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Abstract

The aim of the present study was to determine whether the type of protein ingested influences the efficiency of catch-up (CU) growth and bone
quality in fast-growing male rats. Young male Sprague-Dawley rats were either fed ad libitum (controls) or subjected to 36d of 40% food
restriction followed by 24 or 40 d of re-feeding with either standard rat chow or iso-energetic, iso-protein diets containing milk proteins — casein
or whey. In terms of body weight, CU growth was incomplete in all study groups. Despite their similar food consumption, casein-re-fed rats had
a significantly higher body weight and longer humerus than whey-re-fed rats in the long term. The height of the epiphyseal growth plate (EGP) in
both casein and whey groups was greater than that of rats re-fed normal chow. Microcomputed tomography yielded significant differences in
bone microstructure between the casein and whey groups, with the casein-re-fed animals having greater cortical thickness in both the short and
long term in addition to a higher trabecular bone fraction in the short term, although this difference disappeared in the long term. Mechanical
testing confirmed the greater bone strength in rats re-fed casein. Bone quality during CU growth significantly depends on the type of protein
ingested. The higher EGP in the casein- and whey-re-fed rats suggests a better growth potential with milk-based diets. These results suggest that
whey may lead to slower bone growth with reduced weight gain and, as such, may serve to circumvent long-term complications of CU growth.
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Malnutrition-induced stunted growth is common in developed as
well as non-developed countries. In underprivileged societies, it
is mainly the result of inadequate food supply complicated by
recurrent infections, whereas in the developed world it occurs
usually as a consequence of insufficient nutrient intake as well as
inadequate absorption due to the presence of a chronic disease.
The correction of the underlying disease is usually followed by
adequate nutritional intake and spontaneous catch-up (CU)
growth. CU growth is defined as ‘height velocity above the nor-
mal statistical limits for age and/or maturity during a defined
period of time, following a transient period of growth inhibi-
tion". Occasionally, however, recovery is incomplete, leading to
a permanent growth deficit and short stature. Therefore, means to

increase the efficiency of this process are clearly required. On the
other hand, adults who have had fast CU growth as children
experience increased risk of metabolic diseases as adults®.
Therefore, any mean developed for robust CU growth should also
be tested for safety.

In most Western countries, dairy products are recommended
for children during their growth period and later on for adults
engaged in intense sport activities. The growth-supporting nutri-
ents contained in milk include high-quality proteins and Ca. The
two most prevalent categories of milk proteins are casein and
whey. Casein is the milk fraction that contains water-insoluble
proteins and consists of a family of phosphoproteins®; whey is
the water-soluble fraction of proteins and it consists of several

Abbreviations: AL, (ad libitum) controls fed regular chow; AVD, apparent volume density; BV, bone volume; Cas, (casein) re-fed casein-formulated chow;
Ct.Ar, cortical area; CU, (catch-up) re-fed regular chow; EGP, epiphyseal growth plate; IGF-I, insulin-like growth factor-I; LT, long-term; uCT, microcomputed
tomography; OC, osteocalcin; RES, (restriction) restricted to 40 % of daily intake of regular chow; Tb.Th, trabecular thickness; Tt.Ar, total area; TV, total volume;

Whey, (whey) re-fed whey-formulated chow.
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globular proteins including f-lactoglobulin, a-lactalbumin, serum
albumin and others. Both casein and whey contain all essential
amino acids"?. The involvement of milk and casein in growth has
been suggested by studies showing the positive effect on growth
in childhood and also during adolescence™.

The ratio of casein:whey, the two most prevalent milk
proteins, differs between human milk and cow milk used in
infant formulae. The aim of the present study was to determine
whether the different types of milk protein ingested (the
whey fraction v. the casein fraction) influence differently the
efficiency of the CU growth in terms of longitudinal growth,
weight gain and bone quality. Specifically, we evaluated the
longitudinal growth of the long bones of pre-pubertal rats fed a
restricted diet followed by re-feeding with a vegetarian source
of protein (standard rat chow) or with iso-energetic, iso-protein
diets containing the milk proteins casein or whey. All other
ingredients (maize starch, sucrose, cellulose, soyabean oil and
vitamins and minerals including calcium carbonate and calcium
phosphate) were identical in the casein and whey diets and
similar to the standard rat chow (online Supplementary
Table S1). In addition, as our previous experiments on CU
growth showed a dramatic effect on bone quality, defined as
bone resistance to fractures, at least in the short-term re-feeding
period®, we decided to check the effect of the different diets
after a re-feeding period on bone microarchitecture and bio-
mechanical properties using microcomputed tomography
(uCT” and biomechanical tests®.

Methods
Animals

All the experiments were performed on pre-pubertal 24-d-old
male Sprague-Dawley rats of an average weight of 50 g (Harlan
Laboratories Ltd). All animals were maintained under the
same experimental conditions: mean ambient temperature of
25+ 1°C, mean relative humidity of 50+2)% and 12h light-
12 h dark cycle, with lights oft at 18.00 hours. All had free access
to unfiltered regular tap water, and all were fed the same
commercial rat chow during the food-restriction period (Teklad
Rodent Diet (2018SC), 12:9kJ (3-1kcal/g) (metabolisable
energy); Teklad (now a part of Envigo)). Rats were maintained
separately in single cages at the animal care facility of the
Felsenstein Medical Research Center (FMRC) to allow
monitoring of food intake. Animals were observed daily, and
none of them showed signs of disease throughout the study,
apart from restlessness and slight aggressiveness during the
food-restriction period. All the experiments were approved by
the Tel Aviv University Institutional Animal Care and Use
Committee (committee protocol approval number M-120906),
to which the FMRC is affiliated. Body weight and food
consumption were measured daily.

Dietary manipulation

At the age of 24d, after 3d of acclimatisation to the solitary
cages, rats were randomly divided into two groups: a control
group fed ad libitum, which had unlimited access to regular
(natural ingredient grain-based (vegetarian protein)) rat chow

(AL group, 7 5), and a restricted group fed 60 % of the normal
daily intake of the same chow®. On day 36, the restricted
group was further divided into four groups: continued
restriction (RES group, 7 7) or unrestricted re-feeding with
one of three types of similar energetic and protein content —
regular rat chow (CU group, n 0), iso-energetic, iso-protein
milk protein based-purified diet, in which the only protein
was casein (Casein diet="TD.120604; Cas group, n 7), or whey
(whey diet=TD.120605; Whey group, 7 7). Animals were
re-fed for 24d (short-term experiment) following restriction
(Fig. 1(a)). All the diets were provided by Teklad (online
Supplementary Table S1).

Prompted by our finding of greater height of the epiphyseal
growth plate (EGP) in animals re-fed a casein- or whey-
formulated diet than in animals re-fed regular chow (see
results), we repeated the study with a prolonged re-feeding
period of 40d (Fig.1(b)), essentially as described above, apart
from the following: (1) the re-feeding period was extended to
40 d; (2) no restricted group was included and (3) the Whey and
Cas diet groups were enlarged to ten animals each (long-term
(LT) experiment; all groups marked with LT).

Serum analysis

All rats were euthanised by CO, inhalation at the end of the
experimental period and blood was collected by cardiac
puncture. Serum was separated by centrifugation at 1500 rpm
(239 @) in a Rotina 46 R centrifuge (Hettich) for 10 min at 4°C
and stored at —70°C. For the short-term experiment only, serum
levels of total Ca, P and total alkaline phosphatase (ALP) were
measured using a Beckman Coulter analyzer (AU 680; Beckman
Coulter International). For both the short- and long-term
experiments, serum levels of insulin-like growth factor-I (IGF-
D, leptin and osteocalcin (OC, bone y-carboxyglutamic acid-
containing protein) were determined using commercial Kkits
according to the manufacturer’s recommendations as follows:
Quantikine Mouse/Rat IGF-I assay kit, detection limit 8-4 pg/ml
(cat. no. MG100; R&D Systems); Rat Leptin ELISA kit, detection
limit 22 pg/ml (Millipore); and rat osteocalcin (OC) ELISA
assay kit, detection limit 0-5ng/ml (cat. no. EIA-2095; DRG
International Inc.).

Histological staining and measurement of growth
plate height

Tibiae and humeri of each animal were carefully removed,
cleaned and measured for length using a digital calliper. Tibiae
were fixed in 4% neutral buffered formalin for 48h at room
temperature, decalcified with EDTA and HCI (Calci-Clear Rapid,
cat. no. HS-105; National Diagnostics) for 7 h, dehydrated with
a graded ethanol series (70, 95, 100%) and stabilised by two
sequential changes of chloroform for paraffin embedding.
Histological studies and EGP height measurements were per-
formed on paraffin sections of 5-pm thickness, photographed
under the Olympus BX40 microscope using a Olympus DP71
camera and analysed using Image-Pro software (version
4.5.1.22; Media Cybernetics Inc.).
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Fig. 1. Time frame of the short- and long-term (LT) experiments. Male rats (24 d old) were subjected to 36 d of 40 % food restriction followed by (a) 24 d or (b) 40d of
re-feeding with normal chow or milk-protein-based chow. AL (], ad libitum) controls fed regular chow; RES, (I, restriction) restricted to 60 % of daily intake of regular

chow; CU, (catch-up) re-fed regular chow; Cas,

Microcomputed tomography analysis

Humeri were maintained in 4% neutral buffered formalin
for 48 h at room temperature and then stored in 70 % ethanol.
The entire right humerus was scanned using a uCT system
(uCT50; Scanco Medical AG). When the right-side sample was
not intact, the left one was used instead. Scans were acquired at
90 kVp, 200 pA and 1000 ms for energy, intensity and integration
time, respectively, generating images with an isotropic nominal
resolution of 17-2um; two-dimensional CT images were
reconstructed in 2048 X 2048 pixel matrices using a standard
convolution-backprojection  procedure (Scanco uct_recon-
struction version 6.1). A three-dimensional (3D) Gaussian filter
was used to attenuate the background noise in the volumes
(6=0-8; support=1). The scans were segmented using a global
thresholding procedure (trabecular attenuation =130; cortical
attenuation = 200, in permille of the total grey value range).
Morphometric parameters were determined using a direct 3D
approach™® in three different pre-selected analysis regions
using customised software developed on the proprietary Image
processing Language version 5.15 (Scanco Medical). In the
whole bone, we measured humerus length and apparent
volume density (AVD)(H). The AVD is calculated as the bone
volume fraction (bone volume (BV)/total volume (TV), %) for
the entire bone and provides a non-discriminatory AVD
assessment similar to bone mineral density determination by
dual-energy X-ray absorptiometry". In the cortical bone, we
used a 1-mm-height diaphyseal segment starting at the 6th tenth
of the total length (slightly distal to the midshaft). Cortical
measurements included total area (Tt.Ar, mmz), cortical area
(Ct.Ar, mmz), cortical area fraction (Ct.Ar/Tt.Ar, %) and cortical
thickness (Ct.Th, mm). To analyse the trabecular bone, we used
the secondary spongiosa of the proximal metaphysis of the

i, casein) re-fed casein-formulated chow; whey, (&, whey) re-fed whey-formulated chow.

humerus, separated manually from the cortical bone by tracing
the endosteal surface on the axial 2D tomographical slices.
Measurements included bone volume fraction, trabecular
number (Tb.N, mm_l), trabecular thickness (Tb.Th, mm) and
trabecular separation (Tb.Sp, mm).

Biomechanical analysis

Humeri specimens were re-hydrated in PBS to restore the
mechanical properties of the tissue 24 h before biomechanical
testing'?. The three-point bending test was performed using a
loading machine (model 4502; Instron) equipped with a 100 N
load cell at a cross-head speed of 1 mm/min. The bone speci-
mens were placed in a custom-made device with a span length
of 20 mm and loaded until failure, and force v. deflection data
were acquired automatically. The load-deflection curve yielded
three parameters for evaluation: total energy (Nmm) applied on
the bone up to ultimate/fracture load, calculated by the AUC;
ultimate load (N); and bending stiffness (N/mm), calculated as
the slope of the load-deflection curve at its linear portion.

Statistical analysis

Data are presented as means and standard deviations. The
significance of differences between experimental groups was
determined by one-way ANOVA with Tukey’s post hoc test
(multiple groups). Differences in weight were analysed with
repeated-measures ANOVA. Differences between the casein
and whey groups were studied using Student’s ¢ test (online
Supplementary Table 52). SPSS® version 21 (IBM) software was
used for data collection and analysis. Differences were
considered statistically significant at P<0-05.
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Results
Food consumption and body weight

In the 24-d study, although all groups showed steady growth with
regard to daily measurements of body weight, the RES group,
maintained on a restricted diet throughout the short-term
experiment, had a significantly lower average weight than the
other groups. During the 24d of re-feeding, there were no
differences in food consumption among the rats re-fed
casein-formulated (Cas) or whey-formulated (Whey) chow
(cumulative food consumption for the whole duration was
30382 (sp 41-17) v. 32756 (sp 56-10)g in the Casein and
whey groups, respectively; P=0-36). Their body weight
significantly increased relative to the RES group (Fig. 2(A)) but
was still substantially lower than that of the control group
(fed ad libitum, AL) fed normal amounts of regular chow
throughout the study. Following re-feeding, body weight increase

(A)
400 =

500

400

@
3
3

N
I}
3

Body weight ()

=
3

300 =

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Days

200

Body weight (g)

100

AL RES cu Cas

Whey

was similar in the Cas and Whey groups and lower compared
with the CU (Fig. 2). When comparing the Cas and Whey groups,
we found that the final body weight was significantly lower in the
Whey group (see online Supplementary Table S2).

After 40d of re-feeding, none of the re-fed groups reached the
weight of the LT-AL group at the same time point. Mean body
weight after 40 d of re-feeding was similar in animals in the LT-CU
and LT-Cas groups and was significantly lower in the LT-Whey
group (Fig. 2(B)) (cumulative food consumption for the whole
duration of the re-feeding period was similar: LT-Cas and
LT-Whey 783 (sp 57-2) v. 727-2 (sp 72-5), respectively; P=0-506).

Humerus length and growth plate height

Following 24 d of re-feeding, the average humerus length was
significantly greater in the AL group and significantly lower in
the RES group than in all the other groups (Fig. 3(A)).
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Fig. 2. Animal body weight. Rat body weight after 36 d of food restriction and (A) 24 d or (B) 40d of re-feeding with different protein-based chow. Values are means and
standard deviations. In each part, analyses were carried out separately by repeated measures (two-way ANOVA). P°9 Mean values within the graphs with same
letters were not significantly different (P<0-05). AL (ad libitum) controls fed regular chow; RES, (restriction) restricted to 60 % of daily intake of regular chow; CU,
(catch-up) re-fed regular chow; Cas, (casein) re-fed casein-formulated chow; whey, (whey) re-fed whey-formulated chow; —e—, AL; --m--, RES; —a—-,
CU; —v—-, Cas; —+—, Whey; —e—, LT-AL; --u--, LT-CU; —a—-, LT-Cas; —»—, LT-Whey. Insets show the weight throughout the experiment.
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Fig. 3. Effect of re-feeding on Humerus length. Humerus length following 36 d of food restriction and (A) 24d or (B) 40d of re-feeding. In each part, analyses were
carried out separately by one-way ANOVA. Values are means and standard deviations. >° Mean values within the graphs with same letters were not significantly
different (P < 0-05). Note the lack of significant difference in humerus length among the re-fed groups in the short-term experiments and the significantly lower bone
length in the re-fed groups compared with the AL group in both the short- and long-term experiments. AL (ad libitum) controls fed regular chow; RES, (restriction)
restricted to 60% of daily intake of regular chow; CU, (catch-up) re-fed regular chow; Cas, (casein) re-fed casein-formulated chow; whey, (whey) re-fed whey-

formulated chow; LT, long term.
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Re-feeding led to CU growth. The humerus was longer
in the re-fed groups than in the RES group, and tibial EGP
height (Fig. 4(A)) was significantly greater in the re-fed
groups than in both the AL and the RES groups. Interestingly,
on comparison of the three re-fed groups, EGP height was
greater in the Cas and Whey groups than in the CU group
(suggesting better growth potential; Fig. 4 and 5). Analysis of
the different zones of the EGP showed that the hypertrophic
zone was the most affected, with number of cells/column,
the height of the hypertrophic zone and the height of the
individual cells being significantly greater in the re-fed groups
compared with the AL. The Cas and Whey groups showed
an even greater hypertrophic cell number and zone height
(Fig. 6(A)—(C)).

At 40d, humerus length was significantly greater in the LT-AL
group than in all three re-fed groups (Fig. 3(B)), indicating
incomplete CU growth. When comparing the humerus length of
the LT-Cas and LT-Whey groups, we found that it was
significantly longer in the LT-Cas compared with the LT-Whey
group (see online Supplementary Table S2). Tibial EGP height
was significantly greater in the LT-Cas and LT-Whey groups than
in the LT-AL group (Fig. 4(B) and 5), a finding we attributed to
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age-related shrinkage of the EGP in the LT-AL group. The EGP
was significantly higher in the LT-Whey than in the LT-CU group.

The hypertrophic zone and cell number at this time
point were still higher in the LT-Cas and LT-Whey groups
compared with LT-AL and LT-CU. However, the height of the
individual hypertrophic chondrocytes was similar in all groups

(Fig. 6(D)~(F).

Bone parameters (microcomputed tomography analysis)

Full bone. AVD in the short-term study was significantly higher
in the AL group than in all the other groups (Table 1a). The CU
group showed a significant, although partial, recovery of full
bone AVD, whereas the Cas group showed no difference, and
the Whey group had an even lower AVD than the RES group.

Cortical bone. Food restriction led to a reduction in Tt.Ar, Ct.
Ar, Ct.Ar/Tt.Ar and Ct.Th. Tt.Ar and Ct.Ar were corrected on re-
feeding with regular (CU) or casein-formulated chow (Cas) but
not whey-formulated chow (Whey). Most cortical parameters
were significantly lower in the Whey than in the Cas group
(online Supplementary Fig. S1).
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Fig. 4. Effect of re-feeding on epiphyseal growth plate (EGP) height. Height of the EGP following 36 d of food restriction and (A) 24 d or (B) 40d of re-feeding. In each
part, analyses were carried out separately by one-way ANOVA. Values are means and standard deviations. 2°°9 Mean values within the graphs with same letters were
not significantly different (P < 0-05). Note the significantly lower EGP height in the AL and RES groups compared with the re-fed groups. AL (ad libitum) controls fed
regular chow; RES, (restriction) restricted to 60 % of daily intake of regular chow; CU, (catch-up) re-fed regular chow; Cas, (casein) re-fed casein-formulated chow;

whey, (whey) re-fed whey-formulated chow; LT, long term.
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Fig. 5. Representative stained sections of the epiphyseal growth plate (EGP) in all groups (short- and long-term (LT) experiments). Haematoxylin—eosin and alcian blue
staining shows the margins of the cartilaginous EGP (magnification x4; six sections measured in each group). AL (ad libitum) controls fed regular chow; RES, (restriction)
restricted to 60 % of daily intake of regular chow; CU, (catch-up) re-fed regular chow; Cas, (casein) re-fed casein-formulated chow; whey, (whey) re-fed whey-formulated chow.
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Fig. 6. Effect of re-feeding on the hypertrophic zone of the epiphyseal growth plate (EGP). Number of hypertrophic cells/column (A,D); height of the hypertrophic zone
(B,E) or individual hypertrophic chondrocyte cell height (C,F) following 36 d of food restriction and (A—C) 24 d or (D-E) 40d of re-feeding. In each part, analyses were
carried out separately by one-way ANOVA. Values are means and standard deviations. °° Mean values within the graphs with same letters were not significantly
different (P < 0-05). AL (ad libitum) controls fed regular chow; CU, (catch-up) re-fed regular chow; Cas, (casein) re-fed casein-formulated chow; whey, (whey) re-fed

whey-formulated chow.

After 40d of re-feeding, cortical AVD was still significantly
higher in the LT-AL group than in all three re-fed groups
(Table 2a). There was no significant difference in AVD between
the LT-CU and LT-Cas groups, but the LT-Whey group had a
significantly lower AVD than all the other groups, similar to our
findings in the short-term experiment.

Analysis of the other cortical parameters of the LT study
(Table 2a, online Supplementary Fig. S1) revealed that similar to
the short-term experiment, at this time point, both Tt.Ar and Ct.
Ar were significantly greater in the LT-AL group than in the LT-
re-fed groups. There was no significant difference in Ct.Ar/Tt.Ar
between the LT-CU and LT-Cas groups and the LT-AL group,
but the value in the LT-Whey group was still significantly lower
compared with the LT-AL. When comparing the LT-Cas and LT-
Whey groups, we found that all other cortical parameters (apart
from Ct.Ar/Tt.Ar) were significantly different between these
groups (online Supplementary Table S2).

Trabecular bone. Food restriction was associated with a sig-
nificant reduction in trabecular volume fraction (BV/TV) and Tb.
Th (Table 1b, Fig. 7). After 24 d of re-feeding, all these parameters
were corrected in the CU and Cas groups, but not in the Whey
group. The Whey group had a similar BV/TV and Tb.Th to the
RES group, despite unrestricted access to food for 24d after
restriction. All trabecular bone parameters were significantly
worse in the Whey group compared with the Cas group.

After 40d of re-feeding, there was no significant difference in
BV/TV, Tb.Th, Tb.N and Tb.Sp. between the LT-AL and LT-CU
groups (Table 2b and Fig. 7). However, both the LT-Cas and LT-
Whey groups showed a significant reduction in BV/TV and Tb.
Th, concomitant with an increase in Tb.Sp, relative to the LT-AL
group. The LT-CU group tended to have the highest Tb.N of all

re-fed groups at 40d, although the difference among the groups
was not statistically significant. BV/TV and Tb.Th were sig-
nificantly higher at 40d in the LT-AL and LT-CU groups than in
the LT-Whey group. None of the trabecular parameters were
significantly different between the LT-Cas and LT-Whey groups in
the long-term experiment, although all values tended to be lower
in the LT-Whey group.

Biomechanical properties

In the three-point bending test of humerus strength (Table 1¢),
the toughness, a measure of energy required to cause fracture,
and ultimate load were significantly lower in the RES group than
the AL group, and the slope of the curve, a measure of bone
stiffness, was somewhat (non-significantly) lower in the RES
group, indicating reduced bone quality. Short-term re-feeding
with either regular or casein-formulated chow tended to correct
all parameters, partially or completely, with no difference
between the CU and Cas groups throughout (Table 10).
However, rats re-fed a whey-formulated diet showed no
difference from the RES group, and the ultimate load was
significantly lower than that of the Cas group.

Interestingly, all parameters of bone strength were similar
among the groups after 40d of CU (Table 2¢). However, the
LT-CU group tended to have the greatest bone stiffness, and the
LT-Whey group had the lowest ultimate load, in agreement with
the results of the short-term experiment. In all re-fed groups, the
ultimate load increased with age, reaching values similar to
those of the LT-AL group.

Serum analysis

Analysis of the serum profile (Table 3) yielded no significant
difference in the short term in Ca and P levels among the
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Table 1. Bone parameters microcomputed tomography (uCT) and biomechanical properties (three-point bending test) in male Sprague—Dawley rats following food restriction and 24 d of re-feeding with

vegetable-protein-based or milk-protein-based chow

(Mean values and standard deviations)

Whey (n 7)

Cas (n7)

CU (n 6)

RES (n7)

AL (n 5)

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

46-6°

53.3°

58.5¢

54.9°

6572

Full bone apparent volume density (%)

(a) Cortical bone parameters

3.66"¢ 04
2.31°

0-34
019

4.194°
2.83°
68°

0-36
0-23

3-95°¢

0-22
012

3-12°
2.07°
67°

0-45
0-29

4.82%
3-6%

75°

%)

Tt.Ar (mm
Ct.Ar (mm?)

017
0-01
0-01
015
0-08

63°
0-43°

10-57°
0-071°
1.26°

0-02
0.-01
0-32
012

0-5%°
17.93°
0-0842
1.622°
0.7%P

0-01
0-01
0-24
0-09

2.71°
69°
0-5°
20912
0-0852
1.80?

0-02

0-41°
10-22°
0-07°

0-02
0-01
0-16
0-05

0-612
18.8%

0-0872

1.732

(b) Trabecular bone parameters

Ct.Ar/Tt.Ar (%)
BV/TV (%)

Ct.Th (mm)
Tb.Th (mm)

0-18
0-08

1.452P
073

")

(c) Biomechanical properties*
Toughness (Nmx10~3)
Stiffness (N/mm)

Tb.N (mm~

063 0-85°
12.8° 18420 21.5%P
42:6

39-1
27.9°

0-63%

Tb.Sp (mm)
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14.7° 2
325 5
26404

88
131
31

2.7 38
1241 . 15.4 424
37 34.73bC 6-2 37.12°

75

186
7-6

27.8%
57-4
43.8%

Ultimate load (N)

Tt.Ar, total area; Ct.Ar, cortical area; Ct.Ar/Tt.Ar, cortical area fraction; Ct.Th, cortical thickness; BV/TV, bone volume/total volume; Tb.Th, trabecular thickness; Tb.N, trabecular number; Tb.Sp, trabecular separation.

abed Mean values within a column with same superscript letters were not significantly different (P < 0-05).

AL (ad libitum) controls fed regular chow; RES, (restriction) restricted to 60 % of daily intake of regular chow; CU, (catch-up) re-fed regular chow; Cas, (casein) re-fed casein-formulated chow; whey, (whey) re-fed whey-formulated chow;
* Toughness (AUC), stiffness (slope of the load-deflection curve) and ultimate load (the maximal load in N).

AL, RES and CU groups (Table 3a). Total ALP was significantly
higher in the RES than in the AL group, and the three re-fed
groups all showed a similar partial recovery. By the end of the
long-term experiment, it was no longer possible to analyse the
serum samples in the same set-up; therefore, we measured only
IGF-I, leptin and OC (bone y-carboxyglutamic acid-containing
protein).

In the short-term experiment, serum IGF-I levels were 65%
lower in the RES than in the AL group (Table 3b). Re-feeding led
to a significant increase compared with continued restriction.
IGF-I levels were significantly higher in the CU group than in
the Whey group. In the long-term experiments, there was no
significant difference in IGF-I levels among the groups
(Table 3¢). Levels tended to increase over time (i.e. with age),
although the results were statistically significant compared with
the short-term values only in the LT-Cas and LT-Whey groups.

Serum leptin levels in the short-term experiments were sig-
nificantly reduced by food restriction to below the detection
limit of the kit; re-feeding led to a significant increase relative to
continued restriction; however, in the Cas and Whey groups,
levels remained lower compared with the AL group (Table 3b).
Serum leptin levels increased over time. The level of leptin in
the AL group of the long-term (LT-AL) experiment tended to be
higher compared with the short-term experiment (Table 3c;
P =0-00). This change was accompanied by an increase in
body weight. At 40d, the LT-AL group had the highest level of
leptin and the highest body weight of all the other groups;
the LT-CU and LT-Cas groups had similar leptin levels, and the
levels in the LT-Whey group were lower compared with the
other re-fed groups (online Supplementary Table S2). Among
the re-fed groups, the Cas groups had the highest increment in
leptin levels over time (LT-Cas v. Cas).

Serum OC levels in the short-term experiments were some-
what higher in the RES group than in the AL group, but the
difference was not statistically significant (Table 3b). Similar
findings were noted for ALP. All re-fed groups showed a further
significant increase in OC compared with the AL group. Levels
in the Cas group were significantly higher compared with the
CU group, whereas the Whey group was similar to the CU
group. OC levels decreased over time in the AL group, possibly
owing to an age-associated reduction in bone formation activity
(Table 3c). A similar reduction was noted in the re-fed groups.
In both the short- and long-term experiments, the OC level was
higher in the re-fed groups than in the AL group, and higher in
the Cas group than in the other re-fed groups.

Discussion

The most interesting observation of this study is the dramatic
and differential effect of casein and whey on bone growth
and bone quality following food restriction. Evaluation with
UCT revealed a significant difference in bone morphology
between animals fed a casein- or whey-formulated diet in both
the short- and long-term experiments, and biomechanical tests
yielded better overall structural and biomechanical parameters
in the Casein group. However, the significant difference in
trabecular bone parameters and bone strength in the Casein
group relative to the Whey group at 24d of re-feeding
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Table 2. Bone parameters microcomputed tomography (uCT) and biomechanical properties (three-point bending test) in male Sprague-Dawley rats
following food restriction and long-term re-feeding (40 d) with vegetable-protein-based or milk-protein-based chow

(Mean values and standard deviations)

LT-AL (n 6) LT-CU (n7) LT-Cas (n 10) LT-Whey (n 10)

Mean SD Mean SD Mean SD Mean SD
Full bone apparent volume density (%) 692 1 64° 2 62° 3 58° 4
(a) Cortical bone parameters
Tt.Ar (mm?) 5.082 037 4.31bcd 0-26 4.6°¢ 0-28 3.86°4d 022
Ct.Ar (mm?) 3.822 022 3.14° 02 3.36°° 019 2.75°4 022
CLAI/TtAr (%) 752 3 732b 1 732P 1 65° 2
Ct.Th (mm) 0-63? 0.03 0.57° 002 0-60*P 002 0-545° 004
(b) Trabecular bone parameters
BV/TV (%) 252 7 243 5 170 3 16° 4
Tb.Th (mm) 0-092 001 0-082P 001 0-08°° 0 0.07° 001
Tb.N (mm™) 2.54 074 2.47 064 2.01 0-48 1.77 0-42
Tb.Sp (mm) 045 013 047 013 056 013 063 013
(c) Biomechanical properties*
Toughness (Nmx 107%) 1822 66 1715 3.4 22.99 32 19.99 91
Stiffness (N/mm) 59.07 305 75-54 28-3 59 23.7 5951 25.45
Ultimate load (N) 43.39 8.86 45.61 8.62 44.46 915 40.62 348

LT-AL, (long-term ad libitum) controls fed regular chow; LT-CU, (long-term catch-up) re-fed regular chow; LT-Cas, (long-term casein) animals re-fed casein-formulated chow;
LT-Whey, (long-term whey) animals re-fed whey-formulated chow; Tt.Ar, total area; Ct.Ar, cortical area; Ct.Ar/Tt.Ar, cortical area fraction; Ct.Th, cortical thickness; BV/TV, bone
volume/total volume; Tb.Th, trabecular thickness; Tb.N, trabecular number; Tb.Sp, trabecular separation.

abe Mean values within a column with same superscript letters were not significantly different (P < 0-05).

* Toughness (AUC), stiffness (slope of the load-deflection curve) and ultimate load (the maximal load in N).

Trabecular bone, short-term study

Fig. 7. Three-dimensional trabecular bone images. Images were obtained by microcomputed tomography of the trabecular bone. Note the dramatic effect of food
restriction on trabecular bone and the effect of re-feeding with different proteins, with particular attention to the bone structure of the Whey group in the short-term
experiments. AL (ad libitum) controls fed regular chow; RES, (restriction) restricted to 60 % of daily intake of regular chow; CU, (catch-up) re-fed regular chow; Cas,
(casein) re-fed casein-formulated chow; whey, (whey) re-fed whey-formulated chow; LT, long term.

disappeared after 40d. The effect of whey on growth was
slower, maintaining a higher (younger?) EGP for a longer time.
Together, these findings suggest protein-specific effects on
the pace of bone development. To the best of our knowledge,
the present study is the first to explore the specific effects of the
individual milk proteins during CU growth early in life.
Several distinguishing factors of casein and whey may
account for their differential effect on bone quality and growth
rate. (1) Amino acid profile: casein is rich in histidine, methio-
nine, tyrosine and phenylalanine, and whey is rich in branched-

(13,149 In

chain amino acids such as leucine and iso-leucine
addition, casein contains high levels of prolines, required for

the cross-linking of collagen fibres during creation of the

extracellular bone matrix, whereas whey contains high levels
of sulphur-containing amino acids. (2) Gut processing: the
acidification of casein in the stomach converts it to insoluble
protein-forming micelles, thereby slowing the digestion rate. In
contrast, whey proteins are rapidly digested and quickly
removed from the gut"®. These substantial differences may
affect the pace of release of amino acids to the blood as well as
the gut microbiome, which in turn can have effects on bone
quality and growth. (3) Ca absorption: both in vitro and in vivo
studies have shown that casein increases Ca absorption from
the intestine, leading to an increase in bone mineralisation®.
(4) Effect on IGF-I and insulin: IGF-I directly stimulates the

proliferation and differentiation of EGP chondrocytes!” as well
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SD
011
018
34.12
247.35
03
341
SD

Whey
LT-Whey

Mean
3-00°
3.08%¢

339.44%P
972.61°
0-82°

59.72b¢

Mean

SD

015
0-40
52.85
88-65
0-43
8.97

SD

Cas
LT-Cas

Mean
3.04°
3.36°

323.85%P
1101-332°¢
10

65°
Mean

sD
013
0-08
58-99
223-99
1.3
8.57
sD

CuU
LT-CU

Mean
2.853P
3.74%0

369-05%°
1.72¢
47.67°

Mean

1417.55%

SD
0-12
0-44
113.55
105-66
659
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o
RES
3432
38.983P

2.792
421.74°

Mean

459.39°
<0-022°

SD
0-06
0-39
166-74
96-74
0-58
6-06

SD

AL
LT-AL

Mean
2.892P
3.222

245.34°2

2.712

29.732
Mean

1331.85%

Table 3. Serum analysis in male rats after 40 % food restriction and short-term or long-term re-feeding with vegetable-protein-based or milk-protein-based chow

(Mean values and standard deviations)

(a) Short term

Ca (mmol/l)

P (mmol/l)

ALP (UN)

(b) Short term
IGF-I (ng/ml)
Leptin (ng/ml)
Osteocalcin (ng/ml)
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Y P
Sw~ | & as osteoblasts'® and increases trabecular and cortical bone
<
&° S formation®??. The higher IGF-I levels in the Casein than in the
- © 8
T Whey group are commensurate with studies showing that
Yy group g
3
g casein is a strong IGF-I stimulator®. Although the slightly
IS higher (although NS) IGF-I levels in the Casein group may have
2 ]2
o™l | = been associated with increased bone quality, we have no
Ao ©
NS 8 explanation for the equal bone length in all the re-fed groups,
b ) . . . :
o = despite the differences in IGF-I levels. The mechanism behind
é the differential effect is therefore still an enigma — it can be a
g combination of all the above-mentioned causes or another
noo | 2 cause altogether. It is therefore still an open question and
e | £ further studies should be performed to answer it.
[} <
S Bone mass is positively correlated with body weight in
Q
k<t children and adults*?. Leptin, produced by white adipocytes, is
3
g involved in feeding behaviour, regulation of energy homo-
0% % < eostasis, bone mass and longitudinal growth®®. In the present
[}
oS8 g study, 36 d of food restriction significantly reduced serum leptin
5 3 levels, indicating a reduction in fat mass concomitant with a
2 decline in bone mass and bone formation. Our data are
§ consistent with previous studies where low leptin levels were
g associated with lower cortical and trabecular bone mass®.
A
NOo | g Although rats fed casein or whey diets gained weight, their
o< | S g y g 8
& 5 leptin levels were still significantly low, suggesting that the
E increase in body weight was attributable to an increase in lean
% body mass and not fat. Support for this assumption comes from
= studies showing that the addition of whey protein to high-fat
< 8 Y P g
Qan | 3 diets reduced weight gain in mice*®.
é “3B|e OC is the main non-collagenous bone protein, and is
- £ considered a reliable marker of bone formation in children and
& adolescents 2 It is produced by well-differentiated osteo-
3 blasts and secreted in high levels into the bone matrix®”;
g
g . 60-90% of the high-affinity y-carboxyglutamic acid residue of
<
§ § OC binds to hydroxyapatite®”, and 10-40 % is released into the
3 o circulation. OC in serum may either originate from mature
[} -~
s E osteoblasts during bone construction or derive from degraded
5 § g g
g g bone matrix during resorption. In the present study, the slightly
£ 2 higher serum OC level in the RES group compared with controls
S 2 g group p
T § may have been due to enhanced bone resorption, in agreement
E g = with our uCT findings of reduced trabecular and cortical bone
g8?l arameters in the RES group'®. Thus, food restriction appears to
325 p group ) pp
j=2)
£gc suppress osteoblast function and bone formation, whereas
o8 o pp
852 osteoclast function and bone resorption remained relativel
@ P y
NO® | o . . A
- 85 g higher, leading to bone loss®®. Re-feeding increased OC levels,
® EE % similar to findings of other studies in rats®” and in a clinical
2E% study of malnourished children®”. We also noted a decrease in
1% e
g5 g OC levels over time (i.e. with age) within the individual groups.
I ] %’ ° Our results are further supported by a recent study in which a
« . . . .
RN 5 = § deleterious effect on the bone microarchitecture of fast-growing
[N Ne) @ .
T N|8= g rats was found only when the rats were fed protein derived
T Sk ¢ from soya but not casein®”. Thus, the quality of the protein
g g 2 may supersede the quantity available in terms of importance to
o
8L bone growth and development. In addition, a study performed
@< c . .
£ls §§ in food-restricted adult male rats (16 months)®* showed that
= = . . . .
< _2|8%¢g rats fed casein protein had higher cortical AVD, trabecular
~==| 30
S E % £ g £ § parameters, bone strength and IGF-I and OC levels than
22<Eg S35 food-restricted rats fed whey. Similarly to our results, rats fed
STE9 | 82 cein diot he e and < an rate
SIEe | 233 the casein diet had better bone structure and strength than rats
= >
8080 |1 ¢ fed the whey diet.
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We have shown that long-lasting food restriction may have
deleterious effects on bone elongation and microarchitecture®. In
this study, food restriction for 36d, during the period of linear
growth in rats, led to a significant reduction in weight, bone
length, bone quality and EGP height, with a significant reduction
in cortical and trabecular bone parameters (uCT analysis) as well
as mechanical strength. Despite the general improvement, not all
parameters were completely corrected even after 40d of
re-feeding. These results may have important clinical implications.

The two main concerns regarding CU growth are (i) the
incomplete CU growth leading to permanent growth deficit and
(i) the occurrence of late-onset metabolic effects. There is an
increasing body of evidence suggesting that fast CU growth
(especially in terms of weight gain) in infancy increases the
long-term risk of obesity and insulin resistance®®. The results
of our study suggest that whey may lead to slower bone growth
with reduced weight gain and, as such, may serve to circumvent
long-term complications of CU growth.

To summarise, our data show that food restriction leads to
lower bone mass and decreased bone (trabecular and cortical)
acquisition in young male rats. CU growth partially corrects
cortical and bone formation.
iso-energetic diet containing equal amounts of protein and Ca is
associated with a similar elongation of the bones, but bone
quality significantly depends on the protein identity, with casein

trabecular Intake of an

having a stronger effect on bone architecture than whey.
Moreover, although the effect on bone length was similar for all
diets, EGP height increased more under the milk-based diets
than the regular chow diet. Our results show that, although the
effect on bone structure is corrected with time, the effect on
weight is still evident even after 40 d of re-feeding. It seems that
the long-term effect is more important; therefore, whey is
probably the best. However, we feel that it is too early to
translate these data to clinical recommendations.

Our conclusions are limited by the low number of animals
that were included in each group, leading to sometimes
marginally significant differences only. Other limitations of the
study include absence of data on body composition and longer-
term experiments that are required to evaluate further the effect
of casein and whey on long-term metabolic consequences.
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