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Abstract
Consumption of a high-fat diet, rich in SFA, causes deterioration of bone properties. Some studies suggest that feeding inulin to animals may
increase mineral absorption and positively affect bone quality; however, these studies have been carried out only on rodents fed a standard
diet. The primary objective of this study was to determine the effect of inulin on bone health of pigs (using it as an animal model for humans)
fed a high-fat diet rich in SFA, having an unbalanced ratio of lysine:metabolisable energy. It was hypothesised that inulin reduces the negative
effects of such a diet on bone health. At 50 d of age, twenty-one pigs were randomly allotted to three groups: the control (C) group fed a
standard diet, and two experimental (T and TI) groups fed a high-fat diet rich in SFA. Moreover, TI pigs consumed an extra inulin supply
(7% of daily feed intake). After 10 weeks, whole-body bone mineral content (P= 0·0054) and bone mineral density (P= 0·0322) were higher
in pigs of groups TI and C compared with those of group T. Femur bone mineral density was highest in pigs in group C, lower in group TI and
lowest in group T (P= 0·001). Femurs of pigs in groups TI and C had similar, but higher, maximum strength compared with femurs of pigs in
group T (P= 0·0082). In conclusion, consumption of a high-fat diet rich in SFA adversely affected bone health, but inulin supplementation
in such a diet diminishes this negative effect.
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Nutrition affects human growth and development from an early
age. However, dietary habits of many children and adolescents
are characterised by low consumption of fruit, vegetables,
whole grains and fibre, and high intake of fast food, soft drinks
and salty snacks(1,2). Over-consumption of energy-rich foods,
along with low physical activity, can contribute to an increased
risk of civilisational diseases, such as obesity(3). In recent
years, researchers(1,4) have reported an alarming increase in the
prevalence of childhood overweight and obesity. Globally,
childhood overweightness and obesity affect many low- and
middle-income countries, particularly in urban settings(5). Ogden
et al.(6) reported that, in the USA, approximately one-third of
early adolescents (10–14 years) are overweight or obese. Over-
weightness and obesity also are a serious public health problem
in Europe, where approximately 20% of the early adolescents
are overweight or obese(4). In addition, it is highly probable that
overweight and obese children will stay obese during adulthood.
It is also more likely that these individuals will develop
non-communicable diseases, such as type 2 diabetes and cardio-
vascular diseases. In addition, it is well known that consumption
of a high amount of fat, specifically fat characterised by high

content of unhealthy fatty acids (SFA), causes deterioration of
bone properties and consequently can cause osteoporosis, even
at a young age(5).

Because eating habits are difficult to change within a
population, one of the ways to improve bone health may be
probiotic supplementation. It is well known that the intestinal
microbiota influences not only the health of the intestine but
also affects the skin, lungs, arteries and bones(7–9). Inulin is one
of the probiotics affecting the composition of gut microbiota
and stimulates the growth of bifidobacteria and/or lactobacilli,
which increase SCFA formation(10). SCFA directly contribute to
increased absorption of Ca, Mg and Fe in the intestines(11) and
indirectly have an immunostimulating effect(12). Some studies
suggest that feeding inulin to animals may affect bone
quality(13) owing to increased mineral absorption. However,
such conclusions were based on the concentration of minerals
in the blood plasma and organs such as the liver, kidneys and
heart(14), or were based on total mineral balance(15). Thus, it is
obvious that high consumption of unhealthy fat (rich in SFA)
deteriorates bone quality, whereas inulin improves bones
quality.

Abbreviations: BMC, bone mineral content; BMD, bone mineral density; C, group of pigs fed a standard diet; DXA, dual-energy X-ray absorptiometry;
ME, metabolisable energy; T, group of pigs fed a high-fat diet rich in SFA; TI, group of pigs fed a high-fat diet rich in SFA and supplemented with inulin.
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Most studies on the influence of direct effects of inulin
on bone properties have been conducted on rodents fed a
standard diet. In turn, the influence of high consumption
of fat on bone quality usually has been compared with animals
fed a standard diet. Recent studies have demonstrated that,
for humans, pigs are a better model than rodents owing to
several similarities in anatomy, physiology, metabolism and
pathology(16–18). Obviously, there are interspecies differences in
the skeletal structure and load, but factors of research interest
affect the properties of bones of both pigs and humans in
a similar manner.
The aim of this study was to determine the effect of inulin

on whole-body mineral content, bone density and femur
properties in growing pigs fed a high-fat diet rich in SFA, having
an unbalanced ratio of lysine:metabolisable energy (ME). It was
hypothesised that inulin would reduce the negative effects of
such a diet on bone health.

Methods

According to the 3R (Replacement, Reduction and Refinement)
ethical principle, the design of the study and experimental
techniques used through the analysis allowed to minimise the
number of animals while maintaining high statistical precision.
There is no way to completely replace live animals with another
research model. Thus, pigs have been chosen as a model for
humans because of several similarities in anatomy, physiology,
metabolism and pathology.
Experimental procedures used throughout this study were

performed in accordance with national/local ethical guidelines
and approved by the III Local Ethics Committee on Animal
Experimentation of the Warsaw University of Life Sciences –

SGGW, Poland.

Animals, diets and housing

This study was carried out at The Kielanowski Institute of Animal
Physiology and Nutrition, Polish Academy of Sciences, on twenty-
one cross-bred pigs (gilts) (male Duroc× female Polish Large
White×Danish Landrace) growing from 50 to 120 d of age.
At 50 d of age, animals were randomly allotted to three groups
(n 7 per group): the control (C) group fed a standard diet
(10 g of standardised ileal digestible lysine, 13·5MJ ME per kg
diet, and 0·72 of lysine:ME ratio) balanced according to nutrient
requirements of swine(19), two experimental (T and TI) groups
fed a high-fat diet rich in SFA (141 g of diethyl ether extract, 7 g
of standardised ileal digestible lysine, 15·4MJ ME per kg diet,
and 0·44 of lysine:ME ratio). Pigs fed diet TI received an extra
supplement of inulin extracted from chicory root (100% inulin
content, 0% sweetness level), with an average degree of
polymerisation of at least 23 (Inulin Orafti®HPX; BENEO
GmbH). A review of the literature indicated that supplementa-
tion of inulin in diets of pigs in previous studies ranged from 0·5
to 9%(20,21). However, results from some studies(14,21) indicated
that the effect of inulin on the tested parameters depended on
its supply. Generally, higher doses of inulin had a greater
impact on tested parameters. On the basis of these findings, it
was decided that pigs fed diet TI will receive an extra supply of

inulin in an amount of 7% of daily feed intake. This amount of
inulin could be successfully used in food products for humans,
among others as a component in baked goods(22,23).

Mineral content in standard and high-fat diets was the same
and balanced according to nutrient requirements of swine
guidelines(19). Amino acid content in the high-fat diet was not
equalised to that in the standardised diet because the aim of the
study was to compare the influence of an unbalanced ratio of
lysine to ME and elevated consumption of SFA (similar to
the Western-type diet in human nutrition) on bone health.
Beef tallow, rich in SFA, was used at 13% as fat supplement.
Composition and nutritive value of diets are given in Table 1.
The fatty acid content (%) of feeds is shown in Table 2
(data analysed). Pigs were fed semi ad libitum (95% ad libitum
intake) twice daily (08.00 and 14.00 hours). This facilitated full
control of nutrient intake by pigs.

Piglets were randomly selected from a population and kept
individually on a concrete floor without straw in pens (3·3m2)
equipped with nipple drinkers. The environmental conditions
in the piggery were as follows: air temperature of 18–20°C,
humidity of 60–70% and air flow of 0·2–0·4m/s, which was
regulated by a Fancom ventilation system (Fancom BV) and in
accordance with the European Union law(24). The pigs were

Table 1. Ingredients, chemical composition and nutritive value of diets

Indices Standard diet High-fat diet

Ingredients (g/kg)
Barley 200 200
Wheat 370 120
Maize 225 360
Rapeseed meal – 80
Soyabean meal 150 80
Beef tallow – 130
Rapeseed oil 20 –

Premix A* 35 –

Premix B* – 35
Chemical composition (g/kg)

DM 880 884
Ash 25·5 24·1
Organic matter 855 860
Crude protein 152 135
Diethyl ether extract 43·7 141·0
Crude fibre 35·6 34·5
Starch 478 410
Sugar 34 29

Nutritive value (determined) (g/kg)
Digestible crude protein 124·0 110·0
Apparent ileal digestible
Lys 10·0 7·0
Met 3·0 2·1
Thr 6·2 4·5
Trp 2·0 1·4
P, digestible 3·0 3·0
Ca 7·8 7·8
Na 1·5 1·5

Metabolisable energy (MJ/kg) 13·5 15·4
Lys:metabolisable energy (g/MJ) 0·74 0·45

* Provided per kg diet: µg: vitamin A, 4500; vitamin D3, 50; vitamin E, 100; mg: Fe, 240;
Zn, 150; Cu, 25; Mn, 20; I, 0·30; Se, 0·30; vitamin K3, 3·5; vitamin B1, 3·5; vitamin B2,
7·0; vitamin B6, 5·0; vitamin B12, 0·40; biotin, 0·20; folic acid, 3·0; nicotinic acid,
30; Ca -D pantothenate, 15; choline chloride, 400; g: Ca, 6·8 (premix A) and 6·6
(premix B); P, 2·9 (premix A) and 2·8 (premix B); essential amino acids: g: lysine,
4·51 (premix A) and 1·94 (premix B); methionine, 0·90 (premix A); threonine, 2·10
(premix A) and 0·25 (premix B).
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maintained on a 12 h day–12 h night cycle, with lights on from
06.00 to 18.00 hours.

Measurements and calculations

At 120 d of age, after 16 h of fasting, each pig was scanned using
dual-energy X-ray absorptiometry (DXA) (Norland XR-800™
densitometer scanner with a ‘Whole-Body Scan’ type, Norland,
A Cooper Surgical Company) to determine whole-body
mineralisation – that is bone mineral content (BMC, g) and
bone mineral density (BMD, g/cm2). Before scanning, animals
were subjected to short-lasting sedation by injection using a
mixture of ketamine hydrochloride (2mg/kg body weight) and
xylazine (0·2mg/kg body weight)(25). Next, pigs were placed in
a ventral position with all limbs extended. The DXA scans were
obtained according to the standard procedures described by the
manufacturer for scanning and analysis. A quality assurance
test to verify the stability of the system calibration (control
scans) was performed on a daily basis (as indicated by the
manufacturers) to ensure precision. The daily calibration proce-
dure was performed using QC Phantom and QA Calibration
standard (Norland; A Cooper Surgical Company). The analysis
was performed with the whole-body application. Two scans
were performed on each pig.
After scanning, animals were slaughtered by exsanguination

at the Institute’s experimental slaughter house. After slaughter,
the femur was manually dissected from the right side of each
carcass. After excision, the femur was cleaned of any remaining
flesh, weighed and frozen (−20°C) for subsequent DXA scan
(Norland XR-800TM densitometer scanner with a ‘Research
Scan’ type, Norland). Specimens for scanning were thawed at
room temperature (23°C) for 12 h before use. During scanning,
the femur was positioned horizontally with the femoral head
facing upwards and the condyles downwards and was scanned
from the distal to the proximal end. All scans were performed
in duplicate in order to avoid any rotation of the bone, because
inconsistencies in their orientation adversely affect test
precision. All scans were performed by the same operator.
Femur BMC and BMD were recorded. After scanning, the

three-point bending test was applied to determine the
mechanical bone characteristics using a TA-HDi Texture
Analyser (Godalming) with head speed of 1 kN, 10mm/min.
The relationship between loading force perpendicular to the
longitudinal axis of the bone and the resulting displacement
was determined graphically. The values of maximum strength
(N) and maximum elastic strength (N) were determined. The
distance between supports of the bone was set at 40% of the
femur length and the measuring head loaded bone samples
at the midshaft with a constant speed of 50mm/min. The
geometrical properties of each femur were determined on the
basis of the measurements of horizontal and vertical diameters
(both external and internal) recorded after cutting the bone.
The measurements were collected using an electronic ruler. The
values of cross-sectional area (mm2), cortical wall thickness
(mm) and cortical index (%) were determined in accordance
with the following mathematical formulas:

Cross-section area mm2
� �

= π HV�hvð Þ½ � = 4
Corticalwall thickness mmð Þ= V +Hð Þ� v + hð Þ½ � = 4
Cortical index ð%Þ= H�h =Hð Þ + V�v =Vð Þ½ � = 2f g100;

where V is the vertical external diameter (mm), H the horizontal
external diameter (mm), v the vertical internal diameter (mm)
and h the horizontal internal diameter (mm)(26).

Chemical analysis

DM, ash, crude protein, crude fibre, diethyl ether extract, simple
sugar and starch contents in the diets were determined as
detailed by Horwitz & Latimer(27) (procedures: 934.01, 942.05,
984.13, 978.10, 920.39, 974.06 and 920.40, respectively).
Content of ME and standardised ileal digestible amino acids in
the diets were calculated as detailed by the nutrient require-
ments of swine(19).

Lipids from the diets were saponified with potassium
hydroxide according to the method described by Folch et al.(28).
Next, methyl esters were prepared by esterification with thionyl
chloride (4% in methanol) and extracted with n-heptane. Fatty
acid methyl esters were analysed using a GC-2010AF Shimadzu
Gas Chromatograph (Shimadzu Europa GmbH) equipped with
a flame ionisation detector. The derivatives were separated on
a capillary column (BPX70, 60-m length, 0·25-mm internal dia-
meter and 0·25-μm film thickness; Phenomenex). The operating
conditions were as follows: carrier gas, helium; split ratio, 1:100;
injector and detector temperature, 260°C; the initial column
temperature of 110°C was held for 5min, then increased to 200°C
at a rate of 3·5°C/min, and was held for 2·5min, then increased to
205°C at a rate of 0·3°C/min, then increased to 215°C at a rate of
1·5°C/min and was held for 3min. Individual fatty acid peaks
were identified in comparison with the commercial standard,
Supelco 37 Component FAME Mix (SUPELCO).

Statistical analysis

Statistical analyses were performed using Statgraphics
Centurion (version 16.1.18, 2011) software (StatPoint Techno-
logies Inc.). With an α level of 0·05, power established at
80% and an effect size of 0·90, the required total sample size

Table 2. Fatty acid content of the diets (%)

Fatty acids Standard diet High-fat diet

Total SFA 23·67 31·30
C12 : 0 ND 0·12
C14 : 0 0·23 0·98
C16 : 0 20·48 24·13
C18 : 0 2·96 6·07
Total MUFA 31·17 30·16
C16 : 1n-7 0·32 0·82
C18 : 1n-7 1·87 1·77
C18 : 1n-9 28·98 27·52
Total PUFA 45·16 38·54
C18 : 2n-6 41·35 35·69
C18 : 3n-3 3·37 2·46
C20 : 4n-6 0·39 0·35
C20 : 5n-3 ND ND
C22 : 5n-3 0·05 0·04
C22 : 6n-3 ND ND

ND, value below 0·01 was classified as not determined.
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was 24 (i.e. n 8/group). The hypothesised effect size of 0·90
was calculated from the descriptive statistics of a previous
study(29). Post hoc calculations using the hypothesised effect
size and the total sample size of twenty-one (i.e. n 7/group)
indicated that the actual power achieved in this study was
79·7%. Data are presented as means and standard deviations.
The effect of diets on performance, whole-body mineralisation
and femur properties of pigs was analysed using a one-way
ANOVA. When the F ratio was significant, Tukey’s HSD
post hoc analysis was performed. Statistical significance
was set at P< 0·05. A borderline significant trend was set
at P< 0·09.

Results

Final body weight did not differ among groups C and T;
however, body weights of pigs in groups C and T were lower
than pigs in group TI (P= 0·0211) (Table 3). Daily feed intake
ranged from 1·58 kg for pigs in group T to 1·69 kg for pigs in
group C (P= 0·0128). Pigs in groups T and TI had similar, but
higher, daily ME intake from the feed than pigs in group C
(P= 0·0037). In addition, pigs in group TI received daily
approximately 116 g of extra inulin supply, which is 0·72MJ/d.
Pigs in groups T and TI had similar, but lower, total feed intake

(P= 0·0115) and total lysine intake (P= 0·0000) than pigs
in group C. Total energy intake from the feed did not differ
among groups. Average daily gain was higher (P= 0·0184) for
pigs in group TI than those in groups C and T; however, the
feed conversion ratio ranged from 1·88 kg of feed/kg gain for
pigs in group T to 2·03 kg of feed/kg gain for pigs in group C
(P= 0·0434). Whole-body BMC (P= 0·0054) and BMD
(P= 0·0322) were higher for pigs in groups TI and C compared
with pigs in group T (Table 4).

Mass and length of femurs did not differ between treatments
(Table 5). Pigs of groups TI and C had similar, but higher, femur
BMC compared with group T (P= 0·0009). Femur BMD was
highest for pigs in group C, followed by pigs in group TI, and
lowest for pigs in group T (P= 0·0001). Femurs of pigs in
groups TI and C had similar, but higher, maximum strength
compared with group T (P= 0·0082), whereas maximum
elastic strength was highest for pigs in group C, followed by
pigs in group TI, and lowest in group T (P= 0·0001). Femur
cross-sectional area tended to be lower for pigs in group TI than
for pigs in group C (P= 0·0753). Femurs of pigs in groups TI
and T had similar, but lower, cortical wall thickness than femurs
of pigs in group C (P= 0·0100). However, the cortical index
ranged from 42·3% for pigs in group T to 45·8% for pigs in
group C (P= 0·0366).

Table 3. Performance of pigs during experimental period
(Mean values and standard deviations)

Group (n 7)

C T TI

Items Mean SD Mean SD Mean SD P (ANOVA)

Initial BW (kg) 12·7 0·43 12·3 0·31 13·2 0·24 0·2233
Final BW (kg) 71·3a 1·31 71·1a 0·91 74·7b 1·17 0·0211
Daily feed intake (kg) 1·69b 0·03 1·58a 0·05 1·63a,b 0·05 0·0128
Daily inulin supply (kg) – – – – 0·116 0·003 –

Daily metabolisable energy intake from the feed (MJ) 23·2A 0·48 24·4B 0·61 25·1B 0·70 0·0037
Daily metabolisable energy intake from inulin (MJ) – – – – 0·72 0·020 –

Total feed intake (kg) 124·0b 1·717 115·3a 3·43 114·3a 4·24 0·0115
Total inulin supply (kg) – – – – 8·0 0·114 –

Total lysine intake (kg) 1·22A 0·03 0·78B 0·02 0·78B 0·04 0·0000
Total energy intake from the feed (MJ ME) 1706·7 23·47 1775·5 52·78 1761·5 57·40 0·2521
Total energy from inulin supply (MJ ME) – – – – 50·4 2·13 –

Average daily gain (g) 837a 3·30 844a 2·83 896b 2·92 0·0184
Feed conversion ratio (kg feed/kg gain) 2·03b 0·08 1·88a 0·07 1·95a,b 0·09 0·0434

C, pigs fed a standard diet; T, pigs fed a high-fat diet rich in SFA; TI, pigs fed a high-fat diet rich in SFA and supplemented with inulin; BW, body weight; ME, metabolisable energy.
A,B Mean valueswithin a row with unlike superscript letters were significantly different (P<0·01). a,b Mean values within a row with unlike superscript letters were significantly different (P<0·05).

Table 4. Whole-body mineralisation performed at the end of the study (at 120 d of age)
(Mean values and standard deviations)

Group (n 7)

C T TI

Items Mean SD Mean SD Mean SD P (ANOVA)

BMC (g) 1809·8B 21·02 1641·1A 36·51 1752·8B 27·06 0·0054
BMD (g/cm2) 0·993b 0·02 0·936a 0·05 0·987b 0·02 0·0322

C, pigs fed a standard diet; T, pigs fed a high-fat diet rich in SFA; TI, pigs fed a high-fat diet rich in SFA and supplemented with inulin; BMC, bone mineral content; BMD, bone mineral density.
A,B Mean values within a row with unlike superscript letters were significantly different (P<0·01). a,b Mean values within a row with unlike superscript letters were significantly different (P<0·05).
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Discussion

Composition of pig diets

Studies carried out on animals(30–33) and humans(34) indicated
that the amount and source of dietary fat may affect bone
metabolism by changing Ca absorption, osteoblast formation,
lipid oxidation and synthesis of pro- and anti-inflammatory
eicosanoids. However, the aim of this study was to compare the
influence of an unbalanced ratio of lysine:ME and elevated
consumption of SFA (similar to the Western-type diet in human
nutrition) on bone properties.

Performance of pigs

The results of the present study show that pigs fed a high-fat
diet supplemented with inulin grew faster than those fed either
a high-fat diet that was not supplemented with inulin or a
standard diet. However, the feed conversion ratio differed
only between pigs fed a standard diet and a high-fat diet not
supplemented with inulin. Some authors(20,29) previously found
that feed supplementation with inulin increased mass gain
in pigs. However, these authors used only a standard diet
supplemented with inulin and suggested that this gain resulted
from a favourable impact of inulin on the population of
beneficial micro-organisms in the alimentary tract, which in turn
protect the host against development of pathogenic strains.
Consequently, this protection leads to higher growth rates
and better feed utilisation(10,20). On the other hand, studies
carried out on rodents by Duan et al.(35), Kumar et al.(36) and
Pouyamanesh et al.(10) showed that inulin supplementation to a
high-fat diet resulted in weight gain attenuation in rodents
compared with rodents fed a high-fat diet that was not
supplemented with inulin. Discrepancies between our results
and results of previous studies may be owing to differences in
the kind and amount of fat supplementation, as well as the level
of inulin addition. Other reasons for differences between the
results of our study and previous studies could be because of
differences in tolerance of species for high amounts of dietary
fat. Comparing data in the literature concerning the proportion

of energy from fat to total energy in the diet, it seems that
rodents are able to tolerate feed with a higher ratio of fat
(even 60%) compared with pigs (approximately 28% in the
present study).

Whole-body mineralisation

On performing DXA analysis, we were able to determine the
BMC and BMD of each pig and relate it to the dietary treatment
that was of interest in our study. Recent studies have demon-
strated that, for humans, pigs are a better model than rodents
owing to several similarities in anatomy, physiology, metabolism
and pathology(16). Moreover, pigs have similar lamellar bone
structure and similar rates of bone regeneration, cortical bone
mineralisation and bone remodelling rates as humans(17,18).
Obviously, there are interspecies differences in the skeletal
structure and load, but factors of research interest affect the
properties of bones of both pigs and humans in a similar manner.
We found that inulin supplementation to a high-fat diet increased
the whole-body BMC and BMD compared with animals fed a
high-fat diet that was not supplemented with inulin. However,
whole-body mineralisation did not differ among pigs fed a
standard diet and a high-fat diet supplemented with inulin. Few
data have been published on the influence of inulin (and other
oligosaccharides) supplementation on the whole-body bone
parameters measured by DXA. Studies dealing with this issue have
been carried out mainly on rodents(9,13,37,38); however, a major
part of these studies only examined the use of a standard
diet. Some authors found that the addition of inulin improved
whole-body bone parameters(13). A similar finding was reported
by Devareddy et al.(37) using a standard diet supplemented
with fructo-oligosaccharides. Furthermore, inulin-type fructan
supplementation increased whole-body BMC and BMD compared
with a placebo group during a long-term study on human
adolescents(39). In contrast, some authors(9,38) did not find any
effect of inulin supplementation to a standard diet on the whole-
body bone parameters of rats.

Numerous studies performed using animal and human
models showed that beneficial effects of fructose-based

Table 5. Femur morphometric, geometric, densitometric and mechanical properties at the end of the study (at 120 d of age)
(Mean values and standard deviations)

Group (n 7)

C T TI

Items Mean SD Mean SD Mean SD P (ANOVA)

Mass (g) 255·3 2·30 245·9 2·20 251·5 4·21 0·5599
Length (cm) 17·54 0·38 17·64 0·23 17·68 0·48 0·8374
BMC (g) 67·98B 2·41 62·02A 1·30 65·48B 1·58 0·0009
BMD (g/cm2) 1·053C 0·013 0·976A 0·020 1·022B 0·020 0·0001
Maximum strength (N) 430·3B 28·44 368·1A 32·24 420·6B 20·80 0·0082
Maximum elastic strength (N) 349·0C 15·90 276·5A 20·31 320·9B 15·00 0·0001
Cross-sectional area (mm2) 347·9 34·19 318·5 21·11 297·8 23·10 0·0753
Cortical wall thickness (mm) 5·73B 0·42 5·22A 0·14 5·13A 0·16 0·0100
Cortical index (%) 45·8b 1·78 42·3a 1·64 43·5a,b 2·18 0·0366

C, pigs fed a standard diet; T, pigs fed a high-fat diet rich in SFA; TI, pigs fed a high-fat diet rich in SFA and supplemented with inulin; BMC, bone mineral content; BMD, bone mineral
density.

A,B,C Mean values within a row with unlike superscript letters were significantly different (P<0·01). a,b Mean values within a row with unlike superscript letters were significantly
different (P<0·05).
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oligosaccharide supplementation (among other types of inulin)
resulted from stimulation of mineral absorption, mainly Ca, but
also Mg, Zn and Fe(40,41). Furthermore, by increasing the
absorption of minerals, BMC and BMD improved. Simulta-
neously, peak bone mass also increased, which reduces the risk
of developing osteopaenia and osteoporosis(13,42). Mechanisms
of this response could be associated with lower luminal pH,
resulting from SCFA produced by Bifidobacterium after
prebiotic fermentation(7). Reduced pH also changed speciation
and solubility of minerals and increased their bioavailability(43).
Few minerals are essential co-factors for enzymes involved
in the synthesis of collagen and other bone matrix constituents
that are required to build up the organic bone matrix, which
is the precondition for mineral accretion (e.g. Mg, Zn, B
and Mn)(7).
On the basis of the literature data, several hypotheses have

been suggested to explain how inulin enhances mineral
absorption, mainly Ca as the main bone component. First,
increased Ca solubility in the colon resulted from pH reduction
as a consequence of inulin fermentation(7,43). Second, osmotic
effects increase fluid transfer in the colonic lumen and, as a
consequence, increase the permeability between intracellular
enterocyte junctions that facilitates diffusion(44). Third, Ca/H
exchange in the distal part of the colon is activated by
absorption of short-chain carboxylic acids(11,45).
Our results showed that feeding pigs a high-fat diet rich in SFA

and not supplemented with inulin resulted in strong deterio-
ration of whole-body bone parameters compared with a standard
diet. Fehrendt et al.(32) found similar results in mice.
Data in the literature show that fatty acid composition of the fat

source in the diet also had a significant influence on bone health.
In a study by Wang et al.(41) on mice, a high-fat diet rich in SFA
resulted in lower values of bone mineralisation compared with
mice fed a standard diet. These authors did not find such
negative effects when a high-fat diet was rich in MUFA. Other
authors also found that SFA may have effects that could impair
bone health(46,47), whereas MUFA and PUFA, in particular n-3
PUFA, have a beneficial effect on bone health(34).

Properties of femur

Densitometry measurements of whole-body bone parameters
cannot be compared with data on selected bones because they
represent an average value that can mask differences between
rapid- and slow-growing bones(13). Therefore, despite whole-
body mineralisation, femur properties also were determined.
A review of the available literature did not provide information

on the effects of inulin supplementation to a high-fat diet on the
bone health of growing pigs. The present study showed that
neither a high-fat diet nor inulin supplementation affected mass
and length of femur bones. Inulin supplementation to a high-fat
diet, however, improved femur parameters, resulting in values
similar to those obtained in pigs fed a standard diet. However,
cortical wall thickness and cross-sectional area were similar to
those of pigs fed a high-fat diet that was not supplemented
with inulin. The results of this study were consistent with those
of Fehrendt et al.(32), who showed negative impacts of a
high-fat diet on bone microstructure in mice, including a

missarrangement of cell–cell and cell–matrix contacts, osteoblast
and trabecular structure, and collagen-1 and osteoid synthesis.
Bielohuby et al.(30) and Patsch et al.(48) also showed an
adverse effect of high-fat diet on BMD, bone microarchitecture
(i.e. trabecular number and connectivity density) and bone
strength (i.e. maximum fracture load, bone stiffness and energy
to failure) compared with a standard diet. Bielohuby et al.(30)

suggested that lower BMD and mechanical strength of femurs of
rats fed a high-fat diet resulted from lower serum concentration
of markers of bone formation and, simultaneously, unchanged
serum concentration of markers of bone resorption. Moreover,
lower rates of mesenchymal cells differentiating into osteoblasts
might be explained by reductions of approximately 70–80%
in the expression of transcription factors influencing osteo-
blastogenesis in bone marrow. Furthermore, in studies carried
out on mice, some authors found that a high-fat diet reduced
femoral trabecular bone mass owing to an increased trabecular
separation and a reduced trabecular number and connectivity
density(31). However, a considerable amount of dietary fat was
lard, which is characterised by high content of SFA(19). It seems
that the amount of fat consumed, as well as its fatty acid profile,
could play an important role in organismal response. Results
of the present study clearly showed that pigs fed a high-fat diet
(rich in SFA) had worse parameters of femurs compared with
pigs fed a standard diet. Wang et al.(41) also found that rats fed a
high-fat diet rich in SFA had lower values of femur volumetric
BMD than those fed a control or a high-fat diet rich in MUFA. The
negative effect of SFA on bone metabolism can be achieved
by several mechanisms. It has been suggested that SFA may
interfere with osteoblastogenesis and bone formation(49). Other
authors showed that high content of SFA could increase bone
resorption by elevating the expression of inflammatory cytokines
and the receptor activator of NF-κβ ligand(46) or that SFA can
participate in osteoclastogenesis resulting in decreased osteoclast
apoptosis(50).

In conclusion, inulin supplementation to a high-fat diet rich in
SFA reduced the negative effect of such a diet on whole-body
mineralisation, as well as on femur mineral status and strength.
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