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Abstract

Menopause is associated with bone loss. Prebiotics increase Ca, inorganic phosphorus (Pi), and Mg absorption, improving
bone health. These increases would supply an extra amount of minerals, decreasing bone resorption and possibly reversing
ovariectomy-induced bone loss. The present experimental study sought to evaluate the effect of adding a prebiotic GOS/
FOS® mixture to a normal or a low Ca diet on Ca, Pi, and Mg absorption, in osteopenic rats. Four groups of n =8 rats each
were OVX, and 8 rats were SHAM operated. All rats were fed a commercial diet for 45 days. They were then fed one of the
following diet for 45 days: C-0.5%: SHAM fed AIN 93 M containing 0.5%Ca; O-0.5% and O-0.3%: OVX rats fed AIN 93 M,
containing 0.5% or 0.3%Ca, respectively; GF-0.5% and GF-0.3%: OVX rats fed AIN 93 M, containing 0.5% or 0.3%Ca+2.5%
GOS/FOS®, respectively. At the end of the experimental time point, Ca, P, and MgAbs% was significantly higher in GF-0.5%
and GF-0.3% as compared to the remaining groups (p <0.01). Irrespective of diet Ca content, CTX decreased whereas femur
Ca and P content, tibia BV/TV and GPC.Th, lumbar spine and proximal tibia BMD, bone strength, bone stiffness, and elastic
modulus increased in the GF-0.5% and GF-0.3% groups as compared to O-0.5% and O-0.3%, respectively (p <0.05). This
prebiotic mixture would be a useful tool to prevent the increase in bone loss associated with menopause and aging.
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tsBMC Total skeleton bone mineral content
tsBMD Total skeleton bone mineral density
DXA Dual energy X-ray absorptiometry

CV Coefficients of variation

ROI Region of interest

EDTA Ethylene-diamine-tetra-acetic acid
BV/TV Bone volume fraction

GPC.Th Total width of epiphyseal cartilage
Introduction

Bone loss is the result of an imbalance between bone resorp-
tion and bone formation that increases bone loss, decreases
bone mineral density (BMD), and increases susceptibility
to osteoporotic fractures. The severity of bone loss usually
increases with age and is most prevalent in postmenopausal
women. Endocrine and dietary factors play an important role
not only in the development but also in the prevention of
bone loss and osteopenia/osteoporosis. Estrogen stimulates
intestinal calcium (Ca) transporters and enhances the renal
production of 1,25-dihydroxyvitamin D (1,25diOHD), the
active metabolite of vitamin D and cofactor required for Ca
absorption (CaAbs) in the gastrointestinal tract [1]. Moreo-
ver, estrogen negatively regulates the production of pro-
osteoclastogenic cytokines (such as IL-6 and IL-1), inhibit-
ing osteoclast generation and inducing osteoclast apoptosis.
Estrogen withdrawal impairs CaAbs and markedly increases
osteoclastic activity and bone remodeling; however, bone
formation can not be maintained at the same accelerated rate
as resorption. This relative deficit in bone formation as com-
pared to bone resorption increases bone loss and decreases
BMD [2]. The ovariectomized (OVX) rat model has been
approved by the Food and Drug Administration (FDA) as
a preclinical model for studying postmenopausal osteopo-
rosis. Removal of the ovaries declines estrogen production
and increases bone remodeling and bone loss [3, 4]. In this
regard, previous studies conducted by our research group
have shown OVX rats to lose approximately 20% of their
bone mass, becoming osteopenic 40 days post-ovariectomy
[S].

According to the literature, Ca consumption of a great
percentage of the population is far below the recommended
amounts, regardless of socioeconomic status [6]. Habitual low
Ca intake decreases serum levels of Ca, which induces the
release of parathyroid hormone (PTH), increasing the rate of
bone turnover and bone loss. Ca obtained from diet would
seem to be better than Ca obtained from supplements to cor-
rect a low Ca intake. Firstly, Ca supplements acutely increase
serum Ca concentration, which reduces the levels of PTH and
bone resorption markers, without cumulative benefits in bone
mass and osteoporosis prevention [7]. Moreover, although the
link between the use of Ca supplements and a higher risk of
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cardiovascular risk remains controversial and is not endorsed
by professional societies such as the National Osteoporosis
Foundation and the American Society for Preventative Car-
diology [8], it has been proposed that Ca supplement may
increase blood Ca levels more quickly than dietary Ca [9]. This
increase could lead to greater deposition of Ca in coronary
arteries and an increased risk of coronary heart disease. In
addition, some people experience gastrointestinal side effects
from Ca supplement, which contributes to low compliance
[10, 11]. Finally, absorbability of Ca supplements is generally
lower than that of dietary Ca from milk or dairy products. Sev-
eral components of milk maintain Ca in solution, favoring Ca
absorption. Milk also provides a simultaneous intake of inor-
ganic phosphorus (Pi), which is essential to bone health [10].
The use of some functional ingredients that improve CaAbs, as
opposed to Ca supplementation in tablet form, become a key
strategy for optimizing CaAbs and for increasing Ca retention
in bone.

We previously demonstrated that during growth a com-
bination of short-chain galacto-oligosaccharides (GOS), the
bioactive component of human milk, and long-chain fructo-
oligosaccharides (FOS) exhibited prebiotic properties that
increased intestinal Abs of Ca and other minerals, which are
essential for bone health [4, 5]. These prebiotic properties
were evidenced by a twofold increase in cecal wall weight, an
increase in lactobacilli growth, and a considerable decrease in
cecal pH. It is important to point out that the prebiotic GOS/
FOS mixture contains two types of sugars of different chain
lengths that induce sequential fermentation in the proximal
colon (the short-chain sugar) and in the distal parts of the
colon (the long-chain sugar) [12]. As a result, the GOS/FOS
mixture was found to increase the efficacy of mineral absorp-
tion in a large part of the large intestine [13]. Based on the
above, the hypothesis of the present experimental study in a
model of postmenopausal osteopenia was that consumption
of this prebiotic mixture could increase Ca, phosphate (P),
and magnesium (Mg) absorption. This effect would lead to
increased availability of minerals, which in turn would pre-
vent further increases in bone resorption, preserving not only
bone mass but also bone architecture, due to the simultaneous
increase in Ca and Mg absorption. The aim of the present
experimental study was to evaluate the effect of adding a prebi-
otic GOS/FOS mixture (GOS/FOS®) to a normal and a low
Ca diet on Ca, Pi, and Mg absorption and on several aspects of
bone health, including resorption, retention and biomechanical
properties of bone, using an experimental model of postmeno-
pausal osteopenia.
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Materials and Methods
Diets

All experimental diets were isocaloric by formulation
and were prepared according to the American Institute of
Nutrition Rodent Diets Recommendations for maintenance
settled in 1993 (AIN-93M) [14]. CaCOj; (Analytical grade,
Anedra, Argentina) was added to obtain the two dietary
levels of Ca: 0.5% (NCa) or 0.3% (LCa). Diets containing
prebiotics were prepared by adding 5.3 g% of a mixture
of GOS/FOS® (9:1) (NV Nutricia) (batch No 110710 and
HPPGIJ1AG], respectively) (Table 1).

Experimental Design

A total of 40 aged virgin female Wistar rats, approxi-
mately 2 months of age (195.0+9.0 g), were supplied by
the Laboratory Animal Service of the Oral Biochemical
Department, School of Dentistry, Buenos Aires Univer-
sity (Argentine). The animals were allowed free access
to deionized water and food and were housed in individ-
ual stainless steel cages in a temperature (21 +1 °C) and
humidity (60 + 10%) controlled room under a 12-h-light/
dark cycle throughout the entire experimental period.

Thirty-two rats were OVX by a dorsal approach under
light anesthesia (0.1 mg/100 g body weight (BW) of keta-
mine hydrochloride +0.1 mg/100 g BW of acepromazine
maleate) (Holliday-Scott S A, Buenos Aires, Argentina)
and fed a commercial diet for 45 days in order to induce
bone loss and osteopenia. Control rats (n=8) were SHAM
operated and fed the same commercial diet for 45 days.

After this period, SHAM rats were fed the AIN 93M
diet, whereas OVX rats were randomly assigned to one of
the following groups (n = 8/group) for an additional period
of 45 days (Table 1).

e (C-0.5%: SHAM rats fed a semisynthetic diet prepared
according to the American Institute of Nutrition Diet
(AIN 93 M) [13] containing 0.5% Ca.

e 0-0.5%: OVX rats fed AIN 93 M, containing 0.5% Ca.

e 0-0.3%: OVX rats fed AIN 93 M, containing 0.3% Ca.

e GF-0.5%: OVX rats fed AIN 93 M, containing 0.5%
Ca+2.5% GOS/FOS®.

e GF-0.3%: OVX rats fed AIN 93 M, containing 0.3%
Ca+2.5% GOS/FOS®.

The diets were offered as powder. Food consumption
and body weight (BW) were recorded twice a week.

Tibia weight was measured “ex vivo” at the end of
the study. Fresh fecal samples were obtained weekly.

Table 1 Centesimal composition of the experimental diets (g/100 g)

Diets C-0.5% GF-0.5% 0-0.3% GF-0.3%
and
0-0.5%
Energy (Kcal) 380 380 380 380
Protein (g)* 12.5 12.5 12.5 12.5
Lipids (g)° 4 4 4 4
Ca-free salts mixture (g)f 3.5 3.5 3.5 3.5
Vitamins(g)° 1 1 1 1
Choline (g)? 0.25 0.25 025 025
Cellulose (g) 5 5 5 5
Dextrin" To complete 100 g
Calcium (Ca)(g)® 0.5 0.5 0.3 0.3
Inorganic phosphorus 0.3 0.3 0.3 0.3
(Pi)*
Magnesium (Mg)® 0.0513 0.0513  0.0513 0.0513
GOS/FOS® (9:1) (g)! - 2.5 - 2.5

All diets were prepared according to AIN93-M, and they only varied
in calcium (0.5% or 0.3%) or GOS/FOS content

aSodium caseinate (Lactoprot GMBH, Germany), containing 85.1%
of protein and 0.095g% of Ca

bCommercial soy oil. Molinos Rio de la Plata. Argentina

“Vitamins Prepared to according to AIN 93G that meet rat require-
ments during growth. Manufactured by the Department of Food Sci-
ence School of Biochemistry, University of Buenos Aires (individual
components from Sigma, Missouri, USA)

dCholine citrate 0.71% (food grade, Anedra, Argentina)

“Potassium phosphate monobasic and magnesium oxide (food grade
individual components, Anedra, Argentina) were added to obtain the
required P and Mg concentration, respectively

{Ca-free salts mixture was prepared according to AIN93-G, except for
Ca content

£CaCO3 (food grade individual components, Anedra, Argentina) was
added to obtain the required Ca concentration

"Corn dextrin from corn refinery, provided by Food SA Argentina
was added as carbohydrate (fiber) source to achieve 100 g of diet

{GOS and FOS batch No 110710 and HPPGJ1AGJ, respectively

Densitometry analysis was performed at 7=50. Fasting
blood samples were collected under light anesthesia at the
end of the study, and the serum samples were stored at
—20 °C until assay. The animals were then killed by CO,
inhalation and cecum, femurs, and tibiae were resected in
order to perform histological, biochemical, and biome-
chanical studies.

Fecal and Cecum Determinations

Fresh feces were directly obtained by rectal stimulation,
transferred immediately to sterile tubes, and stored at 4 °C
until analysis. Fecal samples were homogenized and diluted
in 0.1M phosphate buffer (containing 0.5% cysteine). An
aliquot was poured onto selective Lactobacilli MRS-agar
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(Britania, Argentina) and incubated at 37 °C under an anaer-
obic atmosphere (5—10% CO,) for 48 h. Lactobacillus (LS)
colonies were counted, and the number of colony forming
units (CFU) was expressed as log CFU per gram of feces.

A second aliquot was used to assess activity of
fecal enzymes, as described elsewhere [4]. Briefly,
B-glucosidase activity was evaluated using p-nitrophenyl
B-D-glucopyranoside as substrate (Sigma, USA), and
B-glucuronidase activity was assessed using p-nitrophenyl-
B-D-glucuronide as substrate (Sigma, USA). Tryptopha-
nase activity was assayed using tryptophan as substrate,
and urease activity was determined using urea as substrate.
The reactions were measured by spectrophotometry at
405 nm, 550 nm and 610 nm, respectively (Metrolab 2100,
Argentina).

At the end of the study, the caeca were excised, weighed
and split open; pH was directly recorded by inserting a glass
electrode into the cecum content (Adwa AD110, Hungary).

Ca, Pi, and Mg Absorption

At the beginning of the experimental period and during the
last 3 days of the study, the animals were housed individu-
ally in plastic metabolic cages. Food consumption (I) was
determined, and feces (F) were collected in order to cal-
culate apparent mineral absorption (Abs) (mg/d). Apparent
absorption, expressed as a percentage of intake (Abs %),
was calculated according to the following equation: Abs
% = (I—F/I) 100. Feces were dried under infrared light and
pounded. Diets and feces were digested with nitric acid, and
Ca, P, and Mg content was evaluated using Parr bombs [15].

Femur Analysis

The left femurs were cleaned of soft tissue, dried in an oven
at 100 °C for 72 h, and defatted by immersion in a chloro-
form—methanol (3:1) solution for 2 weeks. Defatted sam-
ples were dried at 100 °C and weighed (Denver instrument,
USA). Length was measured using a Vernier caliper (VIS,
Poland). The defatted femurs were digested in a glass tube
containing a mixture of HCI-HNO; (1:1) to evaluate Ca,
Mg, and Pi.

Biochemical Determinations

Ca concentration in serum, feces, diet, and femur was deter-
mined by atomic absorption spectrophotometry. Lanthanum
chloride (6500 mg/L in the final solution) was added as
interference suppressor. Pi and Mg concentration in serum,
feces, diet, and femur was evaluated by conventional meth-
ods, using an automated analyzer (Abbott Laboratories,
Abbott Park, IL, USA). Serum bone alkaline phosphatase
(BAP) (IU/L) was measured using a colorimetric method
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after bone isoenzyme precipitation with wheat-germ lectin
[16]. Serum CTX (ng/mL) was assessed employing immu-
noassay (ELISA) (Rat Laps. Osteometer. BioTech, Herlev,
Denmark).

Densitometry

At the beginning and at the end of the study, total skeleton
bone mineral content (tsSBMC) and bone mineral density
(tsBMD) were determined “in vivo” by dual energy X-ray
absorptiometry (DXA) under light anesthesia (0.1 mg keta-
mine hydrochloride/100 g BW and 0.1 mg acetopromazine
maleate/100 g BW). A whole body scanner and software
designed specifically for small animals (DPX Alpha, Small
Animal Software, Lunar Radiation Corp. Madison WI) were
used as described in a previous report [17]. Briefly, all rats
were scanned using an identical scanning procedure. Preci-
sion was assessed by measuring one rat five times, reposi-
tioning between scans, on the same day and on different days
[18]. The coefficients of variation (CV) for BMC and BMD
were 3.0 and 0.9%, respectively.

The different subareas were analyzed on the image of the
animal on the screen using a region of interest (ROI) for each
segment. CVs were 1.8% for lumbar spine, 0.8% for femur
and 3.5% for proximal tibia.

Histology

Immediately after euthanasia, the right tibiae were resected,
cleaned of soft tissue, weighed, and measured. The tibiae
were fixed in 10% buffered formaldehyde solution for 48 h,
decalcified in ethylene-diamine tetra-acetic acid (EDTA,
Sigma), pH 7.4, for 30 days, and embedded in paraffin. One
8- to 10-um-thick longitudinally oriented section of sub-
chondral bone, including primary and secondary spongiosa,
was obtained at the level of the middle third and stained with
hematoxylin-eosin. The section was microphotographed
(AXIOSKOP, Carl ZEISS) to perform histomorphometric
measurements on the central area of the metaphyseal bone
displayed on the digitalized image (Image pro plus 4.5).
Bone volume fraction (BV/TV) (%): the percentage of can-
cellous bone within the total measured area and total width
of epiphyseal cartilage (GPC.Th) were measured according
to Parfitt et al [19].

Biomechanical Analysis

The right femurs were excised, cleaned of soft tissues,
weighed, and frozen (— 20 °C) until analysis. Bone break-
ing strength, elastic modulus, and stiffness were measured
using a three point bending test (Instron, 4411). The load
was applied perpendicularly to the long axis, at the mid-
length region of the femur (displacement rate of 0.01 mm/s,
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sampling rate of 100 Hz). The distance between the support-
ing points was 10 mm.

Statistical Methods

Results were expressed as mean =+ standard deviation (SD).
Normality of variables was evaluated using the Shapiro Wilk
test, and homogeneity of variances was assessed by Levene’s
test. Data with a normal distribution were analyzed using
one-way analysis of variance (ANOVA). Nonparametric data
(count of LS) were analyzed using the Kruskal-Wallis test.

Results
Zoometric Parameters

All animals remained in good health and showed no signs
of diet-related side effects, such as diarrhea, throughout the
study. Regarding internal organs, no significant differences
were found among groups, except for an increase in the size
of the colon (data not shown) and in cecum weight in the
prebiotic groups, irrespective of diet Ca content (p < 0.05)
(Table 2).

No significant differences in food consumption were
observed among the five studied groups throughout the
study. No significant differences in BW (g) were observed
among groups at the beginning of the study, or among the 4
OVX groups at the end of the study, irrespective of prebiotic
and Ca content. At the end of the study, BW was signifi-
cantly lower in the SHAM group than in the OVX groups
(p=0.059) (Table 2).

Prebiotic Effect

At T=0, no differences in LS counts in fresh feces were
observed among the five studied groups. This parameter was
significantly increased in GF-0.5% and GF-0.3% as com-
pared to the other studied groups (p < 0.05) from the first
week of prebiotic consumption to the end of the study. No
differences were observed between GF-0.5% and GF-0.3%,
or among C-0.5%, 0-0.5%, and O-0.3% (Table 2).

Cecum pH was significantly lower in GF-0.5% and
GF-0.3% as compared to the other studied groups (p <0.05),
and no differences were observed between the GF-0.5%
and GF-0.3% groups; no differences were observed among
SHAM, 0-0.5%, and O-0.3% groups (Table 2).

Table 2 Effect of GOS/FOS®

. . Groups C-0.5% 0-0.5% GF-0.5% 0-0.3% GF-0.3%

in food consumption, body

weight (BW), tibia weight, Zoometric determinations

lactobacillus colonies (LS), and g4 ¢ onsumption (g/d) 189442 22649 229406  207+17 197+38

enzymatic activity at weaning

(T=0) and at the end of the BW (g) (T=0) 28614  292+46  290+40 286+29  293+30

study (T'=F), and cecum weight BW (g)(T=F) 301+38  329+41 326+45 321+42 32731

and pH at T=F Tibia weight (2/BW) 0.25+0.02 0.18+0.02 0.23+0.02 0.19+0.03 0.19+0.01

Bacteriological analysis, cecum weight, pH and fecal enzymes

LS (log UFC/g feces) (T=0)* 5.6+02  5.6+0.1 55+02 55+0.1 54+03
LS (log UFC/g feces) (T=F)* 5.6+0.1 5.5+0.1 6.4+0.1%*  55+0.2  6.5£0.4% %%
Cecum pH (T=F) 7.06+0.16 7.15+0.17 6.71+0.20%** 72+021 6.66+0.20%***
Cecum weight (g) 1.01+0.18 1.02+0.20 1.29+0.17*** 0.94+0.11 1.3040.17%*.*%**
p-glucosidase (T=0) 1.71+0.08 1.74+0.03 1.75+0.13 1.85+0.08 1.73+0.04
p-glucosidase (T'=F) 1.70+0.12 1.67+0.06 2.65+0.29%** 1.60+0.05 2.73+0.10%***
f-glucuronidase (7=0) 1.84+0.10 1.68+0.05 1.61+0.12 1.70+0.10 2.68+0.05
f-glucuronidase (T'=F) 1.95+0.11 2.04+0.13 1.08+0.13*** 1.96+0.10 1.1140.04% ***
Urease (T=0) 1.62+0.09 1.60+0.08 1.54+0.12 1.63+0.11 1.59+0.08
Urease (T'=F) 1.66+0.08 1.87+0.14 1.23+0.09%** 1.79+0.12 1.24+0.07%***
Tryptophanase (7=0) 0.14+0.01 0.15+0.01 0.15+0.01 0.16+0.01 0.15+0.01
Tryptophanase (T=F) 0.15+0.01 0.18+0.01 0.10£0.01%** 017+0.01 0.10£0.00%,***

Data were analyzed by ANOVA two-factors p <0.05: main effect related to prebiotic an Ca content

Bonferroni was used as a post hoc

Results were expressed as mean +

SD (n=8)

*p <0.05 GF groups compared to C-0.5% group

*#p < (.05 Notice that groups compared here were GF-0.5% vs. 0-0.5%

***p <0.05 Notice that the groups compared here were GF-0.3% vs. 0-0.3%

&Lactobacillus was analyzed by Kruskal-Wallis followed by a multiple comparisons test
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At T=0, no differences in the activity of the studied
enzymes were observed among the five studied groups. At
the end of the study, p-glucosidase activity was significantly
higher, whereas p-glucuronidase, urease, and tryptophanase
activity was significantly lower in GF-0.5% and GF-0.3%
than in the remaining groups (p <0.05). No differences
were observed between the GF-0.5% and GF-0.3% groups
or among SHAM, 0-0.5%, and O-0.3% groups (Table 2).

Biochemical Determinations

At the end of the study, no differences in serum Ca, P, Mg,
total protein and albumin levels were observed among the
five studied groups. Consumption of the prebiotic mix-
ture had no significant effects on BAP levels. The high-
est significant CTX levels were observed in the 0-0.3%
group (p <0.05). Irrespective of diet Ca content, prebiotic
consumption decreased CTX; the observed decrease only
reached statistical significance when comparing GF-0.3%
and 0-0.3% (p <0.05). Only GF-0.5% presented CTX levels
similar to those of the SHAM group, the remaining GF-0.3%,
0-05% and 0-0.3% groups had significantly higher CTX lev-
els than the SHAM group (p <0.05) (Table 3).

Mineral Absorption

No differences in daily food consumption were observed
among the five studied groups during the two balance peri-
ods (Table 4). Cal was directly related to diet Ca content,
whereas Pi and Mg intake was similar in all studied groups.

At T=0, CaAbs expressed as mg/d was higher in the
0-0.5% and GF-0.5% groups as compared to the O-0.3% and
GF-0.3% groups, respectively (p <0.05). No differences in
MgAbs or PiAbs were observed between any of the studied
groups (Table 4). At the end of the study, fecal Ca, Mg, and
Pi excretion was significantly lower, and their correspond-
ing Abs (mg/d) were significantly higher in GF-0.5% and

GF-0.3% as compared to the O-0.5% and 0-0.3% groups,
respectively (p <0.05) (Table 4).

At T=0, no significant differences in the percentage of
Ca, Mg, and Pi Abs (Abs %) were observed between any of
the O groups (Table 4). At the end of the study, Ca, Mg, and
Pi Abs % was significantly higher in GF-0.5% and GF-0.3%
as compared to the remaining groups (p <0.05).

Bone Analysis

Almost all the studied bone parameters were lower in
0-0.3% and GF-0.3% as compared to their respective 0.5%
Ca counterparts at the end of the study (Table 5).

GF-0.5% and GF-0.3% showed an increase in femur Ca
and Pi content as compared to O-0.5% and O-0.3%, respec-
tively (p <0.05), and only GF-0.5% reached SHAM val-
ues. GF-0.3% almost reached O-0.5% values (p =0.058).
Group 0-0.3% exhibited the lowest femur Ca and Pi content
(p <0.05). Femur Mg content was not modified by prebiotic
consumption, diet Ca content, or OVX (Table 5).

Irrespective of diet Ca content, consumption of the prebi-
otic mixture increased tsBMC/BW. However, only GF-0.5%
reached the tsBMC/BW observed in the SHAM group;
0-0.3% showed the lowest value (p <0.05), and GF-0.3%
reached values observed in group 0-0.5%. Total skeleton
BMD was unaffected by ovariectomy and by prebiotic
consumption and was slightly affected by diet Ca content.
Lumbar spine and proximal tibia BMDs were increased by
prebiotic consumption (p <0.05). GF-0.3% reached similar
lumbar spine and proximal tibia BMD values as 0-0.5%
(Table 5).

BV/TV and GPC.Th were significantly lower in O-0.3%
and GF-0.3% than in their O-0.5% and GF-0.5% counter-
parts. Regardless of diet Ca content, consumption of the
prebiotic mixture increased tibia BV/TV and GPC.Th as
compared to their respective O- groups, and both param-
eters were significantly lower than SHAM values (p < 0.05)

Table 3 Effect of GOS/

FOS® in serum calcium

(Ca), Inorganic phosphorus (Pi),
magnesium (Mg), bone alkaline
phosphatase (BAP), and
carboxi-terminal telopeptide of
collagen type I (CTX) at the end
of the experimental period
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Groups C-0.5% 0-0.5% GF-0.5% 0-0.3% GF-0.3%
Ca (mg/dL) 9.6+0.4 9.7+0.3 10.0+0.2 9.8+0.3 10.1+0.5

Pi (mg/dL) 47405 48+05 50402 50+0.5 50+0.4

Mg (mg/dL) 22403 2.0+0.3 2.1+0.1 2.1+0.1 2.1+0.1

BAP (UI/L) 51+4 50+4 50+7 49+6 49+6

CTX (ng/mL)  21.7+8.6  387+54"  300+11%¥%%  522456%%%  4].]+8.8% wuns

Data were analyzed by ANOVA two-factors (p <0.05 main effect related to prebiotic and Ca content,).

Bonferroni was used as a post hoc

Results were expressed as mean+SD (n=28)

*p <0.05 0-0.5% and 0O-0.3% groups compared to C-0.5% group

*##p < 0.05 Notice that groups compared here were 0-0.3% vs. O-0.5%

*#%p <0.05 Notice that the groups compared here were GF-0.3% and GF-0.5% vs. 0-0.3%

#p <0.05 Notice that the groups compared here were GF-0.3% vs. GF-0.5%
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Table5 Effect of GOS/FOS® on femur calcium (Ca), Inorganic
phosphorus (Pi), and magnesium (Mg) content, total skeleton (ts)
bone mineral content (BMC), and ts bone mineral density(tsBMD),
lumbar spine and proximal tibia bone mineral densities (BMDs);

bone volume (BV/TV), total growth plate cartilage thickness (GPC.
Th), and biomechanical parameters related to bone structure at the
end of the experimental period

Groups C-0.5% 0-0.5% GF-0.5% 0-0.3% GF-0.3%
Femur mineral content
Ca content (mg/g) 475+15 395 +35% 479 21 361 +27% % # 3894287 #
Pi content (mg/g) 269+ 15 237 +23* 271+ 18%** 196 +21% % # 223 4 (% ok
Mg content (mg/g) 39403 4.0+0.2 41+04 39+04 40+04
Densitometric parameters
tsBMC/BW (g/100 g BW) 2.59+0.14 2.01+0.13* 2.45+0.10%* 1.78 £0.14% s # 2.06+0.2457#
tsBMD (mg/cm?2) 298+ 19 294 +27 295+21 286+ 16 289+21
Lumbar spine DMO (mg/cm2) 262+ 14 229+ 13* 241 + 14% ** 2194 2% #x ¥ 228 4 14% ok
Proximal tibia DMO (mg/cm?2) 264 +20 247 + 10* 256 +7** 231 £ 10% %% # 241 4 10 ok
Histomorphometry determinations
BV/TV (%) 24.0+10.0 15.5+2.8% 18.6+3.2% 73+£1.6%%F 12.943.6% #xx ¥
Total width of epiphyseal cartilage 271.8+8.5 246+ 8.8* 252.4+6.6* 219.1 +5.8% % # 244.6 +7.5% ***
(GPC.Th) (um)
Biomechanical parameters in femur
Bone breaking strength (N) 151.2+8.2 117.9+7.3% 145.5 4 17.0%%* %k 80.24+9.1% #* # 101.8 4+ 15.6% ok #
Stiffness (N/mm) 315+19 254 +24% 299 193k Hoksk 147 + 14% 5 ¥ 234 4 13k #
Elastic modulus (Mpa) 1527 +£195 1132+ 178* 1508 + 146%** 844 + 85% ** # 1082 + 137+ wsx ¥

Results were expressed as mean +SD (n=28)
*p <0.05 GF and O groups compared to C-0.5% group

*##p < (0.05 Notice that groups compared here were GF-0.5% and 0-0.3% vs. 0-0.5%
*#%p <(0.05 Notice that the groups compared here were GF-0.3% vs. 0-0.3%

#1<0.05 Notice that the groups compared here were 0-0.3% and GF-0.3% vs. GF-0.5%. Data were analyzed by ANOVA two-factors (p <0.05:
main effect related to prebiotic and Ca content). Bonferroni was used as a post hoc

(Table 5). The lowest BV/TV value was observed in the
0-0.3% group (p <0.05). Figure 1 shows the higher tra-
becular number in GF-0.5% and GF-0.3% as compared to
0-0.5% and 0-0.3%, respectively, regardless of Ca content;
nevertheless, GF-0.5% and GF-0.3% did not reach trabecular
number observed in SHAM animals.

Irrespective of diet Ca content, bone strength, stiff-
ness, and elastic modulus were increased in GF-0.5% and
GF-0.3% as compared to O-0.5% and O-0.3%, respectively
(p <0.05). Only GF-0.5% animals reached SHAM bone
strength, stiffness, and elastic modulus values, and all three
parameters were similar in GF-0.3% and 0-0.5%. All three
biomechanical parameters were lowest in the O-0.3% group
(Table 5).

Discussion

As observed in previous studies on growth conducted by
our research team, the results shown here evidence that con-
sumption of the GOS/FOS® prebiotic mixture enhanced Ca,
Pi, and MgAbs, and benefitted bone retention in an animal

@ Springer

model of postmenopausal osteopenia associated with estro-
gen deficiency.

The diets assayed here were isocaloric and supplied the
same percentage of protein, lipids, and carbohydrate. Moreo-
ver, the presence of GOS/FOS in the diet did not affect diet
consumption or BW gain. Indeed, irrespective of the prebi-
otic and Ca content of the diet, both food consumption and
efficiency, defined as weight gained per calorie ingested,
were similar in all OVX groups [20].

In our experimental model of postmenopausal osteope-
nia, an extra amount of Ca was necessary to modulate the
increase in PTH levels, preventing further increases in bone
turnover and bone loss. Although the highest absorption of
bone-related-minerals occurs in the small intestine, about
5—-10% of CaAbs could occur in the colon if the insoluble,
unabsorbed intestinal mineral were maintained in an ionic
form [21].

Prebiotics are non-digestible ingredients that benefit
the subject’s health, providing a specific substrate for the
growth and metabolism of beneficial gut microflora. The
mechanisms likely to explain the favorable effects of fer-
mentable carbohydrates on bacterial activities are linked to
changes either in the composition or balance of the bacterial
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C-0.5% 0-0.5%

0-0.5%

GF-0.5%

GF-0.5%

0-0.3%

0-0.3% GF-0.3%

Fig. 1 Effect of GOS/FOS® in bone volume and total width of epiphyseal cartilage (GPC.Th) of the proximal third of the right tibia at end of

the study

population, i.e., number of Bifidobacterium, or to a modifi-
cation in the intestinal medium due to the release of SCFA,
i.e., intestinal pH [22]. Previous studies in rats reported in
the literature demonstrated that FOS used as a carbohydrate
source induced the growth of Bifidobacterium and inhibited
the growth of the potentially pathogenic bacteria Esherichia
coli and Clostridium perfringens. It is of note, however, that
GOS differs strongly from FOS since GOS was found not to
affect the major bacterial group though it altered the activ-
ity of a number of enzymes [22]. Nevertheless, the effect
of using any of these fermentable sugars was the same, i.e.,
an increase in SCFA acidification of luminal pH in the gut.
The prebiotic mixture assayed here combines GOS and
FOS, mimicking the molecular size distribution of human
milk oligosaccharides. The combination of galacto- and
fructo-oligosaccharides could benefit the host with a pos-
sible synergistic effect of consuming both sugars, in terms
of Bifidobacterium and Lactobacilli growth, providing the
more distal regions of the colon with a prebiotic substrate. A
significant increase in the number of Bifidobacterium from
feeding the GOS/FOS mixture studied here was reported
in preterm, term, and weaning infants [23]. To our knowl-
edge, the present report is the first to evaluate the effect of
the GOS/FOS mixture on adults. Although Bifidobacterium
was not evaluated in the present report, the obtained results

showed that osteopenic rats fed the GOS/FOS mixture pre-
sented an increase in lactic acid bacteria growth, evidenced
by the increase in Lactobacilli. In addition, the fermentation
of the GOS/FOS mixture also showed changes in enzymatic
activities, such as an increase in f-glucosidase activity and a
decrease in the activity of p-glucuronidase, tryptophanase,
and urease in fresh feces. SCFA was not determined; how-
ever, the enzymatic changes and the decrease in luminal pH
indirectly confirm SCFA production [13, 24, 25]. Among
SCFA, butyrate is used by the microbiota and serves as the
primary energy source of colonocytes regulating gut cell
growth and differentiation [26]. Although butyrate was not
evaluated in the present report, the increase in cecum weight
suggests a trophic effect of butyrate on cecum cells. Both
effects, the lower luminal pH that maintains ionization of
mineral salts and the proliferation of gut cells that increases
the surface area of absorption, improve the active and/or the
passive absorption of minerals that are essential to maintain
bone health [27, 28].

CaAbs and bioavailability depends on age and on the
luminal concentration of Ca. CaAbs has been found to
decrease with age, reaching the lowest values in adult life.
The adult osteopenic rats studied here were of similar age.
However, they were fed diets that differed in Ca content,
which could have affected lumen concentration of this

@ Springer
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mineral [29, 30]. It is well documented that when diet cal-
cium content decreases, there is an adaptive increase in the
fractional absorption of Ca. However, when the diet sup-
plies a low concentration of Ca, the increment is insuffi-
cient to offset the loss in absorption and net CaAbs decreases
[30]. Irrespective of diet prebiotic content, comparison of
results corresponding to groups fed the NCa and LCa diets
in the present study lends support to aforementioned find-
ings, as shown by the observed increase in CaAbs % and the
decrease in net CaAbs.

Studies using experimental models of bone loss preven-
tion are controversial regarding the effectiveness of adding
different prebiotics (oligofructose, polydextrose, or Syn-
ergy) to diets containing recommended amounts of Ca.
Some authors reported that CaAbs was not affected [31, 32],
whereas others observed an increase in CaAbs [30, 33]. The
discrepancy among studies may partly be due to differences
in the type of prebiotic, animal age, and the length of the
study. To our knowledge, there are no previous experimental
or clinical studies evaluating the effect of the assayed prebi-
otic mixture on mineral absorption and bone retention in an
experimental model of postmenopausal osteopenia. In the
present report, Ca, Pi, and MgAbs increased with prebiotic
consumption irrespective of diet Ca content. The mecha-
nisms responsible for the increase in CaAbs, as well as in Pi
and MgAbs, are similar to those observed in our previous
experimental studies in growing rats: an increase in lactoba-
cilli colonies, a considerable decrease in cecal pH content,
and an increase in cecal wall weight [34]. The higher Abs of
Ca, Pi, and Mg from feeding the diet containing the prebiotic
mixture supplied an extra amount of bony minerals associ-
ated with improving bone health.

For 5-10 years during and after menopause, women lose
bone at a rate of 2-3% per year. During this period, bone
loss is mostly due to estrogen deficiency, which decreases
intestinal CaAbs and renal Ca re-absorption and increases
PTH secretion and bone resorption [35]. There are a num-
ber of studies in the literature on the effect of prebiotics on
CaAbs and bone loss prevention in OVX rats; conversely,
we found no studies on the effect of prebiotics on CaAbs
and bone resorption in rats with low bone mass. Accord-
ing to the results of the present study, the prebiotic mixture
enhanced CaAbs percentage, irrespective of diet Ca content
(LCa~12%; NCa~ 18%). The extra amount of Ca may have
contributed to prevent a further increase in bone remodeling
that could have led to further bone loss. Moreover, recent
studies have demonstrated that the beneficial gut microbiota
also modulates the immune system, which in turn regulates
osteoclastogenesis and bone mass [36]. Osteoclastic bone
resorption can be evaluated biochemically by measuring the
levels of CTX, one of the most sensitive and specific mark-
ers of bone resorption. As expected, all the osteopenic OVX
rats studied here showed higher CTX levels than SHAM

@ Springer

animals; however, the GF-0.5% and GF-0.3% groups showed
a decrease in CTX levels as compared to the O-0.5% and
0-0.3% groups, respectively, evidencing a decrease in bone
resorption. Such a decrease, together with the observed
increases in femur Ca and Pi content, tibia trabecular num-
ber, bone volume, and GPC.Th, would explain the higher
bone mass and density at the two areas rich in trabecular
bone in the two GF groups, irrespective of diet Ca content.
In addition, the absence of changes in total skeleton BMD
could be explained by the composition of bone; in fact, 80%
of the entire skeleton is cortical bone, which is metabolically
less active than trabecular bone, found in the proximal tibia
and spine.

Phosphorus is an essential macronutrient for numer-
ous biologic processes, including bone mineralization and
energy metabolism, and also provides the structural frame-
work for DNA and RNA, and phospholipids in membranes.
Approximately 85% of the body’s P is found in the bones,
and the remainder is present in extracellular fluid (ECF), soft
tissues, and erythrocytes [37]. Although phosphate ions are
more rapidly absorbed into the circulation than ionic Ca, the
present study showed that, irrespective of diet Ca content,
PiAbs increased with consumption of the prebiotic mixture
in a similar percentage as CaAbs. This finding was expected
given that Pi and Ca metabolism are highly interconnected.
Indeed, Pi regulates calcitriol and PTH synthesis, and both
hormones are involved in the modulation of bone turnover
and mineralization processes. Pi homeostasis is regulated
mainly through the intestine and the kidney. An increase
in PiAbs rapidly enhances urinary Pi excretion under the
control of PTH and fibroblast growth factor 23 (FGF23).
A limitation to the present study is that urinary Pi was not
evaluated, and determining urinary Pi excretion might have
contributed to clarifying the effect of the higher PiAbs on
renal Pi excretion. Balance studies were not included in
the present report because they only evidence the effect of
prebiotic intake on P-Ca metabolism during a short period.
Instead, evaluation of long-term consumption of the GOS/
FOS mixture is more adequate to assess the impact of feed-
ing the prebiotic mixture on bone turnover and bone mass.

Irrespective of diet Ca content, consumption of the
GOS/FOS mixture was equally effective in improving Ca
and Mg absorption. The simultaneous increase in Ca and
Mg absorption could be associated with the characteristics
of the prebiotic mixture, which contains both short-chain
and long-chain non-digestible sugars. Whereas short-chain
sugar increases gut bacterial fermentation in the proximal
colon where Ca is absorbed, long-chain sugar favors bac-
terial fermentation in the distal parts of the colon where
Mg absorption occurs. About 60% of total Mg is stored in
the bone, either on the surface of hydroxyapatite or in the
hydration shell around the crystal. Mg exerts direct effects
on bone quality and skeletal fragility, influencing the
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architectural disposition of bone material and other fac-
tors unrelated to mineralization, such as crystal arrange-
ment and size [38]. The higher MgAbs observed in the
present study could have contributed to the improvement
in parameters associated with bone quality [32]. In this
regard, our data showed that both structural bone strength
and resistance to fracture in the mid-length region of the
tibia were increased in the two GF groups, regardless of
diet Ca content, suggesting a positive effect of Mg on the
quality of the material and/or on diaphysis architecture.
Mg also improves bone strength via indirect effects. Mg
indirectly influences bone remodeling by affecting osteo-
blast and osteoclast differentiation and Ca homeostasis. In
this regard, Mg regulates the PTH/vitamin D axis through
the activation of adenylate cyclase and 25-hydroxychole-
calciferol-1-hydroxylase enzymes. In addition, unlike Ca,
body Mg retention is not entirely related to bone. About
40% is intracellular and is vital for numerous physiological
functions such as hormonal regulation [39]. In addition,
Mg stabilizes enzymes in many ATP-generating reactions,
antagonizes Ca in muscle contraction, modulates insulin
signal transduction and cell proliferation, and is important
for cell adhesion and membrane transport [40]. It must be
taken into account that the higher Mg absorption was not
concomitant with an increase in Mg retention. Mg metabo-
lism is not as tightly regulated as Ca metabolism. Hence,
it is likely that the increased Mg absorption observed in
the GF-0.3% and GF-0.5% groups was balanced by an
increase in urinary Mg excretion, preventing an increase
in Mg in bone. Another limitation of the present report is
that Mg excretion was not evaluated. Analyzing urinary
Mg output might have clarified the effect of the normal Ca
diet on renal Mg re-absorption. As mentioned above, the
design of the present report did not include balance studies
given that bone retention, density, and strength are more
adequate to observe the impact of long-term consumption
of the prebiotic mixture.

Conclusion

Under the present experimental conditions and irrespective
of diet Ca content, the results of this study allow conclud-
ing that the GOS/FOS® mixture studied here may help
to maintain bone heath by reducing bone resorption, and
increasing bone mineralization, density, and structure, due
to a simultaneous increase in Ca, Pi, and Mg absorption.
Although further studies are needed to reliably determine
the effectiveness of this dietary intervention on bone
health, the results shown here are promising, and if vali-
dated, the GOS/FOS mixture may be used in the future in
conjunction with traditional pharmacological treatments,

to prevent greater increases in menopause- and aging-
related bone loss.
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