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Objective: Increasing 1,25-dihydroxyvitamin D in response
to low-calcium diets stimulates adipocyte Ca?* influx and,
as a consequence, stimulates lipogenesis, suppresses lipol-
ysis, and increases lipid accumulation, whereas increasing
dietary calcium inhibits these effects and markedly acceler-
ates fat loss in mice subjected to caloric restriction. Our
objective was to determine the effects of increasing dietary
calcium in the face of caloric restriction in humans.
Research Methods and Procedures. We performed a ran-
domized, placebo-controlled trial in 32 obese adults. Pa-
tients were maintained for 24 weeks on balanced deficit
diets (500 kcal/d deficit) and randomized to a standard diet
(400 to 500 mg of dietary calcium/d supplemented with
placebo), a high-calcium diet (standard diet supplemented
with 800 mg of calcium/d), or high-dairy diet (1200 to 1300
mg of dietary calcium/d supplemented with placebo).
Results: Patients assigned to the standard diet lost 6.4 +
2.5% of their body weight, which was increased by 26% (to
8.6 £ 1.1%) on the high-calcium diet and 70% (to 10.9 *
1.6% of body weight) on the high-dairy diet (p < 0.01). Fat
loss was similarly augmented by the high-calcium and high-
dairy diets, by 38% and 64%, respectively (p < 0.01).
Moreover, fat loss from the trunk region represented 19.0 +
7.9% of total fat loss on the low-calcium diet, and this
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fraction was increased to 50.1 = 6.4% and 66.2 = 3.0% on
the high-calcium and high-dairy diets, respectively (p <
0.001).

Discussion: Increasing dietary calcium significantly aug-
mented weight and fat loss secondary to caloric restriction
and increased the percentage of fat lost from the trunk
region, whereas dairy products exerted a substantialy
greater effect.

Key words: calcium, dairy, energy restriction, fat loss,
vitamin D

Introduction

Dietary calcium is now well recognized as playing an
important role, beyond its key role in the maintenance of
skeletal integrity, in modulating chronic disease risk. Di-
etary calcium modulation of blood pressure has been well
established through numerous well-controlled studies over
the last 20 years (1), and the practical relevance of this
effect has been further established in the Dietary Ap-
proaches to Stop Hypertension trials, which have demon-
strated that increasing low-fat dairy product and fruit and
vegetable consumption exerts profound effects on blood
pressure, with the combination of dairy and fruits and veg-
etables having markedly greater effects than fruits and veg-
etables alone (2,3). An accumulating body of recent evi-
dence suggests that calcium-rich diets not only reduce the
risk of cardiovascular disease but also play a direct role in
the prevention and treatment of obesity.

We first became aware of this relationship when, during
the course of conducting aclinical trial of the antihyperten-
sive effect of calcium in obese African Americans, we noted
that increasing dietary calcium from 400 to 1000 mg/d for 1
year resulted in a 4.9-kg reduction in body fat (4). Indeed,
there have been severa isolated reports over the last 18
years of an inverse relationship between dietary calcium
and/or serum calcium and indices of obesity (5-8), but in
the absence of a conceptual basisfor thisrelationship, it was
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not pursued. However, these findings have been reevaluated
in light of recent work describing the role of intracellular
calcium in modulating adipocyte lipid metabolism and, in
turn, the role of calcitrophic hormones in regulating adipo-
cyte intracellular calcium.

The framework for understanding an “ anti-obesity” effect
of dietary calcium derives from our recent studies demon-
strating a key role for intracellular Ca?™ in regulating adi-
pocyte metabolism. Increasing intracellular Ca®* results in
an increase in human adipocyte energy storage and fat mass
by coordinately stimulating de novo lipogenesis and inhib-
iting lipolysis (9—11), whereas treatment of obesity-prone
mice with a calcium channel antagonist (nifedipine) results
in significant reductions in adipose tissue mass (12). Thus,
adipocyte calcium appears to be a logical target for inter-
ventions to control adiposity.

We have demonstrated that human adipocytes possess
membrane (nongenomic) vitamin D receptors that transduce
rapid intracellular Ca?* responses to 1,25-dihydroxyvita-
min D5 (13); as a consequence, 1,25-dihyroxyvitamin D4
treatment of human adipocytes results in coordinated acti-
vation of lipogenic systems and inhibition of lipolysis, lead-
ing to an expansion of adipocyte lipid storage (4,13). More-
over, we have aso found 1,25-dihydroxyvitamin D5 to act
using the nuclear vitamin D receptor to inhibit the expres-
sion of uncoupling protein 2 (UCP2)! (14), whereas sup-
pression of 1,25-dihydroxyvitamin D5 levels by feeding
high-calcium diets to mice results in increased adipose
tissue UCP2 expression and increased thermogenesis
(15); this suggests that high-calcium diets may also affect
energy partitioning by suppressing 1,25-dihydroxyvitamin
D levels, thereby permitting increased adipocyte UCP2
expression and, possibly, UCP2-mediated fatty acid trans-
port and oxidation. Consistent with this, Melanson et a.
(15) have reported recently that higher calcium intakes are
associated with higher rates of whole-body fat oxidation
measured in a whole-room calorimeter, with significant
effects noted over a 24-hour period, during sleep and during
light exercise. In accordance, suppressing 1,25-dihy-
droxyvitamin D by increasing dietary calcium intake may
facilitate a repartitioning of dietary energy and a reduction
in adiposity.

These concepts have been validated in obesity-prone
transgenic mice, in which low-calcium diets impede body
fat loss, whereas high-calcium diets suppress fat accretion
and weight gain on an obesity-promoting diet and markedly
accelerate weight and fat loss during caloric restriction
(4,16-18); notably, in each of these studies, dairy sources of
calcium were shown to exert significantly greater anti-

1 Nonstandard abbreviations: UCP2, uncoupling protein 2; HDL, high-density lipoprotein;
TDEE, total daily energy expenditure; LDL, low-density lipoprotein; ACE, angiotensin-
converting enzyme; 11 B-HSD-1, 11 B-hydroxysteroid dehydrogenase type 1.

obesity effects than supplemental calcium carbonate, possi-
bly due to the effects of other bioactive compounds in milk.

These observations are further supported by epidemio-
logical observations from the U.S. National Health and
Nutrition Examination Survey (4), the Coronary Artery
Risk Development in Young Adults study (19), and the
Quebec Family Study (20). Additional observational studies
have found an inverse relationship between dairy and cal-
cium intake and body fat in both younger and older women
(21,22), cacium and BMI in African-American women
(23), dairy products and obesity in children (24), and dietary
calcium and body fat accumulation in preschool children
(25). Moreover, areanalysis of datafrom aseries of calcium
interventions originally conducted with skeletal endpoints
(26) has demonstrated significant negative associations be-
tween calcium intake and body weight for all age groups
and an odds ratio for overweight of 2.25 for young women
in the lower one-half vs. the upper one-half of calcium
intakes. Furthermore, reanalysis of arandomized controlled
trial has demonstrated a calcium treatment effect of 0.325
kg weight loss/yr over 4 years with no intentional changein
caloric intake (26).

Thus, accumulating data support a beneficial role for
dietary calcium in weight management. However, these
concepts have not yet been evaluated in a prospective clin-
ical trial. Consequently, the present study was designed as a
clinica trial to determine the effects of dietary calcium on
body weight and fat loss, secondary to energy-restriction
diets producing an energy deficit of 500 kcal/d, and to
compare the effects of supplemental calcium carbonate and
dairy calcium in augmenting weight and fat loss.

Research Methods and Procedures

Study Design

This study was designed to determine whether dairy
products or calcium accelerate weight and fat loss induced
by caloric restriction in 41 otherwise healthy, obese young
adults. Forty-one subjects were studied for a 2-week lead-in
period for baseline dietary and physiological assessment
and then randomized to one of the following outpatient
dietary regimens for 24 weeks: 1) a control diet providing a
500 kcal/d deficit, zero to one servings of dairy products/
day, 400 to 500 mg calcium/d, and a daily placebo supple-
ment; 2) a calcium-supplemented diet identical to the con-
trol diet, with the placebo replaced by 800 mg of calcium (as
calcium carbonate), to bring total dietary calcium to 1200 to
1300 mg/d; or 3) a high-dairy diet (placebo supplemented)
providing a 500 kcal/d deficit and containing three daily
servings of dairy products, to bring the total calcium intake
to 1200 to 1300 mg/d.

Subjects were provided individua instruction, counsel-
ing, and assessment from the study dietitian regarding di-
etary adherence and the development and reinforcement of
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strategies for continued success, although the diets were
individualized to achieve a 500 kcal/person per day deficit,
comparable advice was given to patients in all treatment
groups, and diets were monitored weekly. All subjects
maintained complete daily diet diaries throughout the study,
and compliance was assessed by weekly subject interview,
review of the diet diary, and pill counts. Physical activity
and tobacco use were maintained at prestudy (baseline)
levels throughout the study.

Body weight and waist circumference were measured
weekly, with subjects wearing street clothes with no shoes,
outerwear, or accessories. Body fat was measured at the
beginning of the study and at weeks 12 and 24 using DXA;
DXA was aso utilized to ascertain regional fat loss (ab-
dominal fat vs. other regions). Fasting levels of circulating
insulin, glucose, fasting plasma lipids [triglycerides and
total and high-density lipoprotein (HDL)-cholesterol], and
blood pressure were measured at the same time points
(baseline and weeks 12 and 24).

Subjects

Forty-one otherwise healthy, obese adults ranging in age
from 18 to 60 years were initialy enrolled, and 32 com-
pleted the study; there were no significant differences be-
tween completers and non-completers for any parameter
studied. Of the nine subjects who did not complete the
study, two were men, and seven were women. Random
assignment of the original 41 subjects resulted in sample
sizes of 14, 13, and 14 in the low-calcium, high-calcium,
and high-dairy groups, respectively, and these three groups
lost 4, 2, and 3 subjects to drop-out, respectively, resulting
in final (completer) sample sizes of 10 (low calcium), 11
(high calcium), and 11 (high dairy). All subjects had an
initial BMI of 30.0 to 39.9 kg/m?, alow-calcium diet (500
to 600 mg/d, as determined by food frequency and diet
history) at study entry, no more than 3-kg weight change
over the preceding 12 weeks, and no recent (12 week)
changes in exercise frequency or intensity. Patients were
excluded from participation if they required the use of oral
antidiabetic agents or insulin; used obesity pharmacothera-
peutic agents and/or herbal preparations intended for the
management of obesity; had a history of significant endo-
crine, hepatic, or renal disease; were pregnant or lactating;
or suffered any form of malabsorption syndrome. Subject
characteristics are summarized in Table 1. This research
was approved by the Institutional Review Board of the
University of Tennessee; informed consent was obtained
from all subjects, and the research was conducted in accor-
dance with the ethical standards outlined in the Helsinki
Declaration.

Diets

Baseline dietary assessments (diet records) were con-
ducted by the project dietitian during the 2-week lead-in
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Table 1. Patient characteristics

Total Completers
Gender 34 women, 27 women,
7 men 5 men
Age (years) 46 = 8 49+ 6
BMI (kg/m?) 350+ 41 349+ 43
Systolic blood pressure 130 + 10 130 + 10
(mm Hg)
Diastolic blood pressure 80+8 79+8
(mm Hg)
LDL cholesterol 137 = 33 140 + 32
(mg/dL)
HDL cholesterol 47 = 12 46 + 11
(mg/dL)
Triglycerides (mg/dL) 142 = 63 133 = 52

period to provide an initial estimate of a maintenance level
of caoric intake. This was refined by calculating energy
needs using World Health Organization equations for cal-
culation of basal metabolic rate, which were then adjusted
for activity level to provide an estimate of total daily energy
expenditure (TDEE). TDEE was estimated as 1.3 X BMR
for obese patients engaged in mild daily activity and 1.5 X
BMR for those engaged in strenuous daily activity. Discrep-
ancies between estimated TDEE and baseline caloric intake
were resolved, if necessary, by repeat diet records reviewed
by the project dietitian. Based on this initial estimate of
caloric needs, afood exchange-based diet was prescribed to
produce a caloric deficit of ~500 kcal/d. The diets for the
treatment arms were constructed to provide comparable
levels of macronutrient and fiber to approximate the average
consumption in the U.S. (fat, ~35% of total kilocalories;
carbohydrates, ~49%; protein, ~16%; fiber, 8 to 12 g/d).
Nutritional supplements were not permitted, and caffeine
intake was maintained at a constant level (individualized for
each patient, based on baseline assessment). Diets were
prescribed and monitored as noted above, and the key
characteristics of diets achieved by subjects are shown in
Table 2.

Assessment

Body weight was measured with a calibrated scale (De-
tecto, Webb City, MO) and height measured with a wall-
mounted stadiometer (Seca, Vogel & Hake, Hamburg, Ger-
many) with subjects in street clothes with no outerwear or
shoes. BMI was calculated using the standard equation
(kilograms per meters sguared). Waist circumference was
measured in the standing position, with measurements ob-
tained midway between the lateral lower rib margin and the
iliac crest. The measurements were taken midexhalation,
and the average of two readings was recorded.
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Table 2. Diet characteristics

Low calcium High calcium High dairy
Calcium intake (mg/d) 430 = 94 1256 + 134 1137 + 164
Energy intake (kcal/d) 1309 + 253 1186 = 155 1370 = 216
Energy from fat (%) 32*6 32+5 315
Energy from protein (%) 172 17+ 2 18+1
Energy from carbohydrate (%) 52+ 4 507 51+ 6

Total fat mass and percent lean and fat mass were as-
sessed using DXA (Hologic Model QDR 2000; Hologic,
Bedford, MA) at baseline and at weeks 12 and 24 of the
study. The instrument was calibrated, and a spine phantom
was assessed daily to determine whether any drift had
occurred; spine phantom variation was <1.8% throughout
the study.

Blood pressure and heart rate measurements were taken
with the subject seated in an upright position in a chair for
at least 5 minutes with the arm supported at heart level.
Blood pressure was measured with an appropriately sized
cuff using a standard, calibrated sphygmomanometer on the
same arm for every measurement. Two readings, at least 1
minute apart, were taken and the average value reported.

A standard 75-g oral glucose tolerance test was adminis-
tered at baseline and weeks 12 and 24 of the study, with
blood sampled for glucose and insulin at O, 15, 30, 60, 90,
and 120 minutes.

Plasma glucose was determined using a glucose oxidase
method and insulin and leptin using standard, commercially
available radioimmunoassay kits (Linco Research, Inc., St.
Charles, MO). Fasting lipid profiles [cholesterol, low-den-
sity lipoprotein (LDL)- and HDL-cholesterol, and triglyc-
erides| were assessed using standard clinical techniques.

Statistics

Data were assessed by multivariate ANOVA using SAS
software (Version 9, SAS Ingtitute, Cary, NC) to facilitate
evaluation of both the repeated measures and independent
group comparisons inherent to this study design. Only sub-
jectswho completed the entire study (n = 32) wereincluded
in the data analysis. All data are presented as mean = SE.

Results

As expected from the experimental design, al partici-
pants lost body weight and body fat due to the daily energy
deficit of 500 kcal/d. However, both weight and fat (mea-
sured by DXA) loss were markedly increased on the high-
dairy diet, with intermediate, but still significant, effects on
the high-calcium diet. Table 3 summarizes the weight and
fat loss data. Participants on the low-calcium control diet
lost 6.4 = 2.5% of their body weight. Thiswas increased by
26% (to 8.6 = 1.1%) on the high-calcium diet and by 70%
(to 10.9 = 1.6%) on the high-dairy diet (p < 0.01, Table 3).
Fat loss followed a similar trend. Patients lost 8.1 = 2.3%
of their body fat on the low-calcium control diet. This was
increased to 11.6 + 2.2% on the high-calcium diet and to
14.1 = 2.4% fat loss on the high-dairy diet (p < 0.01,

Table 3. Effects of dietary treatments on body weight and body fat

Treatment

Low calcium High calcium High dairy
Initial body weight (kg) 103.1 = 6.12 99.8 + 452 101.6 = 6.8°
Initial body fat (kg) 59.4 + 4.7 484 + 5.3* 50.7 + 5.0*
Initial trunk fat (kg) 260+ 1.7° 228+ 312 26.7 = 3.07
Initial waist circumference (cm) 104.6 + 3.3% 100.6 + 4.8% 103.4 + 2.8%
Weight change (kg) 6.60 + 2.58% 8.58 + 1.60° 11.07 + 1.63°
Weight change (% of initial) 6.4 + 252 86+ 11° 109+ 16
Fat change (kg) 481 + 1.22% 5.61 + 0.98° 7.16 = 1.22°
Trunk fat change (kg) 1.38 + 0.60% 2.94 + 0.73° 3.74 = 0.64°

Non-matching letter superscripts in each column denote significant differences (p < 0.01).
* Denotes significant difference (p < 0.05) in initial body fat.
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Figure 1. Effects of dietary treatments on body fat reduction.
Changesin body fat are expressed as a percentage of original body
fat measured by DXA as described in “Research Methods and
Procedures.” Fat loss on each diet is significantly different from
the other two diets (p < 0.01).

Figure 1). Subjects on the low-calcium control diet exhib-
ited asignificantly higher fat mass than the other two groups
(p < 0.05); nonetheless, this group lost the least amount of
body fat during energy restriction, indicating that these
findings are not confounded by “regression to the mean”
secondary to this difference because the greatest fat loss
would have been predicted for the group with the greatest
initial body fat. Circulating leptin followed a pattern similar
to that observed for body fat. All three groups exhibited
significant decreases in plasma leptin levels (p < 0.01).
Patients on the high-dairy diet exhibited a 51% decrease, vs.
19% and 33% in the low-calcium and high-calcium groups,
respectively (p < 0.01 vs. high dairy).

An unexpected finding was a marked change in the
distribution of body fat loss (Figure 2). Patients on the
low-calcium diet lost 5.3 + 2.3% of their trunk (albdominal
region) fat on the low-calcium diet. This was increased to
12.9 *£ 2.2% on the high-calcium diet and 14.0 = 2.3% on
the high-dairy diet (p < 0.025 vs. low-calcium and high-
calcium diets). As a consequence, fat loss from the abdom-
inal region represented 19.0 = 7.9% of the total fat lost on
the low-calcium diet, and thiswasincreased to 50.1 *+ 6.4%
of the fat lost on the high-calcium diet (p < 0.01) and
66.2 = 3.0% on the high-dairy diet (p < 0.01). These
changes are reflected in corresponding differences in waist
circumference changes (p < 0.01, Figure 3).

Glucose tolerance was not significantly different among
the groups at baseline (Figure 4A); however, the high-dairy
group exhibited a significant improvement in glucose tol-
erance after 24 weeks on the diet, whereas the other two
groups exhibited no change (Figure 4B). As a consequence,
there was a 27% decrease in the area under the glucose
curve for the high-dairy group (p < 0.01), whereas there
was no significant change for the low- or high-calcium
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Figure 2: Effects of dietary treatments on fat loss from the trunk
region. Trunk fat loss is calculated as the change in trunk fat
divided by the change in total body fat and is expressed as a
percentage of total fat lost. Trunk fat loss on each diet is signifi-
cantly different from the other two diets (p < 0.01).

groups. Fasting glucose levels were unaffected by diet, but
there was a 44% decrease in plasma insulin levels in pa
tients on the high-dairy diet (p < 0.01, Figure 5), although
the area under the insulin curve after the glucose tolerance
test was unaffected by diet.

There were no significant effects of any of the diets on
diastolic pressure or circulating lipids (Table 4), whereas the
patients on the high-dairy diet exhibited amodest (4.8 = 2.1
mm Hg) reduction in systolic pressure (p < 0.02).

Discussion
Data from this study demonstrated that increasing dietary
calcium accelerated weight and fat loss secondary to energy

Change in Waist Circumference (cm)
n

-10 - \ J
p<0.01
Low High High
Calcium Calcium Dairy

Figure 3: Effects of dietary treatments on waist circumference.
Waist circumference was measured in the standing position, as
described in “Research Methods and Procedures.”
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Figure 4: Effects of dietary treatments on glucose tolerance. Glu-
cose tolerance was measured using an oral glucose-tolerance test
as described in “Research Methods and Procedures.” (A) Depic-
tion of glucose tolerance at study initiation. (B) Depiction of
glucose tolerance after 24 weeks of dietary treatment.

restriction, with a substantially greater effect exerted by
dietary (dairy) sources of calcium when compared with a
supplemental (calcium carbonate) source. Previous epide-
miological and experimental data have suggested such a
relationship, with numerousisolated reports over the past 18
years of an inverse relationship between dietary calcium
and/or serum calcium and indices of obesity (5—-8), although
the lack of atheoretical basisfor this relationship minimized
interest in pursuing further study. However, we have dem-
onstrated that 1,25-dihydroxyvitamin Dy is a potent medi-
ator of human adipocyte lipid metabolism that exerts a
coordinated stimulation of lipogenesis and inhibition of
lipolysis, thereby resulting in an expansion of adipocyte
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Figure 5: Effects of dietary treatments on plasma insulin. The
light-shaded bars show insulin levels at study initiation, and the
dark-shaded bars show insulin levels after 24 weeks of dietary
treatment.

Table 4. Effects of dietary trestments on circulating
lipids*

LDL HDL
cholesterol cholesterol  Triglycerides
(mg/dL) (mg/dL) (mg/dL)
Low cacium 148 = 8 46 + 4 136 = 32
High calcium 147 = 18 47 = 4 143 + 54
High dairy 130 + 13 46 + 4 114 + 24

* No significant treatment effects.

triglyceride stores and adipose tissue mass (4,13,14). As a
consequence, suppression of 1,25-dihydroxyvitamin D,
with high-calcium diets would be anticipated to reduce
adipocyte intracellular Ca?™", decrease lipogenesis, and in-
crease lipolysis, thereby exerting an anti-obesity effect.
This concept was validated in obesity-prone transgenic
mice, in which low-calcium diets impeded body fat loss,
whereas high-calcium diets suppressed fat accretion and
weight gain on an obesity-promoting diet and markedly
accelerated weight and fat loss during caloric restriction
(4,16-18). Notably, dairy sources of calcium exerted sig-
nificantly greater anti-obesity effects than supplemental cal-
cium carbonate in each of these studies, consistent with the
clinical results presented here. Although the additional fac-
tor(s) in dairy responsible for this effect have not been
identified yet, milk is recognized as arich source of bioac-
tive compounds (27) that may act independently or syner-
gistically with the suppression of 1,25-dihydroxyvitamin D,
to favorably affect nutrient portioning, metabolic efficiency,
and fat loss. For example, milk proteins contain significant
angiotensin-converting enzyme (ACE) inhibitory activity
(28,29), and recent data demonstrate that adipocyte lipogen-
esis is regulated, in part, by angiotensin Il and that adipo-
cytes have an intact paracrine/autocrine renin-angiotensin
system (30). Moreover, ACE inhibition mildly attenuates
obesity in rodents, and limited clinical observations support
this concept in hypertensive patients treated with ACE
inhibitors (reviewed in 30). Thus, dairy-based ACE inhibi-
tory activity may explain, in part, the significantly greater
effect of the high-dairy vs. high-calcium diet in augmenting
weight and fat lossin the present study. Consistent with this,
we recently found a whey-derived ACE inhibitor to aug-
ment the effect of dietary calcium on weight and fat lossin
energy-restricted aP2-agouti transgenic mice (31); however,
the combination of calcium and ACE inhibitor was still
significantly less potent than milk or whey in reducing body
fat, indicating that other whey bioactive compounds may
contribute or, alternatively, that a synergistic effect of mul-
tiple factors, along with the aforementioned effects of the
calcium, are responsible. For example, Layman (32) has
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proposed recently that the rich concentration of leucine in
whey protein may play a significant anabolic rolein skeletal
muscle and thereby contribute to greater maintenance of
skeletal muscle mass during weight loss. In accordance, the
high concentration of leucine and other branched-chain
amino acids in dairy products may also be an important
factor in the repartitioning of dietary energy from adipose
tissue to skeletal muscle.

It isaso possible that a portion of the anti-obesity effects
of dietary calcium may be due to an increase in fecal fatty
acid excretion, because clinical studies demonstrate that
substantial (2- to 4-gram) increasesin dietary calcium result
in statistically significant, but modest, increases in fecal fat
losses (33-35). A supplement of 2 grams of calcium (as
calcium carbonate) has been shown to result in an increase
in fecal fat excretion from 6.8% to 7.4% of total fat intake
(34). Although this will contribute to a net negative energy
balance, this effect is too small to explain the anti-obesity
effects found in the present study. For example, to provide
a clinically meaningful contribution to weight loss, orlistat
produces an ~30% inhibition of total dietary fat absorption,
vs. the ~1% seen with large supplements of calcium. Thus,
although calcium inhibition of fat absorption may contribute
to its anti-obesity actions, this effect is too small to be
primarily responsible; instead, the primary effects are likely
to result from inhibition of 1,25-dihydroxyvitamin D5 ef-
fects on energy storage and use, with additional contribu-
tions deriving from dairy-derived bioactive compounds dis-
cussed above and from inhibition of fat absorption.

Differences in the effects of dietary vs. supplemental
calcium on biological responses are not unprecedented; they
have been noted previously with regard to the effects of
calcium on blood pressure regulation. Although dietary
calcium modulation of blood pressure has been well estab-
lished through numerous well-controlled studies over the
last 20 years (for review, see Ref. 1), recent meta-analyses
indicate a considerable heterogeneity in the blood pressure
response to dietary calcium (1,36). Because a statistically
significant heterogeneity has been noted when conducting
meta-analysis for al trials and for trials of supplemental
calcium, but not when analysis is restricted to trias of
dietary sources of calcium, this heterogeneity may be ex-
plained, in part, by the sources of dietary calcium utilized.
Moreover, studies examining dietary calcium have exhib-
ited nearly twice the antihypertensive effect as those utiliz-
ing calcium supplements (1,36), similar to the differences
we have noted between dietary and supplemental sources of
calcium in the modulation of adiposity. Consistent with this,
patients on the high-dairy diet in the present study exhibited
amodest, but significant, reduction in systolic pressure (4.8
mm Hg), whereas those on the high-calcium diet did not.

Participants in the high-dairy diet exhibited a significant
increase in insulin sensitivity, as indicated by reductions in
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both circulating insulin and the area under the glucose
tolerance curve. Unfortunately, it is not possible to discern
whether these are direct effects of the high-dairy diet or are
secondary to the greater weight and fat loss found on this
diet, which would also have been predicted to improve
insulin sensitivity. However, increased intracellular calcium
may result in diminution of insulin signal transduction (37);
as a conseguence, suppression of 1,25-dihydroxyvitamin Dy
may decrease intracellular calcium in insulin target tissue
and, thereby, augment insulin sensitivity, suggesting that
the observed increase in insulin sensitivity on the high-dairy
diet may result from the greater weight loss on that diet and
from suppression of circulating 1,25-dihydroxyvitamin D4
levels. Alternatively, it should be noted that the high-dairy
group exhibited a significantly higher initial area under the
glucose tolerance curve, such that a regression to the mean
may have aso contributed to the observed improvement on
the high-dairy diet.

Finally, both the high-calcium and high-dairy diets re-
sulted in striking changes in the distribution of body fat loss
during energy restriction, with a marked augmentation of
body fat loss from the trunk region. Although these data
cannot distinguish between visceral and subcutaneous fat,
the greater loss of fat from the trunk is highly suggestive of
increased mobilization and loss of viscera fat. Thus, in-
creasing dietary calcium not only accelerates weight and fat
loss, secondary to caloric restriction, but also appears to
shift the distribution of fat loss to a more favorable pattern,
with more fat lost from the abdominal region on the high-
calcium diet. Although the mechanism of this effect is not
clear, recent studies describing the role of autocrine produc-
tion of cortisol by adipose tissue provide a plausible expla-
nation. Human adipose tissue expresses significant 11 B-hy-
droxysteroid dehydrogenase type 1 (11 B-HSD-1), which
acts as a reductase to regenerate cortisol from cortisone
(38,39). Further, visceral adipose tissue exhibits greater
expression of 11 B-HSD-1 than subcutaneous adipose tis-
sue, and there is greater activation of 11 B-HSD-1 in adi-
pose tissue of obese humans (39). Moreover, transgenic
mice overexpressing 11 B-HSD-1 selectively in adipose
tissue develop visceral obesity (40). We have demonstrated
recently that increasing intracellular Ca?* using a variety of
agonists, including 1,25-dihydroxyvitamin Dg, results in a
marked augmentation of human adipocyte cortisol produc-
tion (41). Therefore, one may reasonably expect that sup-
pression of adipocyte intracellular Ca®* levels on high-
calcium diets may result in reduced adipose tissue cortisol
production, which may, thereby, explain the preferential
loss of visceral adipose tissue.

In summary, a high-calcium diet and a high-dairy diet
enhanced the efficacy of an energy-restricted diet in weight
control, with a significantly greater effect of dairy vs. a
nondairy (supplemental) source of calcium. Furthermore,
both diets had a particularly beneficial effect on central



Calcium and Obesity, Zemel et al.

obesity. Further study of the mechanisms for the enhanced
effect of dairy products over calcium aone may provide
further insight into the prevention and treatment of obesity.

Acknowledgment

This research was supported by the National Dairy Coun-

cil.

10.

11.

12.

13.

14.

References

. McCarron DA, Reusser ME. Finding consensus in the di-

etary calcium-blood pressure debate. J Am Coll Nutr. 1999;
18:398s-405s.

. Appel LJ, Moore TJ, Obarzanek E, et al. For the DASH

Collaborative Research Group: aclinical tria of the effects of
dietary patterns on blood pressure. N Engl J Med. 1997;336:
1117-24.

. Svetky LP, Simons-Morton D, Vollmer WM, et al. For the

DASH Research Group: effects of dietary patterns on blood
pressure: subgroup analysis of the Dietary Approachesto Stop
Hypertension (DASH) randomized clinica trial. Arch Intern
Med. 1999;159:285-93.

. Zemel MB, Shi H, Greer B, DiRienzo D, Zemel PC. Reg-

ulation of adiposity by dietary calcium. FASEB J. 2000;14:
1132-8.

. McCarron DA, Morris CD, Henry HJ, Stanton JL. Blood

pressure and nutrient intake in the United States. Science.
1984;224:1392-8.

. Fleming KH, Heimbach JT. Consumption of calcium in the

U.S.: food sources and intake levels. J Nutr. 1994;124:1426s—
1430s.

. Andersen T, McNair P, Fogh-Andersen N, Nielsen TT,

Hyldstrup L, Transbol I. Increased parathyroid hormone as
a consequence of changed complex binding of plasmacalcium
in morbid obesity. Metabolism. 1986;35:147-51.

. Lind L, Lithell H, Hvarfner A, Pollare T, Ljunghall S. The

relationships between mineral metabolism, obesity and fat
distribution. Eur J Clin Invest. 1993;23:307-10.

. Jones BH, Kim JH, Zemel MB, et al. Upregulation of

adipocyte metabolism by agouti protein: possible paracrine
actions in yellow mouse obesity. Am J Physiol. 1996;270:
E192-6.

XueBZ, Moustaid N, Wilkison WO, Zemel MB. The agouti
gene product inhibits lipolysis in human adipocytes via a
Ca®"-dependent mechanism. FASEB J. 1998;12:1391-6.
Xue B, Greenberg AG, Kraemer FB, Zemel MB. Mecha
nism of intracellular Ca?* ([Ca®*]i) inhibition of lipolysisin
human adipocytes. FASEB J. 2001;15:2527-9.

Kim JH, Mynatt RL, Moore JW, Woychik RP, Moustaid
N, Zemel MB. The effects of calcium channel blockade on
agouti induced obesity. FASEB J. 1996;10:1646-52.

Shi H, Norman AW, Okamura WH, Sen A, Zemel MB.
1a,25-Dihyroxyvitamin D, modulates human adipocyte me-
tabolism via nongenomic action. FASEB J. 2001;15:2751-3.
Shi H, Norman AW, Okamura WH, Sen A, Zemel MB.
la-25-Dihydroxyvitamin D5 inhibits uncoupling protein 2
expression in human adipocytes. FASEB J. 2002;16:1808-10.

15.

16.

17.

18.

10.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Melanson EL, Shart TA, Schneider J, Donahoo WT,
Grunwald GK, Hill JO. Relation between calcium intake and
fat oxidation in adult humans. Int J Obes Relat Metab Disord.
2003;27:196—203.

Shi H, DiRienzo D, Zemel M B. Effects of dietary calcium on
adipocyte lipid metabolism and body weight regulation in
energy-restricted aP2-agouti transgenic mice. FASEB J. 2001,
15:291-3.

Zemel MB, Sun X, Geng X. Effects of calcium-fortified
breakfast cereal on adiposity in a transgenic mouse model of
obesity. FASEB J. 2001;15:A598 (abstr).

Zemel MB, Geng X. Dietary calcium and yogurt accelerate
body fat loss secondary to caloric restriction in aP2-agouti
transgenic mice. Obes Res. 2001;9:146S (abstr).

Pereira MA, Jacobs DR, Van Horn L, Slattery ML,
Kartashov Al, Ludwig DS. Dairy consumption, obesity, and
the insulin resistance syndrome in young adults: the CARDIA
study. JAMA. 2002;287:2081-9.

Jaqumain M, Doucet E, Despres J-P, Bouchard C, Trem-
blay A. Calcium intake, body composition, and lipoprotein-
lipid concentrations in adults. Am J Clin Nutr. 2003;77:1448—
52.

Lin Y-C, Lyle RM, McCabe LD, McCabe GP, Weaver
CM, Teegarden D. Dairy cacium is related to changes in
body composition during a two-year exercise intervention in
young women. J Am Coll Nutr. 2000;19:754—60.

Lovejoy JC, Champagne CM, Smith SR, deJonge L, Xie
H. Ethnic differences in dietary intakes, physical activity, and
energy expenditure in middle-aged, premenopausal women:
the Healthy Transitions study. Am J Clin Nutr. 2001;74:90-5.
Buchowski MS, Semenya J, Johnson AO. Dietary calcium
intake in lactose maldigesting intolerant and tolerant African-
American women. J Am Coll Nutr. 2002;21:47-54.
Tanasescu M, Ferris AM, Himmelgreen DA, Rodriguez,
Perez-Escamilla R. Biobehavioral factors are associated with
obesity in Puerto Rican children. J Nutr. 2000;130:1734—-42.
Carruth BR, Skinner JD. The role of dietary calcium and
other nutrients in moderating body fat in preschool children.
Int J Obes Relat Metab Disord. 2001;25:559—66.

Davies KM, Heaney RP, Recker RR, et al. Cacium intake
and body weight. J Clin Endocrinol Metab. 2000;85:4635-8.
Shah H. Effects of milk-derived bioactives: an overview. Br J
Nutr. 2000;84:3-10.

Pihlanto-Leppala A, Koskinen P, Piilola K, Tupasela T,
Korhonen H. Angiotensin I-converting enzyme inhibitory
properties of whey protein digests: concentration and charac-
terization of active peptides. J Dairy Res. 2000;67:53—64.
Mullally M, Meisel H, Fitzgerald R. Angiotensin-I-convert-
ing enzyme inhibitory activities of gastric and pancreatic
proteinase digests of whey proteins. Int Dairy J. 1997;2:299—
303.

Morris K, Wang Y, Kim S, Moustaid-Moussa N. Dietary
and hormonal regulation of the mammalian fatty acid synthase
gene. In: Moustaid-Moussa N, Berdanier CD, eds. Nutrient-
Gene Interactions in Health and Disease. Boca Raton, FL:
CRC Press; 2001, pp. 1-23.

Causey KR, Zemel MB. Dairy augmentation of the anti-
obesity effect of Cain aP2-agouti transgenic mice. FASEB J.
2003;17:A746 (abstr).

OBESITY RESEARCH Vol. 12 No. 4 April 2004 589



Calcium and Obesity, Zemel et al.

32.

33.

35.

36.

Layman DK. The role of leucine in weight loss diets and
glucose homeostasis. J Nutr. 2003;133:261-7S.

Denke MA, Fox MM, Schulte MC. Short-term dietary cal-
cium fortification increases fecal saturated fat content and
reduces serum lipids in men. J Nutr. 1993;123:1047-53.

. Welberg JW, Monkelbaan JF, deVriesEG, et al. Effects of

supplemental dietary calcium on quantitative and qualitative
fecal fat excretion in man. Ann Nutr Metab. 1994;38:185-91.
Shahkhalili Y, Murset C, Meirim |, et al. Calcium supple-
mentation of chocolate: Effect on cocoa butter digestibility
and blood lipidsin humans. Am J Clin Nutr. 2001;73:246-52.
Griffith LE, Guyatt GH, Cook RJ, Bucher HC, Cook DJ.
The influence of dietary and non-dietary calcium supplemen-
tation on blood pressure: an updated metaanalysis of random-
ized controlled trials. Am J Hypertension. 1999;12:84-92.

590 OBESITY RESEARCH Vol. 12 No. 4 April 2004

37.

38.

39.

41.

Zemel MB. Nutritional and endocrine modulation of intracel-
lular calcium: Implications in obesity, insulin resistance and
hypertension. Mol Cell Biochem. 1998;188:129-36.

Seckl JR, Walker BR. 11 B-hydroxysteroid dehydrogenase
type 1: a tissue-specific amplifier of glucocorticoid action.
Endocrinology. 2001;142:1371-6.

Rusk E, Olsson T, Soderberg S, et al. Tissue-specific dys-
regulation of cortisol metabolism in human obesity. J Clin
Endocrinol Metabol. 2001;86:1418-21.

. Masuzaki H, Paterson J, Shinyama H, et al. A transgenic

model of visceral obesity and the metabolic syndrome. Sci-
ence. 2001;294:2166—70.

Zemel MB, Sobhani T. Intracellular calcium modulation of
cortisol production in human adipocytes. FASEB J. 2003;17:
A323 (abstr).



