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ABSTRACT

Objective

This study investigated the effects of caffeine intake associated with inadequate or adequate calcium intake in
laparotomized or ovariectomized rats by means of the calcium balance. Forty adults Wistar rats were
ovariectomized or laparotomized.

Methods

The animals (n=40) were randomly placed in eight groups receiving the AIN-93 diet with 100% or 50% of the
recommended calcium intake with or without added caffeine (6mg/kg/day). The animals were kept in individuals
metabolic cages at a temperature of 24°+2°C, light/dark cycles of 12/12 hours, and deionized water available
ad libitum. On the 8" week of the experiment, food consumption was measured and 24-hour urine and 4-day
feces were collected to determine calcium balance [Balance=Ca intake-(Urinary Ca+Fecal Ca)].
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Results

Animals with adequate calcium intake presented higher balances and rates of calcium absorption and retention
(p<0.05) than those with inadequate calcium intake, regardless of caffeine intake (p<0.05). Caffeine intake did
not affect urinary calcium excretion but increased balance (p<0.05) in the groups with adequate calcium intake.

Conclusion

Adequate calcium intake attenuated the negative effects of estrogen deficiency and improved calcium balance
even in the presence of caffeine.

Indexing terms: Caffeine. Calcium bioavailability. Estrogen.

RESUMO

Objetivo

Investigar a relacdo entre a ingestdo de cafeina e a adequacao de calcio dietético em ratas ovariectomizadas
ou inteiras, por meio do balanco de calcio. Foram utilizadas 40 ratas Wistar adultas submetidas a cirurgia de
ovariectomia ou laparotomia.

Métodos

Os animais foram alocados em grupos (n=5) e receberam dieta AIN-93M contendo 100 ou 50% da recomendacao
de cdlcio com ou sem adicdo de cafeina (6mg/kg/dia). As fémeas foram alojadas em gaiolas metabdlicas
individuais, a temperatura de 24+2°C e ciclo de 12 horas claro/escuro e receberam dagua deionizada ad libitum.
Na oitava semana de experimento, quantificou-se a ingestdo da dieta e coletaram-se fezes de 4 dias e urina
dos animais por 24 horas para determinacdo do balanco [Balanco=Ca Ingerido - (Ca Fecal+Ca Urinario)].

Resultados

Por meio de interacao entre fatores, foi observado que o consumo de 100% de célcio elevou o balanco e os
teores de calcio absorvido e retido (p<0,05) quando comparados aos grupos 50%. As ratas com adequacao no
consumo de calcio aumentaram o balanco (p<0,05), independentemente da suplementacdo de cafeina. A
ingestao de cafeina ndo afetou a excrecao urinaria de calcio e elevou (p<0,05) o balanco nas ratas com 100%
de calcio, mas ndo nas com 50%.

Conclusao

A adequacdo no consumo de calcio atenuou os efeitos deletérios da reducdo estrogénica e proporcionou
maior balanco de célcio mesmo com ingestao de cafeina.

Termos de indexacao: Cafeina. Biodisponibilidade do célcio. Estrogénio.

INTRODUCTION resulting in low Bone Mineral Density (BMD)
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which increases the risk of fractures®>”’.
Osteoporosis is characterized by the World

Health Organization (WHO) as a multifactorial
condition'? in which there is loss of bone mass
and microstructural deterioration of bone tissue,

Estrogen deficiency impairs intestinal
calcium absorption, possibly leading to excessive
bone resorption followed by inadequate bone

increasing its fragility and, consequently, the risk
of fractures®. The prevalence of osteoporosis is
high, affecting about 33% of the women aged
more than 40 years®, and because of the higher
life expectancy worldwide, this figure tends to
grow?®, since the prevalence of this disease
increases with age*’.

The negative calcium balance observed in
the osteoporosis process® promotes bone loss,

formation'’. Studies show that the deleterious
effects of estrogen absence are most pronounced
when associated with insufficient calcium
intake'2. Velasquez-Meléndez et al.® reported that
Brazilian women ingest approximately half the
recommended calcium intake, increasing the risks
of osteoporosis in this group.

Dietary calcium is considered the starting
point for any osteoporosis therapy or treatment.

Rev. Nutr., Campinas, 26(3):313-322, maio/jun., 2013



The impact of estrogen deficiency combined with
low dietary calcium intake on calcium balance
requires further investigation, especially when
caffeine is also consumed.

High caffeine consumption is cited as a
risk factor for osteoporosis because it increases
diuresis and urinary calcium loss, reduces intestinal
absorption, and inhibits bone mineralization37:1°,
Studies of the interaction between caffeine and
calcium on bone health are contradictory211-14,
Harrys & Dawson-Hughes' reported that
adequate calcium intake by postmenopausal
women may protect them from the harmful
effects of caffeine on bone metabolism. However,
because calcium intake generally does not meet
the recommended intake®, caffeine consumption
by postmenopausal women is concerning.

Identifying factors that interfere with the
rate of bone loss may help to prevent and treat
osteoporosis’'3. Given the scarcity of literature
reports that investigate the associated
consumption of calcium and caffeine in patients
with estrogen deficiency, the objective of the
present study was to evaluate the effects of
caffeine intake associated or not with adequate
dietary calcium intake by ovariectomized or intact
rats on calcium balance.

METHODS

A total of forty adult female Wistar rats
(Rattus norvegicus) aged 160 days, with an
average weight of 289.5+17.1g (mean + standard
deviation) were used (the groups did not differ,
p>0.05). The animals were provided by the
Central Animal Facility of Universidade Federal
de Vicosa (UFV), Minas Gerais, Brazil, and the
experimental procedures were approved by the
local Research Ethics Committee on September
27, 2007 (protocol n° 80/2007). The sample size
was established as recommended by Eckelman
et al.'® for distinguishing the statistical differences
(p<0.05) between the control and treatment
groups, with a coefficient of variation of 15%.
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Twenty animals were ovariectomized
(OVX) and twenty were laparotomized (SHAM).
The animals were allowed to recover in individual
cages for three weeks, during which they received
a commercial pelleted diet and distilled water ad
libitum, the anti-inflammatory drug ketoprofen
(2mg/kg) for three days, and the antibiotic
ampicillin sodium (30mg/kg) for five days.

After the recovery period, the rats were
randomly divided into eight groups (n=5) in a
2x2x2 factorial design, including two surgical
methods (SHAM and OVX), two levels of calcium
intake (50% and 100% adequacy) and two levels
of caffeine intake (with or without). Body weight
and food consumption were monitored weekly.

The animals were maintained in individual
stainless steel cages at an average temperature
of 24°C and a 12-hour photoperiod for eight
weeks. They received 20g of the AIN-93M
semipurified diet with 50.0% (0.25% calcium
diet) or 100.0% (0.5% calcium diet) of the
recommended calcium content'” (Chart 1). The
difference between the dietary calcium contents
was determined by the amount of calcium
carbonate (the dietary calcium source) present in
the mineral mixture. Some groups also received

Chart 1. Composition of the AIN-93M diet. Vicosa (MG), Brazil,

2010.
Ingredients Quantity in 100g
Casein (85% protein) 14.00
Dextrinized starch (92 % tetrasaccharides) 15.50
Sucrose 10.00
Soybean oil 4.00
Fiber (microfine cellulose) 5.00
Mineral mixture® 3.50
Vitamin mixture 1.00
L-Cystine 0.18
Choline Bitartrate 0.25
Corn Starch 46.57

Note: * A mineral mixture containing 357.0g of calcium carbonate per
kilogram (calcium carbonate is 40.04% calcium by weight) of mineral
mixture was added to the diets with 100.00% of the recommended
calcium content, and half that amount (178.5g) of calcium carbonate
plus the same amount of sucrose was added to the diet with 50.00%
of the recommended calcium content to complete the mineral mixture
weight of 1kg.
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caffeine powder (6mg/kg of body weight/day)
added to the diet and deionized water ad libitum.
The caffeine dose was considered moderate by
the authors for use in animals'.

In the eighth week of the experiment,
feces and urine were collected to determine the
balance (Balance=Ca intake - Fecal Ca - Urinary Ca)
and the percentages of retention (%Retention=
Balance/Ca intake x 100) and absorption (%
Absorption=Ca intake - Fecal Ca/Ca intake x 100)
of calcium.

Calcium intake was determined by
averaging four days of food intake of the animals
multiplied by the calcium content of each diet
(0.5% for the diet with 100.0% calcium and
0.25% for that with 50.0% calcium).

Indigo carmine was added to the diet at a
concentration of 0.2% for fecal staining. Feces
were collected as follows during the days of
observation: on day two, the feces stained with
carmine were collected; on days three and four,
all feces were collected; and on day five, only the
unstained feces were collected. The fecal matter
was freed from impurities by sifting. It was then
weighed and oven dried at 105°C for 24 hours.
After cooling, it was weighed and ground by a
multiprocessor for further analysis of the calcium
content.

Urine was collected for 24 hours after
placing the animals in individual stainless steel
metabolic cages. The volume was completed to
10mL with deionized water and centrifuged for
15 minutes at 4,000rpm (Excelsa-Fanem, Brazil).
After centrifugation, 50% hydrochloric acid
(20mL/mL) was added and the samples were
stored in a freezer at approximately -20°C.

Aliquots of feces and the centrifuged urine
supernatant were digested for 16-hours in
concentrated nitric acid and diluted in deionized
water, and the calcium content was determined
by the GBC 908 AA atomic absorption
spectrophotometer?®. All analyses were
performed in triplicate and the average calculated.
The samples were prepared as recommended by

the Association of Official Analytical Chemists?'.
The cages and glassware were demineralized with
10% nitric acid for four hours and rinsed with
deionized water.

The Kolmogorov-Smirnov test was used
for testing normality, and three-way analysis of
variance (Anova, for the interactions and three
factors) and F-tests were used for the parametric
analyses. The statistical treatment was performed
by the software Sigma Stat 3.0 with a significance
level of 5% (p<0.05).

RESULTS

The OVX groups gained more weight than
the SHAM groups (56.49g+17.0 versus
35.5g+11.5, respectively) (p<0.05). The SHAM
and OVX groups with adequate calcium intake
(100%) presented higher (p<0.05) fecal calcium
content and calcium balance than those with low
calcium intake (50%) (Table 1). However, the OVX
groups with adequate calcium intake exhibited
lower percentages of retention and absorption

Table 1. Calcium balance for ovary and calcium interaction. Vi-
¢osa (MG), Brazil, 2010.

100% 50%
Calcium M SD M SD
Fecal (mg/day)
SHAM 458 + 178 233 = 1.7%
OVvX 575 = 1.7 254 = 1.7Ab
Balance (mg/day) + +
SHAM 358 = 1.9 16.7 = 1.9
OVX 236 = 1098 174 + 1980
% Retention + +
SHAM 433 £ 25" 415 = 2.5R
OVX 288 + 258 401 = 2.5R
% Absorption + +
SHAM 441 = 24k 420 = 2.4k
OVX 202 + 248 406 = 24R°

Note: SHAM: Laparotomized; OVX: Ovariectomized. Values in mean
(M) + Standard Deviation (SD). Means with the same lowercase letters
horizontally do not differ with respect to calcium intake (100% or 50%)
and means with the same capital letters vertically do not differ as to
the presence (SHAM) or absence (OVX) of the ovary according to
the F-test (p<0.05), regardless of caffeine consumption.
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than OVX groups with inadequate calcium intake;
and higher fecal calcium and lower balance, %
retention, and % absorption than the SHAM
groups. The calcium balance in the SHAM and
OVX groups with inadequate calcium intakes did
not differ significantly.

Table 2 shows that a statistical interaction
was observed in the calcium balance for the
factors calcium and caffeine. All animals with
adequate calcium intake, regardless of caffeine
intake, presented a significantly higher calcium
balance (p<0.05) than those with inadequate
calcium intake. All animals with adequate calcium
intake consuming caffeine had a higher calcium
balance than those that did not consume caffeine
(p<0.05).

No statistical interactions were identified
(p>0.05) between the factors in the other calcium
balance parameters. The results of the calcium

Table 2. Calcium balance for calcium and caffeine. Vicosa (MG),

Brazil, 2010.
100% 50%
M SD M SD
Calcium balance (mg/day)
No caffeine 248 = 2.1Ba 16.7 = 16.7
Caffeine 346 £ 2.1A2 17.4 = 17.4

Note: Values in mean (M) + Standard Deviation (SD). Means with the
same lowercase letter horizontally do not differ with respect to calcium
intake (100% or 50%), and means with the same capital letters vertically
do not differ with respect to caffeine intake according to the F-test
(p<0.05), regardless of ovariectomy status.
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balance for the factors ovary, calcium, and
caffeine are shown in Table 3.

Considering the factor ovary, the OVX
animals had higher (p<0.05) fecal calcium content
than the SHAM animals, although they exhibited
lower urinary calcium content, balance, %
retention, and % absorption.

The animals with adequate calcium intake
had higher (p<0.05) fecal and urinary calcium
contents and balance, and lower levels of calcium
retention and absorption than those with low
calcium intake.

Animals consuming caffeine presented
higher calcium balance, retention, and absorption
(p<0.05), and lower fecal calcium content, than
those that did not consume caffeine. Caffeine did
not affect urinary calcium excretion.

DISCUSSION

This study used calcium balance to
investigate the effects of estrogen deficiency,
inadequate dietary calcium intake, and moderate
caffeine consumption on female Wistar rats.
Estrogen deficiency increased body weight,
reduced calcium balance, and reduced the
percentage of calcium absorbed and retained.
Inadequate calcium intake reduced calcium
balance, but increased the percentage absorbed
and retained. Moderate caffeine consumption
increased calcium balance and the percentage

Table 3. Calcium balance for principal effect of the factors. Vicosa (MG) Brazil, 2010.

Principal effect of the factors

Calcium parameters

Ovary Calcium Caffeine

SHAM OvX 100% 50% No Caffeine Caffeine
Ingested (mg/day) 612 +5.0° 622 +4.62 818 +16° 416 +0.9° 60.9 =+ 4.6 62.5 +5.0°
Fecal (mg/day) 345 +2.8° 414 +£392 51.6 +2.0% 244 +£0.7° 39.8 +3.8° 362 +3.0°
Urinary (mg) 0.42 +0.06° 0.25 +0.03b 0.47 +0.06° 0.20 +0.01° 0.36 + 0.06° 0.31 £ 0.05°
Balance (mg/day) 263 +25° 205 +1.6° 297 +22° 171 +£0.8° 208 +1.7° 260 +25°
% Retention 424 £152 345 +23b 36.1 +24° 40.8 +1.6% 355 +2.3b 414 +£1.72
% Absorption 430 +152 349 +23° 36.6 +2.4° 413 +16° 36.0 +2.3b 419 +1.7°

Note: No caffeine. Values in mean + standard deviation. Means with the same lowercase letter horizontally for each variable (ovary, calcium, or

caffeine) do not differ according to the F-test (p<0.05).
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absorbed and retained. Finally, with respect to
calcium balance, inadequate calcium intake
interacted with estrogen deficiency and caffeine
consumption.

Calcium intake does not mitigate the
effects of ovariectomy on calcium homeostasis.
The present findings corroborate those of Zhang
et al.?2, Kobayashi et al.?* and Mitamura et al.?.
Zhang et al.?? studied OVX and SHAM Sprague-
Dawley rats and found that OVX reduced calcium
absorption and balance, resulting in increased
excretion of fecal calcium. They also found that
OVX animals gained more weight, a fact reported
in the literature for humans and animals??%
attributed to hormonal disorder and greater fat
accumulation. Kobayashi et al.2® reported that
Fisher rats had lower calcium balance than SHAM
rats due to low intestinal absorption eight weeks
after ovariectomy. Mitamura et al.?* studied OVX
and SHAM Sprague-Dawley rats consuming diets
with different calcium contents for eight weeks
and found that OVX reduced calcium balance by
lowering blood estradiol levels and calcium
absorption.

Hypoestrogenism reduces intestinal
calcium absorption, which may stem from low
enzyme activity in the intestinal mucosa,
increasing fecal loss??, which supports the present
results. By analogy, menopausal women with
hormone deficiency and a gastrointestinal tract
with naturally low absorptive capacity would be
considerably susceptible to osteopenia.

Calciuria is minimized because low
estrogen increases Parathormone (PTH) activity
in calcium homeostasis?. This hormone maximizes
calcium reabsorption in the renal tubules, so its
absence may justify the high urinary calcium levels
found in animals with estrogen deficiency and/
or, together with low intestinal absorption, the
low levels of circulating calcium in those same
animals. In contrast, estrogen receptors modulate
renal tubular reabsorption of calcium and its
urinary excretion, which significantly rises after
menopause, suggesting lower renal reabsorption
of calcium in estrogen deficiency?.

Park et al.? fed SHAM and OVX rats diets
with 0.1 and 0.6% calcium contents and
monitored calciuria. Excretion increased in all
groups for 57 days after ovariectomy. However,
from postoperative days 58 to 80, calciuria
decreased in the OVX-0.6% calcium group. Since
calciuria continued to increase in the OVX-0.1%
group, the authors inferred that adequate calcium
intake enabled the rats to adapt to low estrogen.
In the present study, 77 days after surgery, calciuria
decreased as a function of ovariectomy and low
calcium intake, but there was no interaction
between the factors ovary and calcium,
supporting Park et al.?. These findings are
controversial, and it is not possible to confirm the
mechanism of action of estrogen deficiency and
inadequate calcium intake on renal calcium
reabsorption.

The study groups with inadequate calcium
intake lost less calcium in their feces than those
with adequate intakes, regardless of OVX status.
Zhang et al.?? reported similar findings and
justified them by the lower amount of calcium in
the intestines. Low calcium availability leads to
low absorption, triggering compensatory
mechanisms that are not always enough to
compensate low intake. Zhang et al.?? reported
that moderate (0.6%) and high (1.2%) dietary
calcium intakes had positive effects on the calcium
balance of OVX and SHAM females. Chronic low
calcium intake together with low estrogen levels
may have increased the absorptive efficiency and
retention in the study animals with inadequate
calcium intake as a compensatory mechanism 102226,

Calcium absorption is inversely proportional
to consumption, particularly in times of high
demand, but the total amount of calcium
absorbed increases with intake?®?’. This a
mechanism referred to as physiological or
functional adaptation to low nutrient supply.
However, the minimum consumption capable of
eliciting this compensatory response has not been
determined because calcium absorption depends
not only on its supply, but also on the presence
of vitamin D, intestinal transit time, and calcium
bioavailabiliy®28.
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Calcium deficiency resulting from
inadequate intake or low intestinal absorption
may result in low levels of circulating calcium,
which would increase the synthesis and release
of PTH. The main action of PTH is to regulate
calcium homeostasis, since its increased intestinal
absorption stimulates the production of vitamin
D, (1,25(0H),D,), reduces renal excretion, and
increases bone mobilization via paracrine factors,
such as the receptor activator of nuclear factor-
kappaB ligand (RANKL), to restore optimal blood
calcium levels*™. Thus, the study animals with
inadequate calcium intake may have high blood
levels of PTH, which increases calcium absorption
efficiency and minimizes the malabsorption
promoted by ovariectomy. This may partly justify
the similar calcium balance of study SHAM and
OVX rats with inadequate calcium intakes.

However, the calcium balance of these
animals remained lower than that of animals with
adequate calcium intake. This suggests that
adequate calcium intake can minimize the effects
of low estrogen on calcium balance and,
consequently, on bone metabolism. Estrogen-
deficient individuals consuming adequate
amounts of calcium may have better bone health
prognosis.

Type of calcium transport is another
mechanism that influences absorption. Estrogen
deficiency induced by ovariectomy impairs passive
calcium transport?®, which is primarily responsible
for absorption when calcium intake is adequate
or high?’. However, in animals with low calcium
intake, it may have increased calcium absorption
by active transport in the duodenum.

Caffeine consumption has been directly
related to renal calcium excretion and inversely
related to intestinal absorption??3°, Daly*® and
Massey & Sutton3®® suggested that cyclic
adenosine monophosphate (c-AMP) acts on
membrane receptors and stimulates reabsorption
of calcium in renal tubules, potentially blocked
by caffeine intake, increasing renal excretion and
leading to hypercalciuria. In an epidemiological
study of middle-aged women, Heaney?' found
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that caffeine intake did not change calcium
balance and absorption. However, a negative
correlation was identified between caffeine intake
and calcium balance.

Contrary to literature reports, the present
study found that caffeine intake increased calcium
balance and percentages of absorption and
retention, and reduced fecal losses, while urinary
losses remained stable. Alternatively, Zhou et al.™
suggested that, by inhibiting c-AMP degradation,
caffeine may increase its levels and promote the
release of PTH, which regulates serum calcium
homeostasis. Therefore, PTH could increase
intestinal absorption and bone mobilization and
reduce renal calcium excretion*'. In this study,
low fecal calcium and high calcium balance
promoted by caffeine may be associated with an
increase in c-AMP induced by caffeine, increasing
the release of PTH and thereby increasing
intestinal absorption. The increase in serum
calcium levels could subsequently decrease
secretion of PTH, preventing hypercalcemia and
bone resorption’.

Nonetheless, Chen & Whitford®? reported
that high caffeine intake (25 and 100mg/kg/day)
by six-week-old Sprague-Dawley rats did not
change calcium balance, absorption, or fecal
content. These controversial findings suggest the
need of studies that investigate the possible
mechanisms of action of caffeine on calcium
homeostasis.

In the current study, rats with adequate
calcium intake had higher balance, regardless of
caffeine supplementation. However, caffeine
ingestion only increased calcium balance in rats
with adequate intake. The absence of caffeine
action on the balance of the groups with
inadequate calcium intake can be explained by
the better calcium absorptive efficiency promoted
by a compensatory mechanism, as suggested
previously?6. However, the calcium balance in
animals with inadequate calcium intake was
approximately half that of animals with adequate
calcium intake, which would make them more
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susceptible to metabolic disorders caused by
negative calcium balance. These data stress the
impact of calcium ingestion on its balance.

Rapuri et al.? states that the main
interference factor on bone metabolism is calcium
intake adequacy, which directly affects its balance.
However, studies on women of all ages have
shown that calcium intake does not correlate with
BMD'3 and bone turnover markers'2. On the other
hand, calcium balance can be influenced by other
factors, such as estrogen deficiency and caffeine
consumption®12:39,

Studies show an inverse relationship
between caffeine and calcium intakes: high
caffeine intake is found in individuals with low
calcium intake®®'°. Wetmore et al.'® studied 625
Americans and found a higher caffeine intake
(>200mg/day) in women with calcium intakes
below 800mg/day. The consumption of three daily
cups of coffee daily (approximately 180mL),
corresponding to 300mg of caffeine, was
associated with BMD loss in older women who
do not consume milk and dairy products
regularly®. It has been suggested that high caffeine
intake has a modest effect on calcium loss in most
people?, and the deleterious effects of this
compound may be nullified by adequate calcium
intake™. However, more studies are needed to
clarify the interaction between calcium and
caffeine on calcium balance.

Caffeine/coffee intake increases urinary
calcium excretion?®" and reduces calcium
balance3’, BMD'", and bone formation3'.
However, in the present study, caffeine tended
to reduce urinary calcium excretion, confirming
the mechanism by which caffeine increases c-
AMP, which stimulates the release of PTH, which
in turn inhibits renal calcium excretion™.

Zhou et al.’ showed that caffeine exerts
negative effects on bone metabolism only when
estrogen is low or absent, and attributed the
calcium loss promoted by caffeine to the
antagonistic role of this hormone. Although

estrogen deficiency led to lower calcium balance
in the study groups, there was no significant
interaction between caffeine intake and estrogen
deficiency on calcium balance. The present results
confirm that caffeine intake did not affect calcium
balance and hence did not harm BMD and bone
turnover markers'?13.

Therefore, calcium balance alone may not
express the effects of caffeine on bone
metabolism, at least in the subclinical stage.
Regular caffeine intake may not impact the
apparent ability of the body to adapt to
inadequate calcium intake and estrogen
deficiency in ways that are not yet understood.
Moreover, existing damage to the bone
microstructure along with chronic exposure to
caffeine alone or in combination with other
factors may increase the risk of fractures.

CONCLUSION

Adequate calcium intake mitigated the
deleterious effects of estrogen deficiency and
caffeine consumption. Inadequate calcium intake
improved absorptive efficiency but not balance.
In contrast to previous publications, caffeine
increased calcium balance and reduced fecal
calcium losses. Thus, adequate calcium intake is
important for proper calcium homeostasis and for
reducing the risk of osteoporosis, especially in
caffeine consumers. Studies in postmenopausal
women using markers of bone remodeling,
densitometry, or isotopic techniques are needed
to better elucidate the mechanisms of action of
caffeine associated with dietary calcium intake.
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