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Abstract
Intermitted fasting or every-other-day feeding (EOD) has many positive effects in rodents and humans. Our goal was to describe
how EOD influences bone mineral composition in female and male mice under prolonged EOD feeding. Male and female adult
mice were fed EOD for 9 months. After this time, we used a direct method of measurement of mineral components in ashes of
long bones (humerus and radius) to estimate the content of calcium (Ca), phosphorus (P), potassium (K), magnesium (Mg), and
sodium (Na). We also performed histological analysis of sections of long bones. We found no significant changes in mineral
composition between ad libitum and EOD fed males and females.We noted higher Ca and P contents in control males vs. females
and lower content of Mg in control males vs. females. We observed the presence of marrow adipose tissue (MAT) in sections of
EOD-fed females. EOD without supplementation during feeding days did not increase loss of mineral content of bones in
C57BL/6J mice, but the presence of MAT only in EOD females indicates a gender-dependent response to EOD treatment in
C57BL/6J mice.
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Introduction

A positive relationship between caloric restriction and longev-
ity has been reported in many species including rodents and
humans [1, 2]. The reduction of food intake without nutrient
deficiency may be achieved by different feeding regimes. One
of them is reduced calorie consumption in every-day diet. This
caloric restriction may vary from 10% up to 50% reduction as
compared to ad libitum (AL) [3–5]. Moreover, there is known
other variant of dietary intervention: every-other-day feeding
(EOD) also known as intermitted fasting (IF). This model is
based on the principle of feeding ad libitum only every-other-
day [6–8]. Intermitted fasting intervention was confirmed to
have beneficial effects such as glucose level and glucose tol-
erance, insulin level, and reduced insulin sensitivity in rodents

and humans [8, 9]. It has been also demonstrated that EOD
model helps to reduce weight and increase lifespan in rodents
and humans [8–10].

The influence of caloric restriction on bone thickness, den-
sity, volume, and resistance was already described for rodents
[11–13]. Develin et al., in experiments with juvenile rats,
showed that caloric restriction led to decreased bone length
and trabecular bone volume, lower resistance to bending or
torsion, and deceased number of osteoblasts [11]. It was also
shown that decreased body weight decreases bone density in
older rats and increased body mass after high-fat diet, which
also negatively impacts microstructure of bones in female rats
[12, 13]. Additionally, energy restriction in obese female rats
does not improve bone quality [13]. There are not much data
showing the impact of energy restriction on bone mineral
content established by direct measurement of calcium (Ca)
and phosphorus (P) content in bones in long-term feeding
experiments in rodents. Inbred strains of mice vary in bone
mineral density. C57BL/6J mice were found to have low min-
eral bone density, with a broad bone marrow cavity, resistant
to ovariectomy-induced bone loss, and sensitive to mechani-
cal loading [14–17].

The aim of the present study was to show the influence of an
every-other-day feeding regime on mineral content in long
bones of low mineral density female and male C57BL/6J mice.
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Materials and Methods

Animals A total of 24, 4-week-old C57BlL/6J mice of both
sexes were employed in our experiments. Number of animals
used was reduced according to 3R guideline of Ethical
Committee. All animals were purchased from Center of
Experimental Medicine, Medical University in Białystok.
Mice were randomly divided into two groups (six animals/
group of each sex) and individually housed under a 12:12
light/dark cycle with free access to water. One half of the mice
(control) were given uninhibited access to the gain Labofeed H
(containing net energy 12.8 MJ/kg in proportion: 60% carbohy-
drates, 30% proteins, 10% fat mineral ingredients in Table 1)
(Morawski, Poland), and the other half of the animals were
deprived of food and fed AL only every-other-day (EOD) [8].
Body weight wasmeasured once a week starting on day 0. After
9 months, the mice were sacrificed for bones (humerus and
radius) collection. All procedures were approved by the animal
care and use Local Ethical Committee of Animal Studies, West
Pomeranian University of Technology (no 27/2012).

Tissue Preparation Bones for histological analysis were fixed
in 10% buffered formalin for 24h, and after fixation,
decalcified in 10% EDTA. After decalcification, soft bones
(humerus and radius) were dehydrated and embedded in sep-
arate paraffin blocks and cut into 3-μm sections. Bones for
mineral content analysis were frozen in liquid nitrogen during
necropsy and stored at − 80°C until analysis.

Histological Analysis Deparaffinized sections of bones (3 μm
thick) were rehydrated and stained with Mayer’s hematoxylin
and eosin (H&E) stain according to standard procedures. After
staining, sections were dehydrated in 95% and 99.8% alcohol,
cleared with xylene, mounted with Canada balsam (all
purchased from Sigma-Aldrich, USA) mounting medium, and
evaluated under an Olympus IX81 inverted microscope
(Olympus, Germany). Micrographs were collected with
CellSens software (Olympus, Germany). Humerus and radius
from each animal were evaluated separately. Figure 1 shows
exemplary images of histological sections of bones (male radius,
female humerus).

Bone Mineral Content Analysis All bones were cleaned of
excess flesh, tendons, and ligaments, transferred into
1.5-mLmicrotubes, and stored at − 80 °C until processed.

Samples were analyzed using inductively coupled plasma
optical emission spectrometry (ICP-OES, ICAP 7400 Duo,
Thermo Scientific) equipped with a concentric nebulizer and
cyclonic spray chamber to determine their Ca, Mg, Na, K, and
P contents. Analysis was performed in radial mode.

Samples were thawed at room temperature and dried over-
night at 70 °C to constant weight after cleaning of all adherent
tissue. Bones were ground into powder in a porcelain mortar
and mineralized using microwave digestion system MARS 5,
CEM. The weight of the bone tissue used for analysis was at
least 0.052 g.

Samples were transferred to clean polypropylene tubes.
One milliliter of 65% HNO3 (Suprapur, Merck) was added
to each vial, and each sample was allowed a 30-min pre-reac-
tion time in the clean hood. After completion of the pre-
reaction time, 1 mL of non-stabilized 30% H2O2 solution
(Suprapur, Merck) was added to each vial. Once the addition
of all reagents was complete, samples were placed in special
Teflon vessels and heated in microwaved digestion system for
35 min at 180 °C (15-min ramp to 180 °C and maintained at
180 °C for 20 min). At the end of digestion, all samples were
removed from the microwave and allowed to cool to room
temperature. In the clean hood, samples were transferred to
acid-washed 15-mL polypropylene sample tubes. A further
100-fold dilution was performed prior to ICP-OES measure-
ment. A volume of 100 μL was taken from each digest.
Samples were spiked with an internal standard to provide a
final concentration of 0.5 mg/LYtrium in 1 mL of 1% Triton
(Triton X-100, Sigma) and diluted to the final volume of
10 mL with 0.075% nitric acid (Suprapur, Merck). Samples
were stored in a monitored refrigerator at a nominal tempera-
ture of 8 °C until analysis.

Blank samples were prepared by adding concentrated nitric
acid to tubes without sample and subsequently treated in the
same manner as described above for samples.

Multi-element calibration standards (ICP multi-element
standard solution IV, Merck for Ca, K, Mg, and Na; ICAP
6000 Multi-Element Test Solution, Thermo Scientific for P)
were prepared with different concentrations of inorganic ele-
ments in the same manner as in blanks and samples.

Deionized water (Direct Q UV, Millipore, approximately
18.0MΩ) was used for preparation of all solutions. The wave-
lengths (nm) were 315.887 (Ca), 766.490 (K), 279.553 (Mg),
589.592 (Na), and 178.766 (P). The limits of detections
(LOD) for Ca, K, Mg, Na, and P were 0.017, 0.068, 0.001,
0.086, and 0.008 mg/L, respectively. The concentrations of
elements were expressed as g/kg dry mass (dm) of bones.

Validation of Analytical Proceedings The accuracy of the an-
alytical procedure was monitored by the determination of the

Table 1 Amount of mineral ingredients in Labofeed H chow
(commercial diet for maintenance of adult rodents) expressed in g per
kg of chow

Ingredient Amount in [g/kg] of chow

K 9.5

Ca 9.5

P 7.5

Mg 2.9

Na 2.0
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studied elements in reference material: NIST SRM 1486 Bone
Meal (National Institute of Standards and Technology). The
concentration values of the reference materials given by the
manufacturers and our determinations are shown in Table 2. In
order to determine the possible loss of analyte during the
chemical process or the impact of other factors on the results
of research, we conducted recovery testing.

Statistical Analysis The obtained results were analyzed using
the Statistica 10.0 software package. Arithmetical mean ± SD
was calculated for each of the studied parameters. The distri-
bution of results for individual variables was obtained with the
Shapiro-Wilk W test. As most of the distributions deviated
from the normal distribution, non-parametric tests were used
for further analyses. To assess the differences between the stud-
ied groups, the non-parametric Mann-WhitneyU-test was used
and p ≤ 0.05 was considered as statistically significant.

Results

Bone Histology Bone structure was well developed in all
groups of mice, with visible collagen fibers arrangement
pointed with yellow asterisk, and lacunae with osteocytes.
Osteoblasts and osteoclasts were also visible without signs
of osteoclasts activation. In broad bone cavities, red bone
marrow (RBM) was visible with a high number of megakar-
yocytes (M). In EOD animals, males had higher numbers of
hemosiderin (iron) containing macrophages visible, pointed
with green arrows. In bones of two of six EOD females, we
found some adipocytes in RBM (insert) (Fig. 1).

Mineral Content of Bones We found higher contents of Ca, P,
and Na in long bones of EOD females in comparison to AL-
fed females, but the difference was statistically insignificant.
We found changed Ca:P ratio. In proper hydroxyapatite crys-
tals Ca:P ratio is 1.667 [18]. In our bone samples, Ca:P ratio
was: for Al males 1.141, for AL females 1.232, for EOD
males 1.119, for EOD females 1.183. In all studied groups
Ca:P ratio shows increased amount of P and decreased amount
of Ca when compared to stehiometric hydroxyapatite ratio.
Levels of K and Mg were decreased in EOD females as com-
pared to AL females (Table 3). The proportion between Ca
and Na was constant and equaled 16:1. In males, we observed
similar, but not significant, higher contents of Ca and P, de-
creases in Na and Mg, but a significant increase in potassium
(K) content in long bones of EODmales in comparison to AL-

Table 2 The analysis of NIST-SRM 1486 (Bone Meal) by ICP-OES

Chemical elements Bone meal SRM NIST 1486 Recovery (%)

Certified Measured

Ca 265.8 ± 4 261.7 ± 22.4 100.49

K 0.412 ± 4 0.410 ± 8.6 100.48

Mg 4.66 ± 0.17 4.50 ± 0.3 95.74

Na 5.40 ± 0.00 5.00 ± 0.00 108.00

P 123.0 ± 1.9 125.0 ± 0.3 101.65

*

*

*

*

M

M

M

M

EOD AL

sela
meF

sela
M

Fig. 1 Morphology of bones
(H&E) C57BL/6J mice: males
and females. AL, ad libitum fed;
EOD, every-other-day-fed
animals; objective magnification
× 10, scale bar 100 μm; insert in
EOD female panel indicates
presence of MAT (marrow
adipose tissue)—black arrow;
green arrows—macrophages
containing hemosiderin; yellow
asterisk—collagen fibers;
M,- megacariocytes
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fed male mice (Table 3). The proportion between Ca and Na
equaled 21:1 in AL males and 22:1in EOD males (Table 3).

We also compared the contents of minerals in long bones
between control (AL fed) males and females to note any gen-
der differences in mineral content at 10 months of age, which
is described as the beginning of osteopenia in male mice. We
found significantly higher contents of Ca (p < 0.05) and P
(p < 0.01) in AL males vs. AL females, and a significantly
(p < 0.01) lower content of Mg in AL males than females
(Table 2). Sodium (Na) and potassium (K) levels were similar
in both AL-fed groups (Table 4).

We found no correlation between body weight and amount
of Ca, P, K, Mg, and Na in non-tested groups of animals.

Discussion

Studied elements play a key role in many cellular processes
including cell-signaling, neural processes, muscle function,
blood coagulation, acid-base balance, and bonemineralization
[20]. Phosphorus is also responsible for proper vascularization
and mineralization of hypertrophic chondrocytes in growth
plate, which further promotes new bone formation [20]. The
majority of Ca and P is found in bones or bones and teeth:
99% and 85% respectively. In skeleton, Ca and P make hy-
droxyapatite crystal also in the form of calcium phosphate
[20]. Minerals can be mobilized from bone to maintain sys-
temic mineral homeostasis even if that leads to loss of struc-
tural integrity in skeleton [20].

Experiments on age-related bone loss revealed that femoral
bones of C57BL/6J mice increase in length up to 12 weeks of
age and bone volume and trabecular number increases until
2 months of age [21, 22]. After that time, bone parameters
decline, with greater loss in females than males [21]. The first
signs of osteopenia are observed at 42 weeks of age in male
mice [22]. It is supported with findings showing Ca decline
from 200 days of age (about 28th week of age) [23], and up
to 3 years of age, levels of Ca in bones decline 28.2% in

femoral bones of C57BL/6J mice [23]. In C57BL/6J strain,
the cancelous bone is thin with low mineral density; bone cav-
ities filled upwith bonemarrow are broad [14]. In our study, we
observed proper histological structure of long bones, with or-
ganized parallel collagen arrangement. We did not observed
increased activity of osteoclasts in any studied group. That
suggests that changes in amounts of mineral contents are not
the result of pathological increase of osteoclast activity or de-
creased collagen synthesis performed by osteoblasts. We ob-
served big cavities with bone marrow. In two slides from EOD
females, we noted the presence of adipocytes, often referred to
as marrow adipose tissue (MAT) [24]. MAT may comprise up
to 70% of bone marrow [25]. In mice, adipocytes in bone
marrow appear in aging animals, but also during caloric restric-
tion (CR) [26]. In our study, we found MAT expansion only in
females, which is consistent with other studies [26]. The au-
thors conclude that response to CR is sex-specific in C57BL/6J
mice [26]. It also supports our previous data with gender-
specific response to EOD in the liver [19].

We previously showed that prolonged EOD causes de-
creased body mass gain in EOD animals in comparison to their
ad libitum-fed littermates, but significant only in males [27].
We speculated, that differences in weight gain between genders
may be a result of overfeeding EOD females during the feeding
time, or different energy homeostasis governed by sex hor-
mones [27]. We observed no correlation between body mass
andmineral composition in any group of experimental animals.

Table 3 Amount of minerals [g/kg dry mass (dm) of bones ± SD] in long bones (humerus and radius) of C57BL/6J mice. AL, ad libitum fed; EOD,
every-other-day-fed animals

Males Females

Mineral component AL EOD AL EOD

Ca 269,672 ± 54,150.8 260,142 ± 50,174.0 199,070.8 ± 38,005.59 208,044.64 ± 16,862.37

P 236,307.9 ± 49,225.6 232,375.7 ± 42,397.3 161,626.8 ± 33,470.68 175,872.2 ± 12,863.5

Na 7285.8 ± 824.6 6828.2 ± 890.5 7000.04 ± 1115.03 7366,534 ± 696.47

Mg 5109.5 ± 622.1 4854.6 ± 442.2 5930.22 ± 1001.35 5540.53 ± 870.53

K 4907.3 ± 1022.3 5434.2 ± 1288.6 4681.19 ± 934.66 4489.77 ± 897.46

Weight gain [%] ref. no [19] 45.81* 21.2* 41.85 31.57

Body weight gain during the experimental period, difference significant in male mice *p < 0.05

Table 4 Gender differences in mineral composition in control (AL fed)
males and females

Mineral component AL males AL females

Ca 135.5%* 100%

P 146.2%** 100%

Na 104.1% 100%

Mg 86.2%** 100%

K 104.8% 100%

Females established as 100%. *p < 0.05; **p < 0.01
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It was already shown that bone mineral composition does not
correlate with body weight in mice [15]. The bones C57BL/6J
mice characterize with broad marrow cavities and thin cortical
bone with low mineral density [15]. We speculate, that low
bone density causes resistance to further bone loss in reply to
bone loss-inducing factors like low estrogen level [16]. This
may suggest that decrease in mineral elements consumption
during EOD treatment in adult C57BlL/6J mice is insufficient
stimulus to cause bone loss similar to ovariectomy which is
also insufficient to induced bone loss in this strain of mice [16].

Calcium (Ca) is a major bone mineral ingredient. The level of
Ca absorption from the gastrointestinal track depends on its con-
tent in food—in low Ca content, the intestinal absorption may
increase from 33 to 50% or more [28, 29]. Absorption is facili-
tated by active vitamin D and parathormone (PTH) and may be
reduced by the action of calcitonin or cortisol [29]. The serum
levels of Ca also depend on osteogenic and osteolytic processes
in bones, which are also under hormonal control. Phosphates,
androgens, oestrogens, and calcitonin increase bone formation,
while PTH, vitamin D, prostaglandin E1, and increased levels of
thyroid gland hormones activate bone resorption [30, 31].

We also noted disproportion in Ca and P contents between
males and females of AL groups, which is in with agreement
with previous data showing greater loss of bone mineral con-
tent in female than male mice [21]. The EOD feeding regime
did not significantly influence the amount of Ca or P in bone
structure when we compared control males vs. EOD males
and control females vs. EOD females for single mineral. We
observed decreased Ca:P ratio in all studied groups in com-
parison to stehiometric hydroxyapatite ratio (Ca:P = 1.667).
We suggest that this difference may be the result of the type
of bone used in the analysis; we used upper limb bones hu-
merus and radius while other teams usually use tibia and fe-
mur [14–17]. Also, the strain and sex of animals used in the
study may be the reason of this disproportion: we used low
mineral density C57BlL/6J mice and not only males but also
females. Additionally, diet, balanced but used every-other-day
may be responsible for this disproportion. Decreased mineral
content in humerus of C57BL/6J mice after dietary restriction
was reported by Murray and coauthors [32]. The type of diet
was caloric restriction to 70% of ad libitum [32]. The in-
creased P amount after 40% caloric restriction was also ob-
served in male rats, and this increase of P was significantly
higher in older restricted animals than younger restricted rats
[33]. This may suggest that dietary restriction without supple-
mentation, introduced to adult animals, does not intensify
bone loss observed during the life span but changes the Ca:P
ratio that may suggest delayed bone maturation [33].

In our experiment, increased K levels were observed in
bones of EOD males. On the other hand, the concentration of
K in AL males was insignificantly higher than in AL female
mice. Potassium (K) in bones is found in interstitial fluid, which
surrounds bone crystals and buffers metabolic acid load,

preventing bone loss [34, 35]. The most common reason for
increased K concentration is increased intake. But in our feed-
ing regime, we did not used any supplementation during the
fasting or feeding periods. The increased level of K may partly
explain increased Ca and P contents in bones, as protection from
bone loss. However, bonemetabolism is relatively insensitive to
potassium imbalance [34, 35]. Macdonald et al. [36] noted that
there is no effect of 2-year of potassium citrate supplementation
on bone metabolism, turnover, and bone mineral density in
post-menopausal women, but in other study, the authors shown
that potassium citrate supplementation is beneficial only for
women with high dietary sodium chloride intake [37].

The Mg concentration was insignificantly lower in EOD fe-
males andmales in comparison to AL-fed animals. The skeleton
is a main site for Mg storage (up to 60%) and one-third of Mg is
found in the cortical bone [38, 39]. Magnesium antagonizes Ca
[38]. The decreased concentration ofMg during prolonged EOD
treatment may be a reason for the observed tendency of in-
creased Ca concentrations in EOD-fed animals. On the other
hand,Mg concentrationwas significantly lower inAL-fedmales
than females, but Ca concentration was significantly higher in
AL males in comparison to AL-fed females. In our opinion, it
supports the hypothesis that bone response to EOD feeding
regime is sex-specific. Magnesium plays a crucial role in the
activation of enzymes involved in bone turnover [28].
Decreased Mg levels lead to decreased proliferation and devel-
opment of chondroblasts in cartilage of bones growth plates,
which in turn disrupts the synthesis of organic elements of the
extracellular matrix and further mineralization of the matrix
[28]. The crucial element of Mg action in bone is the activation
of acidic and alkaline phosphatases and other enzymes. Calcium
ions inhibit the action of alkaline phosphatase (expressed by
mature osteoblasts) [40]. There is also a strong connection be-
tween the concentrations of Ca, Mg, and PTH and their action,
which in turn influences bone turnover. Magnesium is localized
on the surface of crystals and can be exchanged for Ca [41].
Disturbances in the Ca/Mg ratio may be the cause of the calci-
fication of arteries, muscles or joints, and bone decalcification
(osteoporosis) and may lead to nephrolithiasis or adrenal insuf-
ficiency [42]. Hypomagnesemiamay lead to hypocalcemia even
if Ca intake and excretion is normal [42].

We also established the Na concentration in mice long bones.
Sodium is abundant in extracellular fluid in bones, but large
amounts of Na in bone are also found in the apatite complex
in calcified material of bone [43]. The Ca:Na molar ratio in
bones established for humans, monkeys, cats, dogs, and rats is
30:1 [44]. In our experiment, the Ca:Na molar ratio was16:1 in
female mice regardless of diet, 21:1 in AL males, and 22:1 in
EODmales. The difference inmolar ratiomay be a result of age:
at the time of mineral concentration measurements mice were
middle age (11 months of age). Harrison does not describe the
age of animals used in his experiment, but wemay conclude that
they were young adults, with fully developed skeleton [44].
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Bone disease is not associated with sodium excessive intake
or deficiency but there is growing concern over the impacts of
hyponatremia on osteoporosis in the elderly, what was demon-
strated in several epidemiologic studies [42, 45]. One of the
mechanisms of hyponatremia influence on bone metabolism is
stimulation osteoclasts proliferation and activity to mobilize so-
dium stored in bone [46, 47]. Therefore, high-salt diet should be
recommended, but on the other hand, this diet has been shown to
increase calcium resorption from bone [47] so people at risk for
osteoporosis should be carefully monitored for sodium intakes.

Conclusion

In a strain of mice characterized with low mineral density of
bones, prolonged EOD treatment did not lead to increased min-
eral loss. EOD feeding routine started in adulthood did not inten-
sify the loss of mineral content with age, but opposite: amelio-
rated the decrease of mineral deposits in animals with low min-
eral density. There is a possibility that this effect will be found
only in C57BL/6J mice, similar to its resistance to ovariectomy-
induced bone loss or sensitivity to mechanical loading.
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