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Abstract In the Western world, increased consumption
of carbonated soft drinks combined with a decreasing
intake of milk may increase the risk of osteoporosis.
This study was designed to reflect the trend of replacing
milk with carbonated beverages in a group of young
men on a low-calcium diet and studies the effects of this
replacement on calcium homeostasis and bone turnover.
This controlled crossover intervention study included 11
healthy men (22–29 years) who were given a low-cal-
cium basic diet in two 10-day intervention periods with
an intervening 10-day washout. During one period, they
drank 2.5 l of Coca Cola per day and during the other
period 2.5 l of semi-skimmed milk. Serum concentra-
tions of calcium, phosphate, 25-hydroxycholecalciferol,
1,25-dihydroxycholecalciferol (1,25(OH)2D), osteocal-
cin, bone-specific alkaline phosphatase (B-ALP) and
cross-linked C-telopeptides (CTX), plasma intact para-
thyroid hormone (PTH) and urinary cross-linked N-te-
lopeptides (NTX) were determined at baseline and
endpoint of each intervention period. An increase in
serum phosphate (P<0.001), 1,25(OH)2D (P<0.001),
PTH (P=0.046) and osteocalcin (P<0.001) was ob-
served in the cola period compared to the milk period.
Also, bone resorption was significantly increased fol-
lowing the cola period, seen as increased serum CTX

(P<0.001) and urinary NTX (P<0.001) compared to
the milk period. No changes were observed in serum
concentrations of calcium or B-ALP. This study de-
monstrates that over a 10-day period high intake of cola
with a low-calcium diet induces increased bone turnover
compared to a high intake of milk with a low-calcium
diet. Thus, the trend towards a replacement of milk with
cola and other soft drinks, which results in a low calcium
intake, may negatively affect bone health as indicated by
this short-term study.
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Introduction

Osteoporosis is an increasing public health problem
worldwide. Both men and women develop osteoporosis;
however, women are more prone to develop osteopo-
rosis due to a lower peak bone mass and estrogen
depletion after menopause [1]. As the population ages
and dietary patterns change, an increased prevalence of
osteoporosis will likely occur in the future [1, 2], and
osteoporosis is already of concern in the male popula-
tion as well. Efforts to reverse osteoporosis once the
disease has developed have not until recently been suc-
cessful, where recombinant parathyroid hormone (PTH)
has been shown to have an anabolic effect on bone [3].
However, an adequate diet throughout life is still
important to prevent or delay the onset of the disease [2,
4, 5].

Adolescence is a critical period for bone mass accre-
tion and maximizing peak bone mass in order to prevent
development of osteoporosis later in life [1, 4]. A recent
study demonstrated that intake of milk in childhood and
adolescence is associated with increased bone mass and
density in adulthood [5]. However, the trend in food
consumption is currently moving towards a reduced
milk intake coinciding with an increased consumption of
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soft drinks [6, 7, 8], of which the most popular are cola
beverages.

Several researchers have investigated an association
between the consumption of carbonated beverages and
bone health [6, 9, 10, 11, 12, 13]. In two cross-sectional
studies [10, 13], Wyshak and coworkers observed a po-
sitive relation between bone fractures and carbonated
beverage consumption in American teenage girls, but
not boys, and others have found an inverse association
between carbonated soft drink consumption and bone
mineral density (BMD) [11] and bone mineral content [6]
in adolescent girls. Again, no significant association was
observed in boys. Moreover, this association was most
pronounced in physically active girls, which has been
ascribed to their lower levels of endogenous estrogen or
possibly the increased rehydration needs of active chil-
dren [10, 13]. However, when a similar study was con-
ducted in a group of women aged 44 to 98 years, no
association between BMD and carbonated soft drink
consumption could be established [12], nor could a
relation between urinary calcium excretion and car-
bonated beverages as such be confirmed [9]. Suggestions
have been made that different substances in cola bever-
ages, i.e., phosphorus, sugar or caffeine, could be
responsible for the observed association [6, 9, 10], but
more likely, the displacement of milk is responsible. This
clinical intervention study was carried out to elucidate
the findings of the epidemiological studies described.
The study is thought to reflect the trend of replacing
milk with cola beverages in young men on a low-calcium
diet in order to investigate its short-term effects on cal-
ciotrophic hormones and biochemical markers related to
bone turnover. The amount of soft drinks varies a great
deal among individuals, and the 2.5 l of cola consumed
in the present study is an extreme amount, but may re-
flect intakes seen in a small percentage of the population,
since previously high intakes of cola have been reported
[6, 8]. Also, 2.5 l of milk per day is a large quantity of
milk, which does not reflect the intake in the general
population, although the milk consumption is high in
Denmark and other Nordic countries.

Subjects and methods

Subjects

Subjects were healthy Caucasian males aged 22–
29 years, all university students. Subjects who were
smokers or elite athletes (>10 h/week), or who had ta-
ken dietary supplements or donated blood in the
3 months prior to the study were excluded. At entry of
the study, each subject’s weight was measured to the
nearest 0.1 kg by using an electronic digital scale and
height was measured to the nearest 1 mm by using a
wall-mounted stadiometer. The Municipal Ethical
Committee of Copenhagen and Frederiksberg approved
this research study (KF 01238/98).

Study design

Eleven men participated in this 30-day controlled
intervention study. The study was arranged in a ran-
domized crossover design consisting of two 10-day
experimental periods with an intervening 10-day wash-
out period. In the two intervention periods, subjects
consumed a strictly controlled basic diet with 2.5 l of
either Coca Cola or semi-skimmed milk (0.5% fat) per
day contributing equally to the daily energy intake
(4 MJ/d). In the washout period, the subjects consumed
their habitual diet.

Diet

Subjects were given the same low-calcium basic diet in
the two intervention periods in addition to the 2.5 l of
cola or milk, and all foods and drinks were provided and
served by the institute. The basic diet consisted of or-
dinary, low-calcium foods (Table 1). Two different
lunch meals and three different dinner meals were served
in the same order during the two intervention periods in
the study; breakfast and snack meals were the same
every day. The subjects were instructed to consume a
minimum of 1.5 l of the provided cola or milk in com-
bination with meals. Mineral water was provided ad
libitum. The energy content of individual diets was ad-
justed according to the height, weight and physical
activity of each subject to 9–14 MJ/d [14]. If subjects
were hungry, the energy level was adjusted by adding
bread equivalent to either 0.5 or 1.0 MJ from the 2nd
day of the first intervention period. The energy content
of cola and semi-skimmed milk is the same and provided
4 MJ/d and thus the energy intake was identical in the
two periods for each subject, with total energy intake
ranging from 13 to 18 MJ/d. To ensure compliance, the
lunch meals were served at the institute on all weekdays,
and researchers maintained daily contact with each
subject when handing out the food and drinks for

Table 1 The basic diet used in both experimental periods consisted
of ordinary low-calcium foods providing 9–14 MJ/d depending on
the estimated energy requirement of the subjects. The number of
times the meal was served during a 10-day intervention period is
listed in brackets. The institute provided all foods and beverages,
including mineral water

Menu
Breakfast Carrot bread with

butter and raspberry jam (10 days)
Lunch Coarse-wheat-grained bread, butter,

salami, roast beef and tomatoes
(5 days) or
Coarse-wheat-grained bread, butter,
liver pâté, smoked turkey and
cucumber (5 days)

Dinner Pasta Bolognese (4 days) or
Rice with goulash (3 days) or
risotto (3 days)

Snack Apples, digestive biscuits, wine gum
(10 days)
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consumption at home. All subjects completed the two
intervention periods. Self-recordings of daily mineral
water consumption were carried out.

The phosphorus (P) and calcium (Ca) contents of the
diets were calculated using a Danish computerized
nutrient database (DanKost 2000, version 1.2). In the
milk period, the average intake of calcium and phos-
phorus was 3,500 mg/day and 3,640 mg/day, respec-
tively (Ca:P=0.96). Milk contributed 3,100 mg calcium
and 2,375 mg phosphorus per day. The energy distri-
bution was as follows in the milk period: 20.2% from
protein, 51.8% from carbohydrates and 28.1% from fat.
In the cola period, the average daily intake of calcium
and phosphorus was 470 mg and 1,690 mg, respectively
(Ca:P=0.28). Here, cola contributed 75 mg calcium and
425 mg phosphorus per day. In the cola period, the
energy distribution was as follows: 9.4% from protein,
67.4% from carbohydrates and 24.1% from fat.

Analytical procedures

Serum and plasma samples were obtained from blood
drawn under fasting conditions at baseline and on the
last day of each intervention period. Subjects fasted for
12 h and were instructed to avoid severe physical
activity before blood sampling. Urine samples were
collected from the second morning urination after fast.
Serum, plasma and urine samples were stored at )20�C
until analysis. All measurements were carried out in a
single batch after the second intervention period. Cal-
cium, phosphate, 25-hydroxycholecalciferol (25(OH)D),
1,25-dihydroxycholecalciferol (1,25(OH)2D), osteocal-
cin, bone-specific alkaline phosphatase (B-ALP) and
cross-linked C-telopeptides (CTX) were measured in
serum, intact parathyroid hormone (PTH) was mea-
sured in plasma, and cross-linked N-telopeptides (NTX)
in urine.

Calcium was measured by atomic-absorption spec-
troscopy (Spectra AA-200 Varian, Varian Techtron Pty.
Limited, Victoria, Australia), and intra-assay precision
was 4.2%. Inorganic phosphate was determined photo-
metrically at 340 nm (Cobas Mira, Roche Diagnostics
Systems, Basel, Switzerland) using a Roche Diagnostics
kit (Roche Diagnostics GmbH, Annheim, Germany).
Intra-assay precision was 1.4%. Levels of 25(OH)D and
1,25(OH)2D were determined by radioimmunoassays
(RIA), and both cholecalciferol and ergocalciferol
metabolites were measured. 25(OH)D was only mea-
sured in the first blood sample as an indicator of the
subjects’ vitamin D status using a 125I RIA kit (DiaSo-
rin, Stillwater, Minn.). 1,25(OH)2D was quantified using
125I IDS Gamma-B kit (Immune Diagnostic Systems,
Boldon, UK). Intra-assay precisions were 10 and 13%
for 25(OH)D and 1,25(OH)2D, respectively. Intact PTH
was quantified with an Immulite intact PTH immuno-
assay kit (Diagnostic Products Corporation, Los Ange-
les, Calif.). Intra-assay precision was measured to 5.8%.
Osteocalcin and B-ALP were determined with an

N-MID Osteocalcin assay based on an electrochemilu-
minescence immunoassay (ECLIA) and a Roche B-ALP
kit based on wheat-germ lectin precipitation (Roche
Diagnostics GmbH, Annheim, Germany). The intra-
assay precisions were 2.5 and 6.7% for osteocalcin and
B-ALP, respectively. CTX was measured using a Serum
Crosslaps One Step ECLIA (Osteometer Biotech, Her-
lev, Denmark), with an intra-assay of 4.3%. Urinary
NTX was measured by a competitive enzyme immuno-
assay technique using Vitros NTX assay (Ortho-Clinical
Diagnostics, Amersham, UK). Intra-assay precision was
3.3%, and NTX is expressed as nmol of bone collagen
equivalents (BCE) per mmol of creatinine.

Statistical analysis

All statistical analyses and calculations were performed
using the Statistical Analysis System software package,
version 8.02 (SAS Institute inc., Cary, N.C.). Data were
controlled for homogeneity of variance verified by
residual plots, and the changes from baseline to end-
point were analyzed by paired t-test. Subject character-
istics are presented as medians (range), and results are
presented as means ± SE; the statistical significance was
defined as P<0.05.

A mixed model analysis was performed using the
MIXED procedure (proc mixed). First, baseline con-
centrations of the biochemical markers [calcium, phos-
phate, 25(OH)D, 1,25(OH)2D, PTH, osteocalcin, B-
ALP, CTX and NTX] were modeled as the dependent
variable in a mixed linear model to control for differ-
ences in baseline levels in the two intervention periods
resulting from the treatment. Denoting the i’th obser-
vation (1,2...,n), the effect of treatment (milk or cola)
and period and their interaction were modeled as a class
variable.

In a mixed linear model, end point concentrations of
the biochemical markers were modeled as the dependent
variable to evaluate the effect of treatment. The same
denotation and class variables were used as described
above, and furthermore, the baseline level of the
respective dependent variable was included in the model
as covariate, resulting in the model:

Yi ¼ a(treatmentiÞ þ b � baselinei þ cðperiodiÞ
þ mðtreatmenti � periodiÞ þ gðsubjectiÞ þ ei ;

where g(subjecti) is independently distributed subject-
specific random effects (�N(0,rg

2)), and �is are inde-
pendently distributed random variables (� N(0,r2)).

Results

The subject characteristics including baseline serum
25(OH)D concentrations, within the normal range for
all subjects, are presented in Table 2. There were no
significant differences in baseline values in any of the
biochemical markers, suggesting that the 10-day wash-
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out period was of sufficient length to avoid carry-over
effects (all P>0.17). No difference between the two
treatments was observed in serum concentration of cal-
cium, but a treatment by period interaction was seen
(P=0.002) (Table 3). The serum concentration of
phosphate was significantly different after the milk per-
iod compared to the cola period (P<0.001). A sig-
nificant difference between the two treatments was
observed also in 1,25(OH)2D (P<0.001), resulting from
a non-significant decline after milk consumption, but a
significant increase in the cola period (P=0.019). Also,
increases in the calciotrophic hormone PTH were ob-
served in both intervention periods, but the change from
baseline was only significant in the cola period
(P=0.020), resulting in a significant difference between
the two treatments (P=0.046). The serum concentration
of osteocalcin was significantly increased after the cola
period (P=0.014), whereas a decrease was observed
after the milk period (P<0.001). Thus, a significant
difference between the two treatments was found
(P<0.001). No differences were observed in B-ALP.
Bone resorption measured as serum CTX concentration
and urinary NTX excretion differed between the two
treatments (P<0.001) as these increased after the cola
period, although not significantly, whereas decreases
were seen in the milk period (P<0.001 and P=0.024 for
CTX and NTX, respectively).

Moreover, the statistical analysis demonstrated a
significant dependency of baseline on the endpoint
concentration of osteocalcin (P<0.001), PTH
(P<0.001), CTX (P<0.001) and B-ALP (P<0.001).

Discussion

This short-term intervention study was designed to re-
flect the current trend of replacing milk with carbonated
beverages, leading to a low intake of calcium. The results
strongly indicate that such a replacement over a short
period adversely affects calcium homeostasis and bone
turnover. When the subjects were placed on a low-cal-
cium diet, consumption of 2.5 l cola per day for 10 days
caused significant increases in the calciotrophic hor-
mones and biochemical markers of bone turnover
compared to an iso-energetic intake of 2.5 l milk with
the same low-calcium diet.

Previous studies have found an association between
cola consumption and increased secretion of calcio-
trophic hormones and bone resorption in adult women

[15, 16]. Johansen and Eiken [15] describe two cases of
secondary hyperparathyroidism caused by a yearlong
massive cola consumption of ‡1 l/d together with a low
calcium intake. In a case control study with postmen-
opausal women, higher consumption of carbonated soft
drinks was significantly associated with hypocalcemia
[16], which has also been found in a case control study
with children [17]. Moreover, increased cola consump-
tion has been linked to lower BMD in young girls [6,
11] as well as an increased occurrence of fractures in
teenage girls [10, 13, 18]. Thus, it is likely that the re-
sponses obtained here after a 10-day period of high
cola intake may, in fact, induce bone resorption if
sustained over time and thereby increase the long-term
risk for osteoporosis. It is likely that the amount of
cola consumed in the present study does indeed reflect
some extremes of the intake seen in the general popu-
lation, particularly among teenagers, since high intakes
of cola previously have been reported [6, 8]. No food
recording was made prior to this study, so the habitual
diet of the subjects is unknown. However, the intake of
calcium in Denmark is rather high due to a large
consumption of dairy products, and the mean calcium
intake in young men (19–24 years) was 1,379 mg/d in
the most recently published survey [19]. Thus, it is as-
sumed that both treatments were preceded by a high
calcium intake.

Table 2 Physical and biochemical characteristics of the subjects
measured at baseline of the first experimental period presented as
median (range) (n=11)

Parameter Baseline

Age, years 24 (22–29)
Height, m 1.77 (1.73–1.91)
Weight, kg 77.1 (63.2–100.4)
BMI, kg/m2 23.9 (18.7–27.5)
25(OH)D, nmol/l 91 (55–199)

Table 3 Responses to 10-day intervention with 2.5 l milk or cola
respectively in young men on a low-calcium basic diet1. PTH is
measured in plasma, NTX in urine and the remaining parameters in
serum

Parameter and
treatment

Baseline After 10 days Treatment2

Calcium, mmol/l
Milk 2.32±0.08 2.33±0.07 NS3

Cola 2.32±0.07 2.32±0.09
Phosphate, mmol/l
Milk 0.92±0.14 0.98±0.18 P<0.001
Cola 0.91±0.18 0.91±0.22
1,25(OH)2D, pmol/l
Milk 154.8±35.8 132.4±23.7 P<0.001
Cola 139.2±29.7 165.0±25.0
PTH, pmol/l
Milk 4.9± 1.2 5.3±1.5 P=0.046
Cola 5.1± 1.2 5.9±0.9
Osteocalcin, lg/l
Milk 45.3± 13.7 36.8±11.8 P<0.001
Cola 44.5± 19.6 50.6±17.1
B-ALP, U/l
Milk 85.7± 42.3 90.1±49.7 NS
Cola 92.5± 52.3 94.0±45.1
CTX, lg/l
Milk 0.8±0.3 0.6±0.2 P<0.001
Cola 0.8±0.4 0.9±0.3
NTX, nmol
BCE/mmol creatinine
Milk 62.1±19.2 47.3±15.5 P<0.001
Cola 61.8±22.8 66.3±17.1

1Mean ± SE (n=11). 2Level of significance for difference between
response in cola and milk period. 3Level of significance for treat-
ment by period interaction was 0.002, and no significance level for
effect of treatment can be given due to significant interaction
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Maintaining the stability of the serum concentration
of calcium is vital for optimal physiological function,
and its regulation primarily involves the calciotrophic
hormone PTH, in that calcium acts directly on the
parathyroid glands in a feed back fashion to regulate the
secretion of PTH [20]. In the present study, no changes
were observed in serum calcium concentrations as was
expected because of a functional regulation, but higher
levels of the calciotrophic hormones PTH and
1,25(OH2)D were observed after the cola period than
after the milk period. This disturbance in calcium
homeostasis can result from a number of things: a re-
duced calcium intake, a change in the Ca:P ratio (0.96
vs. 0.28 in the milk and cola period, respectively) and the
caffeine content of cola or a combination of these. The
phosphorus content of the diet may be important if it is
not balanced by dietary calcium because of its potential
risk for elevation of PTH and bone loss [21].

It is an ongoing discussion whether a high phospho-
rus intake adversely affects bone mass and density by
PTH stimulation. A sustained rise in PTH following the
intake of phosphates has been observed in both animal
and human studies [21, 22, 23], which is generally
attributed to the formation of calcium phosphate com-
plexes in the blood, resulting in a drop in free ionized
serum calcium. Calvo et al. [21] observed elevated levels
of PTH and 1,25(OH)2D in 16 men and women after
8 days on a high-phosphorus and low-calcium diet.
Contrarily, in a study by Bizik et al. [23], PTH levels
were not increased as a result of high dietary phosphorus
intake when given together with adequate amounts of
calcium, where the decrease in free ionized calcium is
compensated for by the diet. Thus, an adverse effect on
PTH secretion from high phosphorus intake was seen
only when calcium intake was inadequate. In the present
study, calcium intake was inadequately low in the cola
period (470 mg Ca/d). The cola intake of 2.5 l/d pro-
vided 425 mg P/d in addition to the phosphorus content
of the basic diet, whereas milk gave an additional
2,380 mg P/d. Hence, cola did not contribute to an ex-
cess amount of phosphorus; rather, a significant rise was
observed in serum phosphate after the milk period. This
also illustrates that the phosphate concentration in the
blood is less tightly regulated than calcium. Thus, a low-
calcium diet is capable of inducing increases in PTH and
1,25(OH)2D in order to normalize ionized calcium
concentrations at the expense of bone mass. The phos-
phorus content of the diet seems to be of less significance
than the molar ratio of calcium to phosphorus, sub-
stantiated by the finding that Ca:P is a better predictor
of BMD than calcium or phosphorus alone in a cross-
sectional study of 38 young women [24], as well as in a
group of 510 perimenopausal women [25]. The recom-
mended molar ratio of Ca:P is 1 [26], which was ob-
tained in the milk period in the present study (0.96),
whereas it was only about one fourth of that in the cola
period (0.28). This is a significant change from the rec-
ommended Ca:P ratio. However, a similarly low ratio is
not uncommonly seen in Western populations. The

serum concentrations of osteocalcin exhibited a small
but significant decrease after the milk period, whereas a
significant increase was observed after the cola period.
Thus, milk consumption slows down bone turnover,
whereas cola together with a low-calcium diet results in
increased bone turnover. This is supported by the de-
creases and increases observed in the bone resorption
markers, serum CTX and urinary NTX following milk
and cola consumption, respectively.

To the authors’ knowledge only one other controlled
intervention study has previously investigated the effect
of cola and other carbonated beverages on calcium
homeostasis [9]. This study included 30 women aged 20–
40 years and demonstrated an association between 5-h
urinary excess calcium excretion and caffeine-containing
carbonated beverages. Beverages without caffeine
including those containing phosphoric acid did not af-
fect urinary calcium excretion, but the available evidence
concerning caffeine and bone health is conflicting [27,
28, 29]. Nonetheless, this study was not designed to
reach conclusions about the role of caffeine in relation to
cola consumption.

A strong aspect of this study is that the diets were
identical in the two intervention periods and thus the
only difference was the replacement of milk with cola,
which reflects the food trend investigated here. However,
this study also has some limitations.

Protein intake differed in the two intervention peri-
ods, in that 20.2% of the energy derived from protein in
the milk period, whereas only 9.4% of the energy was
protein-derived in the cola period. This may very well
have a short-term calciuric effect, although there is a lack
of evidence from long-term studies of continued urinary
calcium loss and bone loss. The available evidence rather
suggests that protein may have a biphasic effect on bone
health as reviewed by Ginty [30], since both low and high
protein intakes may adversely affect bone. However, no
consensus has been reached at present.

Male subjects were chosen over females to avoid the
variation in hormone levels resulting from the use of oral
contraceptives, which could potentially influence the
results. Had women instead been chosen, it is possible
that the changes would have been more pronounced,
since previous studies show a relation between bone
health and soft drink consumption primarily in females
[11, 13]. Most importantly, no conclusions on the effect
of cola specifically can be obtained from this study, since
neither a non-cola carbonated beverage nor a cola and
high-calcium diet period were included in the study.
Also, the habitual diet of the subjects could potentially
have affected the results, but it is not possible to examine
this, as no food recording was conducted as part of this
study. However, the main object of this study was to
investigate the effects of the current trend of replacing
milk with cola. Finally, the intervention periods only
lasted 10 days, and thus no long-term conclusions on
cola consumption in relation to bone health can be
made, since adaptation is only expected to occur to some
degree after a 10-day period.
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In conclusion, the present study illustrates a potential
adverse effect of high cola consumption on bone turn-
over in individuals with low calcium intake. These
findings confirm the existing epidemiological evidence
that the health risk of soft drink consumption primarily
seems to be due to the replacement of milk with cola,
which results in an inadequately low calcium intake and
a low Ca:P ratio. The current trend towards the
replacement of milk with carbonated beverages results in
a decreased intake of calcium. This is an upsetting aspect
of the current nutritional habits, and it is necessary to
give some consideration as to how soft drink con-
sumption can be reduced and the intake of milk and
other dairy product increased in order to obtain an
adequate calcium intake and thereby improve bone
health, particularly among adolescents.
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