge) as a within factor indi-
cated no statistically significant main effects or interactions for
the thermic effect of a meal (Table 2). For fat oxidation and RQ,
there were statistically significant group-by-meal interactions
(P = 0.02 for both). For the low-calcium meal challenge, fat
oxidation was higher and RQ was lower in the control group than
in the intervention group (P < 0.0001 for both). In contrast, no
group differences were evident after the high-calcium meal chal-
lenge (P = 0.16 for both).

One-year changes were analyzed by analysis of variance with
group (low calcium versus intervention) as a between-group
factor and meal (low or high challenge) as a within-group factor.
Statistically significant group-by-meal interactions were found
for thermic effect of ameal, RQ, and fat oxidation (P < 0.04, P <
0.0003, and P < 0.0003, respectively). The intervention group
differed from the control group (—31.3 + 67.4 and 13.2 £ 25.5,

Thermic effect of a meal and respiratory quotient (RQ) after the meal challenges’

Low-calcium control group

High-calcium intervention group

0 mo 12 mo 0 mo 12 mo

Thermic effect of a meal (kcal/4 h)?

Low-calcium meal 91.0 = 30.9 59.7 £ 63.2 782 +234 83.9 £ 25.1

High-calcium meal 86.3 + 35.8 58.1 £59.2 85.1 £ 21.7 69.7 £ 24.6

Low-calcium meal” 0.91 £0.08 0.91 £ 0.07 0.99 + 0.06* 0.79 £ 0.07

High-calcium meal® 0.94 £ 0.07 0.87 £ 0.08 0.96 £ 0.07 0.83 + 0.08
Fat oxidation (g/min)

Low-calcium meal” 0.04 = 0.03 0.04 £ 0.03 0.004 + 0.03* 0.10 £ 0.04

High-calcium meal® 0.03 £0.03 0.06 £ 0.03 0.02 £ 0.03 0.08 £+ 0.04

! All values are ¥ + SD.

2 Baseline values were not significantly different between groups by a repeated-measures ANOVA with group as a between-group factor and meal as a

within-group factor.

7 Significant group X time interaction (P < 0.0001) and group X meal X time interaction (P = 0.02) by a repeated-measures 3-factor ANOVA.
7 Significantly different from 0 mo in the low-calcium control group, P < 0.05.
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