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ABSTRACT. The aim of this study was to investigate a morphometry (bone
mass), densitometry (mineral content, mineral density measured using dual
energy X-ray absorptiometry (DXA) method), geometry (cortical wall thickness,
cross sectional area, cortical index) and bone strength in weaned female pig-
lets growing from 56 to 115 day of life and differed in body fatness understood
as fat : lean mass ratio established using DXA. Correlations between measured
properties and body fatness were also considered. Sixteen 56-day old cross-
breed piglets were allotted into two experimental groups (8 animals in each):
thin — T (fat : lean mass ratio <0.12) and fat - F (fat : lean mass ratio >0.12),
based on fat : lean mass ratio in the body. Both groups of pigs were fed the
same diet ad libitum (13.5 MJ - kg™ metabolizable energy, 10.5 g of digestible
lysine per kg). At 115 day of life the T animals had heavier bones (P < 0.01),
higher bone mineral content (P < 0.01), higher bone mineral density (P < 0.05),
higher cortical wall thickness (P < 0.01) and cross sectional area (P < 0.01) in
comparison to F pigs. Bone strength and cortical index did not differ between
groups. Body fatness was negatively correlated with: bone weight (r = -0.55,
P =0.001), bone mineral content (r = -0.52, P = 0.001), bone mineral density
(r=-0.27, P = 0.029), cortical wall thickness (r = -0.38, P = 0.002) and cross
sectional area (r = =0.57, P < 0.001). Correlations with bone strength and
cortical index (relative proportion of cortical bone to total periosteal breadth at
midshaft) were insignificant.

mass in the body has an important meaning. How-
ever, results of these studies, carried out using both

Body composition is presented by densitometry
as a sum of fat mass, non-bone lean mass (muscle
mass) and bone mineral content (Rothney et al.,
2009). Content of the first two components, espe-
cially fat, can influence bone size, mineral content
and density in adolescents (Janicka et al., 2007; Farr
etal., 2010; Cole et al., 2012; Mosca et al., 2014) and
adults (Reid et al., 1992; Kirchengast et al., 2001; Hsu
etal., 2006; Dytfeld et al., 2011). The results of recent
works (Wetzsteon et al., 2008; Aguirre et al., 2014)
indicated also that the proportion between fat : lean

dual energy X-ray absorptiometry (DXA), computed
tomography (CT) and peripheral quantitative com-
puted tomography (pQCT) method, are divergent.
Additionally, some authors (Reid et al., 1992) pointed
out that relationship between fat and bone understood
as whole body mineral density is influenced by sex
and is significant in females but much weaker in
males. Mosca et al. (2014) reported higher negative
relationship between body fat and whole body bone
mineral content in males, whereas in females such
relationship was observed in femur and spine.
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There are still relatively few studies and data re-
garding the relation between body fatness expressed
as fat : lean mass ratio, bone geometry and bone
strength based on direct measurements in humans.
Besides that these studies give only calculated indi-
ces, which could significantly vary from the actual
measurements. The experiments conducted on ani-
mals are also spare. There are only few studies inves-
tigating bone properties of growing pigs using DXA
method (Ryan et al., 2011a; Weremko et al., 2013;
Skiba et al., 2015). Most studies concerning bone
measurements in pigs were focused only on chemical
composition, as well as mechanical, geometrical and
densitometrical properties (Crenshaw et al., 1981;
Shaw et al., 2006; Varley et al., 2011a,b). However,
the relationship between pig body fatness understood
as fat : lean mass ratio, and bone densitometry, bone
geometry and bone strength was not investigated.

Thus, the aim of this study was to investigate
bone morphometric properties (mass/weight), geo-
metric characteristics (cortical wall thickness, cross
sectional area, cortical index), parameters of min-
eralization (bone mineral content and bone mineral
density) using DXA method, and bone strength in
pigs growing from 56 to 115 day of life and differed
in body fatness (fat : lean mass ratio). Moreover, cor-
relations between measured bone properties and body
fatness were also considered. It was assumed that
body fatness would strongly influence the measured
properties of bones in growing pigs.

Material and methods

All described procedures were approved by the
IIT Local Ethics Commission on Animal Experimen-
tation of the Warsaw University of Life Sciences —
SGGW (Poland).

Sixteen crossbreed female piglets were random-
ly selected from 8 litters (2 gilts per litter) at the day
of weaning (28 day of life). Animals were kept in
groups of 4 and subjected to acclimation (till 56 day
of life). Then, each pig was weighed, scanned using
DXA method (Norland XR-800™ densitometer with
software; Norland, a CooperSurgical Company, Fort
Atkinson, WI, USA) to determine the fat : lean mass
ratio in the body. Before scanning, animals were
subjected to short-lasting sedation by injection of
a mixture of ketamine hydrochloride (2 mg - kg
body weight (BW)) and xylazine (0.2 mg - kg"' BW),
then placed in a ventral position with all limbs ex-
tended. The analysis was performed with the whole
body application. To increase the accuracy of the
measurement, the two scans on each pig were per-

formed and then the average value was calculated.
Scan revealed that average fat : lean mass ratio in
the piglets body amounted 0.12 (+ 0.03), so piglets
were allotted to two experimental groups (8 animals
in each): thin — T (fat:lean mass ratio <0.12) and
fat — F (fat : lean mass ratio >0.12).

After scanning animals were transported to in-
dividual pens (3.3 m?) equipped with nipple drinker
and were kept there on rubber mat till 115 day of life.
Pigs from both groups were fed the same diet ad /i-
bitum (Table 1) given to stainless feeders. Content
of digestible essential amino acids in the diets was
calculated on the basis on tabular values according to
Rademacher et al. (2001), and content of metaboliz-
able energy — by tabular values of Beyer et al. (2003).

Table 1. Composition and nutritive value of feed

Indices Feed
Ingredients, g - kg”!
barley 264
wheat 210
soyabean meal 150
maize 100
wheat starch 95
rapeseed meal 90
rapeseed oil 45
mineral-vitamin-amino acid mixture' 30
calcium carbonate 1
monocalcium phosphate 5
Calculated chemical composition, g
dry matter 899
organic matter 870
crude protein 160
crude fat 64.7
ash 28.7
crude fibre 419
NDF 138.1
ADF 58.8
starch 379.1
sugar 38.9
Calculated nutritive value, g - kg"!
digestible protein 130
lysine 10.5
methionine 3.6
cysteine 2.2
threonine 6.9
tryptophan 2.0
Ca 7.0
total P 54
available P 25
Calculated metabolizable energy, MJ - kg'! 13.5

'mineral-vitamin-amino acids mixture consisted of: g: Ca 5.5, NaCl 3,
P 1.15, lysine 4.07, methionine 1.35, threonine 1.97, tryptophan 0.15;
mg: Fe 62.5, Zn 62.5, Mn 30.75, Cu 30, vit. D, (cholecalciferol) 245,
vit. E 40, vit. K, 2, vit. B, 2, vit. B, 2.5, vit. B, 3.12, vit. B, 20;
Hg: 1212, Se 205; IU: vit. A 2500
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Animals were kept in thermally neutral environment.
Temperature was regulated by a Fancom ventilation
system (Fancom BV, Panningen, the Netherlands)
according to the age of pigs (from 24 °C to 18 °C).

At the end of the study (115 day of life) pigs were
slaughtered (electrically stunned followed by exsan-
guination) and scanned using Norland XR-800™ den-
sitometer (Norland, a CooperSurgical Company, Fort
Atkinson, WI, USA) in ventral position with all limbs
extended. The analysis was performed with the whole
body application to determine the fat : lean mass ratio
in the body. Two scans were performed on each pig
to increase the accuracy of the results and the average
value was calculated. After scanning, the 3™ metacar-
pal (BMC) and the 3™ metatarsal (3MT) bones were
collected from the left side of the carcass. Bones
were cleaned of any remaining flesh with knives and
scalpel blades, weighed, and their lenghts were mea-
sured. Bones were frozen (—20 °C) for subsequent
DXA scanning using ‘Research’ type scan. Speci-
mens for scanning were thawed at room temperature
(at 23 °C) for 12 h prior to use. During scanning
bones were positioned horizontally and scanned
from the distal to the proximal end. The 3MC and
3MT were scanned in the dorsoplamar and dorso-
plantar positions. All scans of the body and bones
were obtained by standard procedure suggested by
the manufacturer for scanning and analysis (Illumina-
tus DXA 4.4.1 scanner software ver. 2.3.1, Norland,
a CooperSurgical Company, Fort Atkinson, WI,
USA). A quality assurance test to verify the stability of
the system calibration (control scan) was performed
daily (accordingly to manufacturer instructions) to
ensure the precision. Daily calibration procedure was
performed using QC Phantom and QA Calibration
standard (Norland, a CooperSurgical Company, Fort
Atkinson, WI, USA). All of the scans were performed
by the same operator. Bone mineralization was as-
sessed as bone mineral content (g) and bone mineral
density (g/cm?).

After scanning three-point bending test using
Texture Analyser — TAHdi (Stable Micro Systems
LTD., Godalming, UK) with head speed of 1 kN,
10 mm - min' was applied to determine physical
bone characteristics — maximum strength (the high-
est load before failure). Distance between the points
of bone support equalled 40% of the bone length.
After test, each bone was cut to measure its hori-
zontal and vertical diameter (both external and in-
ternal). The measurements were performed using
a calliper. Obtained values were used to calculate
the geometric properties: cortical wall thickness,
cross sectional area and cortical index according to
the following formulas:
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Figure 1. Measurements of external and internal diameters of bone
cross-section

cortical wall thickness =[(B+ H) —(b+h)]/4
cross sectional area =1I1/4 x [(B x H) — (b x h)]
cortical index = [(H—h)/H) + (B —b) / B)]

where: B — vertical external diameter, H — horizontal
external diameter, b — vertical internal diameter, h —
horizontal internal diameter, IT = 3.14. Scheme of
the measurements is presented in Figure 1.

The results obtained during the whole pigs body
scans were analysed using Student’s t-test to compare
both examined groups. The results obtained during
bone scans were analysed using two-way analysis
of variances (ANOVA) with group and bone type as
experimental factors. Differences between treatments
were tested using Student’s t-test. P-value was con-
sidered statistically significant at <0.05. The relation-
ship between body fat : lean mass vs bone weight,
bone mineral content, bone mineral density, average
cortical wall thickness, cross sectional area, cortical
index and bone maximum strength were expressed
using correlation coefficient based on results obtained
from all animals at the end of the study. All statistical
analyses were performed using Statgraphics Centu-
rion Professional software ver. XVI (Statpoint Tech-
nologies, Inc., Warrenton, VA, USA).

Results

Initial fat : lean mass ratio in the body was lower
(P <0.01) in the T piglets. During whole period of
the study animals from this group consumed daily
less (P < 0.05) feed and had better (P < 0.01) feed
efficiency (Table 2), however grew only slightly
faster in comparison to F pigs (statistical difference
observed for final body weights but not for average
daily gains).

At the end of the study the T animals still had
lower (P < 0.01) fat : lean mass ratio in the body,
heavier bone mass (P < 0.01), higher bone mineral
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content (P < 0.01), bone mineral density (P < 0.05),
cortical wall thickness (P <0.01) and cross sectional
area (P <0.01) as compared to F pigs (Table 3). Bone
strength and cortical index did not differ between
groups.

Table 2. Performance of pigs during whole period of growth (56 — 115 day
of life)

Indices % SEM
Initial body weight, kg 185 181 0.41
Final body weight, kg 66.25 68.0" 0.35
Daily feed intake, kg 212> 1812 0.08
Average daily gain, g 808 845 23.8
Feed efficiency, kg - kg™ gain 2628 215 0.06
Initial fat : lean mass ratio in the body 0.16 0.09*  0.009
Final fat : lean mass ratio in the body 0.24% 0.12*  0.005

'F — piglets with high fat : lean mass ratio in the body; 2T - piglets with
low fat : lean mass ratio in the body; #® and *® — means with different
superscripts within a row are significantly different at P < 0.05 and
P <0.01, respectively

Table 3. Bone characteristics at the end of the study (115 day of life)

39 boneof 3 bone of
Group' metatarsal ~ metacarpal  Mean SEM
(3MC) (3MT)
Bone mass, g
F 17.5 20.5 19.0 0.273
T 20.2 22.8 21.58
Mean 18.9* 21.78 20.3
Bone mineral content, g
F 478 5.36 5.07A 0.070
T 5.35 5.86 5.628
Mean 5.07% 5.628 5.35
Bone mineral density, g/cm?
F 0.395 0.405 0.400° 0.005
T 0413 0.416 0.414°
Mean 0.404 0.411 0.407
Cortical wall thickness, mm
F 2.87 2.53 2.70° 0.059
T 3.09 2.62 2.85°
Mean 2.98¢8 2.57* 2.78
Cross sectional area, mm?
F 99.6 97.5 98.6%
T 120.5 105.7 113.18
Mean  110.18 101.6* 105.8
Cortical index
F 0.78 0.66 0.72 0.012
T 0.76 0.65 0.70
Mean 0.778 0.66* 0.71
Maximum strength, N
F 964 899 931 27.711
T 894 920 907
Mean 929 909 919

'F, T - see Table 2;®and “8— means with different superscripts within
a row (bone types comparison) or column (groups comparison) are
significantly different at P < 0.05 and P < 0.01, respectively

Table 4. Correlation coefficient (r) between fat : lean mass ratio in the
body vs bone characteristics based on the results obtained from all
animals at the end of the study (115 day of life)

Correlation coefficient,

Indices r (P-value)

Bone weight -0.55 (P =0.001)
Bone mineral content -0.52 (P=0.001)
Bone mineral density -0.27 (P =0.029)
Cortical wall thickness -0.37 (P=0.002)
Cross sectional area -0.57 (P =0.001)
Cortical index -0.08 (P =0.553)
Maximum bone strength 0.05 (P =0.666)

The 3MT bone was heavier (P <0.01) than 3MC
one and had more (P < 0.01) bone mineral content,
however thinner (P < 0.05) cortical wall thickness,
lower cross sectional area and cortical index. Bone
mineral density and bone maximum strength did not
differ between 3MT and 3MC bones.

The negative correlations (Table 4) between ra-
tio of fat : lean mass in the body at final age and
bone weight (r = —0.55, P = 0.001), bone mineral
content (r =—0.52, P =0.001), bone mineral density
(r = —0.27, P = 0.029), cortical wall thickness
(r=-0.38, P=0.002), cross sectional area (r=—0.57,
P <0.001) were detected. The relationship between
body fat content and maximum bone strange and
cortical index was insignificant.

Discussion

During the experiment animals were fed the
same diet ad [libitum, thus, the effect of dietary
factors on the studied traits was the same in both
groups. It was found that the T animals consumed
less feed in comparison to F pigs. However, despite
of 15% lower feed intake, the T pigs were even
slightly heavier at the end of the study. It was a re-
sult of almost 18% better feed utilization and conse-
quently faster growth rate of this group of animals.

The findings of the present study concerning
bone mineral density of the metatarsal and meta-
carpal bones are different from those presented
by Mitchell et al. (2001), Ryan et al. (2011b) and
Weremko et al. (2013). According to these authors,
bones of the front legs were characterized by higher
mineral content because they are subjected to higher
biomechanical loads than those of the hind legs re-
gardless of age and dietary factors used in the study.
Present results did not confirm such relation as bone
of the metacarpal had lower mineral content and
similar mineral density in comparison to metatar-
sal bone. Admittedly cortical wall thickness, cross
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sectional area and cortical index of the metacarpal
bone were greater but did not increase the bone
strength.

In the present study it was found that bone weight,
bone mineral content and density were greater in
thin (T) pigs characterized by lower body fatness
(fat : lean mass ratio in the body). However, the
results of other studies, conducted on human sub-
jects examining a relation between fat content in the
body and bone status are conflicting. For instance,
Leonard et al. (2004) reported that body fat content
positively influences bone mineral content and bone
area in the children and adolescents. Similarly, Clark
et al. (2006) concluded that fat mass is a positive in-
dependent determinant of bone mass and size, which
suggests that adipose tissue stimulates bone growth,
however this relationship is attenuated by puberty. In
contrast, results of numerous studies on overweight
and obese children showed that there is a mismatch
between body weight and bone development during
growth and that bone mass and bone area are too
low for their weight (Goulding et al., 2000; Weiler
et al., 2000). Similarly, Hsu et al. (2006) showed
an inverse relationship between fat mass and bone
density. Cole et al. (2012) suggested that fat mass is
negatively associated with volumetric bone density
in children (independently from lean mass) despite
of positive associations with bone size. Similarly,
Bredella et al. (2011) demonstrated that adipose tis-
sue was inversely associated with bone mineral den-
sity, in contrast to muscle content in the organism
that positively influenced this bone parameter.

Presented results showed that in fatter pigs
(group F) characterized by higher fat : lean mass ra-
tio in the body worse indices of the bone geometry
were measured as their cortical wall thickness and
cross sectional area were lower than in pigs charac-
terized by lower value of fat : lean ratio (group T).
However, bone strength did not differ between both
examined groups. Janicka et al. (2007) using com-
puted tomography found that total body fat mass
was not associated with cross sectional area and cor-
tical bone area at the lumbar spine and femoral mid-
shaft of young adults. Contrary Pollock et al. (2007)
using peripheral Quantitative Computed Tomogra-
phy (pQCT) found that young adult obese females
had significantly lower cortical bone area, cross sec-
tional area and strength-strain index of tibia as com-
pared to females with physiological body fat level.
Lorentzon et al. (2006) suggested that increased to-
tal body fat mass may enhance weight-bearing bone
geometry.

Determination of the relationship between body
composition (fat and lean body mass content) vs
bone size/weight, bone mineral content and density
is easy for calculation using, e.g., DXA or quanti-
tative computed tomography (QCT) method. How-
ever, investigation of such a relationship with regard
to the real bone strength in humans is not feasible
for obvious reasons. Presented research allowed to
determine relationship between body fatness under-
stood as body fat : lean mass ratio vs cortical wall
thickness, cross sectional area and bone maximum
strength. Our findings were obtained on the basis
on the data from all animals used in the study, at
the final age. We found that body fatness was in-
versely correlated with cortical wall thickness and
cross sectional area of the metacarpal and metatar-
sal bones. However, relation with maximum bone
strength was insignificant. Earlier, Farr et al. (2010)
using QCT method reported that in addition to the
lower bone mineral density obese adolescents had
markedly reduced geometry and calculated indi-
ces of bone strength, which could help to explain
why obese adolescents suffer from more fractures
than normal weight ones. On the other hand, bas-
ing on computer tomography (CT) method results
Wetzsteon et al. (2008) reported that bone strength
is greater in obese children when absolute value is
considered. These authors, however, also pointed
that bone strength is appropriately adapted to in-
creased muscle but not to fat mass. This indicates
a greater connection between muscle mass and the
bone strength. Results of the recent study by Agu-
irre et al. (2014) pointed out that generally heavier
individuals had indeed higher bone mineral density,
however in obese individuals, as determined not
only by weight but also by fat : lean mass ratio in the
body, relatively lower bone mineral density was stat-
ed. In obese individuals high percentage of fat mass
and low percentage of lean mass correlated with de-
creased bone mineral density and increased frailty
due to lower bone strength. Moreover, Mosca et al.
(2014) reported negative relationship between body
fat, and whole body bone mineral content and den-
sity in males, and between body fat and bone min-
eral density of femur and spine in females. Authors
concluded that excess of fat mass is detrimental to
the development of bone mass in male adolescents,
whereas in females the femur and spine bone min-
eral density are the most affected ones. Viljakainen
et al. (2011) found a negative correlation between
body fatness and bone strength, bone fracture load,
bone turnover and whole body bone mineral density
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in children and adolescents. Authors concluded that
body fat content on physiological level supports bone
health, but a high one has an inverse effect.

Despite of the direct relation between body fat-
ness, and bone mineralization, geometry and mechan-
ical properties shown in the present study, a review
of the literature clearly pointed out a physiologically
predominant role of the adipose tissue in the body
energy balance by synthesizing an array factors that
regulate satiety (leptin), insulin sensitivity (adiponec-
tin and resistin), hormones (oestrone) as well as pro-
inflammatory molecules (Rajala and Scherer, 2003;
Sun at al., 2011). Moreover, all of these factors can
directly or indirectly influence bone turnover, skel-
etal growth and bone properties demonstrating the
dynamic nature of the skeleton relative to adipocyte
tissue. Understanding the mechanisms and the effects
of these factors on the mineralization, geometry and
mechanical properties of bone in individuals with
varying body energetic status, understood as ratio of
fat : lean mass in the body, requires further research
including animal studies.

Conclusions

Body fatness understood as fat : lean mass ratio
is inversely correlated with bone size/weight, degree
of bone mineralization (bone mineral content, bone
mineral density) and bone geometry (cortical wall
thickness and cross sectional area) and is in contrast
to bone mechanical properties (bone strength).
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