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Effects of milk on the bone of a rat model of the female athlete
triad

Kei Ebina', Shota Sakai’, Kai Aoki?, Kazuki Kioka'
Yoshiya Tome*, Yasushi Kawakami’, Naomi Omi® and Kazuhiro Takekoshi’

Summary This study examined the effects of milk consumption on bone health in a rat model of
the female athlete triad (FAT), a condition characterized by low energy availability, menstrual
dysfunction, and osteoporosis. 6-week-old female Sprague Dawley rats were divided into four
groups: control, food restricted (40% restricted), FAT (food restricted + exercise), and FAT-milk
(FAT + 600 pL milk). After two weeks of high-intensity treadmill running (40 m/min, 15 min/day,
5 days/week), body weight, bone mineral density (BMD), blood biochemical markers, and calcium
absorption mechanisms were analyzed. The FAT group showed significant reductions in body
weight, BMD, and uterine mass, confirming the model’s validity. However, milk supplementation
prevented bone and uterine mass loss despite continued energy restriction. Serum osteocalcin was
elevated in the FAT group, indicating high bone turnover, while Trpv6 expression in the FAT-milk
group was reduced, suggesting efficient calcium absorption due to milk intake. These findings
indicate that milk consumption helps maintain bone health in energy-deficient conditions, making

it a potential nutritional intervention for young female athletes at risk of osteoporosis.
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1. Introduction

In recent years, there have been numerous reports
of health problems in athletes because of low energy
availability, and the International Olympic Committee
issued a consensus statement on this subject in 2023".
Energy availability is calculated as energy intake minus

energy consumed during exercise?, and this is the

energy used to maintain bodily function. Athletes train
intensively from childhood, and low energy availability
during growth retards their development® and can cause
symptoms such as hypothalamic amenorrhea and
osteoporosis in women?. Low energy availability,
hypothalamic amenorrhea, and osteoporosis have been
defined to comprise the female athlete triad (FAT), and
when this is present over a long period, it causes distur-

bances in various physiologic functions, including the
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immune system and metabolism'.

The most important aspect of the effective treat-
ment of FAT is to improve energy delivery and
increase energy availability. To this end, nutritional
supplementation, such as through supplementary
feeding, is important. An increase in energy intake or a
reduction in activity can be expected to restore
menstrual function and improve bone density in
affected individuals*’. In addition, carbohydrate
supplementation of the diet can prevent reproductive
dysfunction and bone loss®. However, greater energy
intake or a reduction in activity is very difficult to
achieve in athletes’. It has also been reported that
calcium supplementation does not restore bone strength
in intensively exercising individuals with low energy
availability, making it difficult to prevent bone mineral
loss through dietary supplementation under conditions
of energy deficiency’.

Milk has a high nutrient density and is absorbed
with high efficiency. In addition, the casein phospho-
peptides in milk are thought to help retain calcium and
promote calcium absorption from the intestinal tract®.
Furthermore, other factors, such as the effects of lactose
and the absence of inhibitors of absorption, make milk
consumption an optimal means of ensuring calcium
intake and maintaining bone mass. In general, bone
mineral density reaches a maximum during puberty
and then declines with age. According to the published
osteoporosis guidelines in Japan, insufficient bone
mass when young is not only associated with a risk of

fracture, but also of future osteoporosis’. U.S. study

Tablel ~Composition of daily diet.

finds milk consumption in childhood and adolescence
increases bone mass and bone density in adulthood
efforts to promote a diet that includes at least one
serving of milk per day for childhood and adolescent
girls to reduce the risk of osteoporotic fractures are
supported'®. Thus, milk may be a beneficial nutritional
supplement for women with FAT.

In this study, we supplemented the diet of a rat
model of FAT with milk to determine whether this

could prevent a reduction in bone mineral density.

2. Materials and methods

Animal treatments

The study was conducted with the approval of the
Animal Experiment Committee of the University of
Tsukuba School of Medicine (approval number
22-503), using 6-week-old female Sprague Dawley rats
(SLC Japan, Tokyo, Japan). After 5 days of habitua-
tion, the rats were allocated to four groups: a control
group (n=3), a food restricted group (n=3), an exercise
+ food restricted group (FAT, n=3), and an exercise +
food restricted + milk group (FAT-milk, n=3). The
experiment lasted 19 days. The following dietary
restriction fees were determined from previous
studies'!. The food restricted and FAT groups were
40% food restricted of the food intake of the control
group, and the FAT-milk group was designed to
achieve a 40% food restricted compared to the control
group by adding 600 pL of milk energy. General cow’s

milk was used, and the amount of milk fed was

control

. food restricted
food restricted

Materials + milk(600 L)
(€] (&
(€3]
Glucose monohydrate 62.2 373 24.8
Lactose - - 4.8
Casein 18 10.8 252
Cystine 0.2 0.12 0.28
Whey protein - - 0.7
Cottonseed oil 10 6 14
Milk fat - - 3.8
Ca 1.04 0.62 0.541
Energy (kcal/100 g) 412 247 247
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determined by calculating the amount required per unit
body mass of the rats with reference to the Japanese
Food Guide Spinning Top (Ministry of Agriculture,
Forestry and Fisheries of Japan, 2005), and it was
allowed to soak into the food before feeding. The
composition of the diet fed is shown in Table 1. Water
was provided ad libitum. Exercise was performed on a
treadmill (TMC-350, Melquest, Toyama, Japan) at 40
m/min for 15 min on 5 days per week. The animal
housing was maintained at a temperature of 23.5 +
2.5°C, at a humidity of 52.5% + 12.5%, and under a 14
h/10 h light/dark cycle (lights on 5:00-19:00).

Daily data and sample collection

The body masses and food intakes of the rats were
recorded daily. At the end of the experiment, isoflurane
(FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) was administered after 3 h of fasting, and after
confirmation of the disappearance of the ascending
reflex, a whole-blood sample was quickly drawn from
the abdominal aorta of each rat, which was then eutha-
nized. Blood was collected into 1.5 mL tubes
containing heparin and others without anticoagulant.
Plasma was obtained by centrifugation of the former at
4°C and 2,500 rpm for 15 min, and serum was obtained
by allowing the plain samples to stand on ice for at
least 30 min, then centrifuging them at 4°C and 2,500
rpm for 10 min. After euthanasia, the femurs, uterus,
jejunum, and kidneys of the rats were collected and
weighed. The jejunum was collected as described
previously''. A femur from each rat was stored at 4°C

until it was used for biomechanical testing.

Measurements of bone mineral density

The bone mineral density (BMD) of each femur
was measured using dual-energy X-ray absorptiometry
(DXA; QDR-4500A, Hologic, MA, USA). The scans
were performed in small animal mode and with high

regional resolution.

Measurement of blood biochemical parameter

The plasma calcium and phosphorus concentra-
tions were measured using a Fuji Drychem 7000V
(Fujifilm, Tokyo, Japan) automatic veterinary

biochemical analyzer. The corresponding slides (Fuji

Drychem Slide Ca and Fuji Drychem Slide IP, Fujifilm,
Tokyo, Japan) were used and measurements were
performed according to the accompanying instructions.
The serum osteocalcin concentration was measured
using a Rat Gla-Osteocalcin High-Sensitivity EIA Kit
(Takara Bio, Shiga, Japan), according to the manufac-

turer’s instructions.

Histochemical staining and measurements

The jejunum is responsible for much of the absorp-
tion of calcium and other nutrients. Because villi greatly
influence the digestion and absorption of nutrients, histo-
chemical staining and measurement of jejunal villi were
performed. The jejunum were cut open, immersed in
10% neutral buffered formalin, and fixed for 24 h. The
fixative was then replaced with 70% ethanol, then
portions of the tissue were paraffin-embedded and
sectioned, and the sections were stained with hematox-
ylin and eosin (HE). Meyer’s hematoxylin (1.5xmethod;
Mutoh Chemical, Tokyo, Japan) and 1% eosin Y solu-
tion (Mutoh Chemical, Tokyo, Japan) were used for this
purpose. The mucosal thickness, villus height, crypt
depth, and villus width were measured for at least five
villi per mouse as previously described'?. Images were
obtained using a BZ-X710 microscope (Keyence, Osaka,
Japan).

cDNA synthesis and quantitative PCR

Calcium is absorbed by passive transport or by
the transient receptor potential vanilloid 6 (Trpv6)
present in small intestinal mucosal epithelial cells.
Samples of rat jejunum were homogenized in RNAiso
Plus (Takara Bio, Shiga, Japan) and RNA was
extracted according to the instructions provided. The
following procedures were performed as described
previously!'. The RNA samples were adjusted to 500
ng and reverse transcribed using PrimeScript RT
Master Mix (Takara Bio, Shiga, Japan) and a thermal
cycler (TP 350, Takara Bio). quantitative PCR
(gPCR) was then performed using TB Green ®
Premix Ex Taq ™ II (Takara Bio, Shiga, Japan).
Ywhaz was used as the reference gene. The qPCR
primer sequences used were as follows: Ywhaz,
forward 5-PCPGCAACGACGPACTGTCTC-3" and
reverse 5-CCTCAGCCAAGTAGCGGTAG-3"; and
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the calcium absorption transporter Trpv6, forward
5-ACTACCGTGATGCTAGAACGGA-3" and reverse
5"-CTTGTCTATCTTCCACCCTCAAGAA-3". The
cycle threshold values for the target gene were

normalized to those for the reference gene.

Statistical analysis

Data are presented as the mean + SD. One-way
analysis of variance and Tukey’s post-hoc test were
used to compare the groups. Statistical significance was
accepted when P < 0.05. Statistical analyses were
performed using Prism 8.4.3 software for Mac
(GraphPad, CA, USA).

3. Results

Effects of milk on the body and uterine masses of
the rats during exercise and dietary restriction

In previous studies, lower final body mass and
weight gain have been reported in rats that were both
diet-restricted and exercising'® and we first checked
that the same model of FAT could be established in the
present study. The body mass, food intake, and relative
uterine mass data are shown in Table 2. The food
restricted, FAT, and FAT-milk groups had significantly
lower final body mass than the control group, implying
reproduction of the model. In addition, the relative
uterine mass of the FAT group was significantly lower
than those of the other three groups. However, the
FAT-milk group prevented a significant decrease in

relative uterine weight, suggesting rescue by milk.

Table2 Basic information in each group.

Effects of milk intake during exercise and dietary
restriction on bone parameters

FAT also involves abnormalities in bone. The bone
mineral density of the food restricted group was signifi-
cantly lower than that of the control group, and it was
also significantly lower in the FAT group than in the
food restricted group. However, the bone density of the
FAT-milk group did not differ from that of the control
group (Fig. 1A). There were no differences in the circu-
lating calcium or phosphorus concentrations among the
groups (Fig. 1B and C), but the serum osteocalcin
concentrations of the FAT group were significantly
higher than those of the other three groups (Fig. 1D).

Effects of the interventions on the jejunum villi

A previous study showed that FAT is associ-
ated with atrophy of the jejunum villi'*. Therefore,
we next determined whether a similar effect
occurred in the present study, but found no differ-
ences in the crypt depth, mucosal thickness, or villus
height in the jejunum of the various groups (Fig.
2A-C).

Effects of the interventions on calcium transporter
expression in the jejunum

Because there were no differences in the circu-
lating calcium concentration, but significant differences
in the bone mineral density of the FAT and FAT-milk
groups, the mRNA of the calcium absorption trans-
porter Trpv6 in the jejunum was next measured. This

showed that Trpv6 expression was significantly lower

. food restricted +
food restricted +

i ise + milk
control food restricted exercise (FAT) exercise ‘ mi
(FAT-milk)
Initial body weight (g) 209.50£5.80 197.33£1.76 207.17%£8.93 211.17£1.96
Final body weight (g) 240.33£7.31" 182.50£5.06 185.50£9.99 181.67£7.13
Food intake (g/day) 14.33%0.19 8.50%0.00 8.50%0.00 8.00%£0.00
Uterus weight (g/100 g) 0.39£0.04 0.27%0.03 0.13£0.02" 0.24£0.03

All data are presented as mean £ SD (n=3).

Final body weight and Uterus weight were One-way ANOVA and Tukey’s post-hoc test were used to compare the groups.

** Statistical difference was set at p < 0.01 vs other three groups.
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in the FAT-milk group (0.2-fold) than in the control
group. However, there were no significant differences

between the other groups (Fig. 3).

4. Discussion

In the present study, we used an animal model
of FAT to investigate the effects of this condition on
bone and the effects of milk supplementation on
these. We found that a lack of energy availability

caused a decrease in uterine mass and osteoporosis,

Plasma IP level (mg/dL)

even over a short period of time, and that the addi-
tion of milk prevented this uterine weight loss and
osteoporosis, in the presence of a shortage of energy
availability.

Previous studies have shown low body mass and
bone mineral density after 12—-14 weeks!* !¢ or 4
weeks'? of spontaneous exercise and dietary restric-
tion, respectively. In this study, we have demonstrated
significantly lower body mass, relative uterine mass,
and bone mineral density in rats with FAT than in
normally fed rats (Table 2 and Fig. 1A). The change
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Bone parameters. All data are presented as mean + SD, and plots show values for each data (n=3). Data were

One-way ANOVA and Tukey’s post-hoc test were used to compare the groups. A) Bone mineral density (BMD)
of lumber spine (g/cm?). control vs FAT-milk was no significant difference. * Statistical difference was set at p <
0.05 food restricted vs FAT-milk. ** statistical difference was set at p < 0.01 food restricted vs FAT. *** Statistical
difference was set at p < 0.001 control vs food restricted and FAT, FAT vs FAT-milk. B) Plasma calcium (Ca)
concentration (mg/dL) and C) Plasma phosphorus (IP) concentration level (mg/dL) were no significant difference.

D) Serum osteocalcin concentration level (ng/dL). ** Statistical difference was set at p < 0.01 vs other three groups.
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Histology of the jejunum. Images of HE stained sections were obtained using an optical microscope

(magnification x100). At least 5 villi/rat were measured. Black bars indicate 100 pm. A) Mucosal thickness, B)
Villus hight, C) Crypt depth. All data are presented as mean + SD, and plots show values for each data (n=3). Data
were One-way ANOVA and Tukey’s post-hoc test were used to compare the groups. All data were n.s. (not

significant).
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Fig. 3.  Calcium transporter (Trpv6) gene expression i each group. The relative Trpv6 mRNA expression data are
presented as mean + SD, and plots show values for each data (n=3). Data were One-way ANOVA and Tukey’s
post-hoc test were used to compare the groups. * Statistical difference was set at p < 0.05 control vs FAT - milk.
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Conventional Research

The experiment lasted 12—14weeks.
Food restriction was 50%—40%.
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Exercises was performed spontaneously using a rotating wheel.

Conventional Research

The experiment lasted 4 weeks.
Food restriction was 50%—40%.

N

Exercises was performed spontaneously using a rotating wheel.

environmental acclimatization

This study <

The experiment lasted 19 days.
Food restriction was 40%.
Exercise was performed on a treadmill.

—

Fig. 4.

-

-
- 9 days.

Comparison of previous research and this study. In a previous study, it took 14 weeks to create a FAT model rat.

However, by applying a uniform exercise load on a high-intensity treadmill, the model could be created in 19 days.

from spontaneous exercise to high-intensity treadmill
running exercise suggested that the FAT model could
be reproduced even after a short period of 19 days of
rearing (Fig. 4). However, the FAT-milk group had
significantly higher relative uterine mass and bone
mineral density than the FAT group (Table 2, Fig.
1A). Therefore, we performed a molecular analysis of
bone-related factors.

To maintain bone density, the levels of bone
resorption and bone formation must be equal'’. Previous

studies have shown that cystatin C purified from milk

basic protein inhibits cathepsin secretion by osteoclasts
and suppresses bone resorption'’. Osteocalcin is a protein
involved in bone formation. In this study, the serum
osteocalcin concentrations of the rats in the FAT group
were high, but their bone mineral density was low,
suggesting that osteoporosis associated with a high
metabolic turnover was present. However, the same
phenotype was not identified in the FAT-milk group.
When the concentrations of female hormones
decrease, for example at menopause, the level of

bone resorption exceeds that of bone formation, and
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high metabolic turnover-type osteoporosis develops.
However, even in young people, estrogen deficiency
has been reported to be associated with a large
number of osteoclasts and greater bone resorption'®.
Thus, the effects of estrogen on bone is significant.

Uterine relative mass was lower in the FAT
group, but not significantly reduced in the FAT-milk
group. Estrogen has been reported to increase the
intrauterine mucosal thickness?, and the low relative
uterine mass may have been the result of a low
circulating estrogen concentration. However, milk
significantly increases the circulating estrone and
estradiol concentrations?!, which may have main-
tained the circulating estrogen concentration and the
relative uterine mass of the FAT-milk group. Thus,
the maintenance of circulating estrogen concentra-
tion may have prevented the reduction in bone
mineral density in the FAT-milk group. The energy
intake of the rats was adjusted to be the same in each
of the diet-restricted groups, which suggests that an
awareness of dietary composition may help prevent
a reduction in bone mineral density, even when there
is poor energy availability.

Calcium is absorbed from the small intestine by
the simple diffusion of ions when the diet is rich in
this mineral, but this process is inefficient. However,
when calcium intake is insufficient or calcium
requirements are high, active transport occurs through
Trpv6, a calcium-selective cation channel that is
expressed on the mucosal epithelial cell membranes
in the small intestine*>. The bone mineral density of
the FAT-milk group was not low, which suggests that
the calcium requirement of the FAT-milk group was
not high, and indeed the Trpv6 mRNA expression
was not high. In the present study, the control group
had the highest dietary calcium content, which was
calculated using food composition tables?, but there
were no differences between the food restriction
groups. Casein in milk is converted to casein phos-
phopeptide in the small intestine, and this casein
phosphopeptide has been shown to have higher solu-
bility than calcium phosphate, which enhances
calcium absorption. This suggests that the FAT-milk
group may have absorbed their calcium by simple

diffusion rather than by active transport using 7Trpv6.

Finally, the jejunum villi were not atrophic in
the diet-restricted groups, whereas in a previous
study of 4 weeks of food restriction, the jejunal villi
of the FAT group were atrophic'. It is possible that
jejunal villus atrophy may also have been induced in
the present study if a longer period of food restric-
tion had been used, and this possibility should be
further investigated.

There were several potential limitations to the
present study. First, it was not possible to assess the
circulating estrogen concentrations of the rats,
because it would have been necessary to know the
stage of the sexual cycle of the rats, which changes
over a short period of time. Second, of the possible
calcium transporters, the expression of only Trpv6
was measured, and calcium absorption is greatly
influenced by active vitamin D and tight junctions in
the small intestine. In addition, calcium can also be
obtained from other sources, such as through reab-
sorption from the kidneys. Third, the amount of
blood that could be collected was limited. It was not
possible to measure bone formation or bone resorp-
tion markers other than osteocalcin. As for estrogen
levels in the blood, they were considered based on
relative uterine weight. In the future, we would like
to assess these other factors and study the effect of

milk on the maintenance of bone density.

5. Conclusion

To the best of our knowledge, this was the first
study to model FAT over a short period of time by
means of dietary restriction and high-intensity exer-
cise for 19 days. Milk consumption resulted in the
maintenance of bone mineral density and relative
uterine mass, even when there was poor energy avail-
ability. These results suggest that milk consumption

might help maintain the health of young athletes.
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