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Low protein intake is associated with an alteration of bone microstructure and material level properties. However, it remains
unknown whether these alterations of bone tissue could influence the response to repeated mechanical loading. The authors
investigated the in vitro effect of repeated loading on bone strength in humeri collected from 20 6-month-old female rats pair-fed
with a control (15% casein) or an isocaloric low protein (2.5% casein) diet for 10 weeks. Bone specimens were cyclically loaded in
three-point bending under load control for 2000 cycles. Humeri were then monotonically loaded to failure.The load-displacement
curve of the in vitro cyclically loaded humerus was compared to the contralateral noncyclically loaded humerus and the influence of
both protein diets. Material level properties were also evaluated through a nanoindentation test. Cyclic loading decreased postyield
load and plastic deflection in rats fed a low protein diet, but not in those on a regular diet. Bone material level properties were
altered in rats fed a low protein diet. This suggests that bone biomechanical alterations consequent to cyclic loading are more likely
to occur in rats fed a low protein diet than in control animals subjected to the same in vitro cyclic loading regimen.

1. Introduction

Malnutrition is frequently observed among older patients
[1]. Among nutrients, protein deficiency has been shown to
play an important role in the pathogenesis of osteoporosis
and fragility fracture Animal studies have shown that an
isocaloric low protein intake decreases bone formation [2, 3],
leading to a negative bone balance and deterioration of bone
mass, bone microstructure, and bone strength in both female
and male adult rats [2, 4]. In addition to bone loss and
microstructure alterations [5], a low protein diet is associated
with changes in bone material level properties [6]. The latter
can be detected at the level of the cortical and trabecular bone
and is reversible upon protein replenishment [6].

Similar to all materials, cyclic loading of bone leads
to a gradual fatigue degradation of mechanical properties
over time, resulting from the accumulation of failures or
microdamage in bone tissue [7]. As loading continues,
microdamages grow in number and size and coalesces until

fatigue fractures develop [8–10]. The response of bone to
cyclic loading has been previously investigated using different
methods including ex vivo [8, 9, 11, 12] and in vivo protocols
[13, 14]. In vivo techniques take into account bone remod-
elling responses to cyclic loading [14–17].The effect of fatigue
depends on bone remodelling as well as bone material level
properties [14–16]. By contrast, ex vivo protocols only assess
bone as a material [8, 10].

Alterations of bone material level properties caused by a
low protein diet could increase propensity to damage accu-
mulation during cyclic mechanical loading. Therefore, the
authors hypothesized that an alteration of bonematerial level
properties caused by a low protein intake could negatively
influence the mechanical response of bone to cyclic loading.
To test this hypothesis, the authors conducted an in vitro
study of cyclically loaded bone specimens collected from
adult female rats fed either an isocaloric low or a normal
protein diet and compared bone strength and material level
properties between fatigued and control bones.
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2. Materials and Methods

2.1. Animals and Bone Samples. Six-month-old Sprague-
Dawley female rats (Charles River Laboratories, L’Arbresle,
France) were housed individually at 21∘C with a 12 : 12 h
light-dark cycle and strictly pair-fed isocaloric synthetic diets
(Provimi Kliba AG, Kaiseraugst, Switzerland) containing 15%
or 2.5% casein, 0.8% phosphorus, 1% calcium, 70–80% car-
bohydrates, and 5% fat throughout the experimental period.
The low protein diet was made isocaloric by the addition of
corn carbohydrates to ensure the same energy intake for all
animals, which also received a daily oral dose of 100 IU/kg of
vitamin D dissolved in peanut oil. Demineralized water was
available ad libitum. As the minimal protein intake necessary
for adult rats to maintain bone homeostasis is 5% [2, 3, 18], a
restriction to 2.5% corresponds to a reduction of the protein
intake of 50% of the necessary amount, a reduction that is
often observed in patients with hip fracture [19]. After one
week of equilibration on a 15% casein-containing diet, 20 rats
were divided into two groups of 10 rats each. Each group
received either a 2.5% or a 15% casein-containing diet for
10 weeks. At the end of the experiment, rats were sacrified
by an overdose of ketamine hydrochloride. Immediately after
sacrifice, the left and right humeri were excised. Specimens
were then individually sampled in saline-soaked gauze, sealed
in plastic bags, and stored at –20∘C until preparation for
biomechanical testing. The Animal Ethics Committee of
the University of Geneva Faculty of Medicine approved the
experimental protocols and all animal procedures.

2.2. Bone Geometry:Microcomputed Tomography and Calliper
Measurement. For microcomputer tomography (micro-CT)
and mechanical tests, humeri pairs were slowly thawed at
7∘C overnight, maintained at room temperature, and kept
immersed in physiological solution. Each humerus was
placed in a plastic tube filled with physiological solution.
Bone mass and architecture of the midshaft humerus were
analysed in a high-resolution micro-CT system (micro-Ct
40; Scanco Medical, Bassersdorf, Switzerland). A scout-scan
and cross-sectional scan were performed on the humerus
midshaft, where the load was applied. The mid-diaphysis
cortical bone, a 0.168mm long segment centred over the
humerus midline, was scanned at 55 kVp and 145mA, with
resolution of 8-micrometer isotropic voxel size.The resulting
grey-scale images were segmented using a low-pass filter to
remove noise, and a fixed threshold was employed to extract
the mineralized bone phase. The segmentation parameters
were set to sigma: 0.8 voxels, support: 1, and threshold:
3.7 cm−1. From the binarized images, total volume (TV),
bone volume (BV), and cortical bone thickness (C.Th) were
calculated by measuring 3D distances, and the structural
properties of cortical area (Ct.Ar; mm2), moment of inertia
(I; mm4) were determined. The midshaft humerus diameter
(mm) was measured using a calliper with electronic digital
display.

2.3. Mechanical Testing: Three-Point Bending Test. All
mechanical tests were carried out using a servo-controlled
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Figure 1: Schematic representation of a load-deflection curve
corresponding to a bending test of a bone diaphysis.

electromechanical system (Instron 5566; Instron Corp., High
Wycombe, UK) with the actuator displaced at 2mm/min.
Bones were placed in the machine on two supports spaced
16mm apart with the central loading point situated at the
midshaft, thus constituting a three-point bending test [7].
Site of bending was anteroposterior and site of tension
was on the posterior surface of the humerus. The tested
humerus was fixed in the loading system and enclosed in
a small plastic box filled with saline solution. Loading was
performed in a saline bath at room temperature (21∘C).

Deflection (mm) and load (N) were simultaneously
recorded every 0.01 s and the load-deflection curve was
recorded (Figure 1). Maximal load (𝐿MAX (N)), stiffness
(slope of the elastic part of the curve (N/mm)), yield point
(𝐿
𝑌
, point separating the elastic part and the plastic part of

the curve (N)), postyield load (maximal load (𝐿MAX) minus
yield point load (𝐿

𝑌
) (N)), and postyield displacement (mm)

were directly obtained from the load-deflection curve and
automatically calculated. The energy absorbed by the bone
tissue (area under the load-deflection curve before the bone
breaks (N × mm)), plastic energy (mJ), and elastic energy
(mJ) were also calculated.

2.4. Fatigue (Cyclic Loading)

2.4.1. Preliminary Determination of Cyclic Loading Parame-
ters. To determine parameters selected for the cyclic loading
procedure (cyclic loading at 0.5Hz under load control for
2000 cycles in a triangular waveform), it has been postulated
that the load has to be in the range of the elastic deformation
and the number of repetitions should not result in fracture
of the bone sample during the cyclic loading period. These
parameters were obtained in a pilot study where the humeri
of animals fed a normal protein diet were cyclically loaded to
failure using different loading conditions. Loading parameter
to fatigue was determined from the load-deflection curve
of monotonically tested contralateral humerus. Load corre-
sponding to 50%, 60%, 65%, and 70% of the maximal load
was applied (number of samples tested = 11) and the mean
number of cycles necessary to break the bone was recorded.
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2.4.2. Experimental Protocol. Left and right humeri were
tested in pairs and randomly allocated to one of two test
protocols: monotonic loading or fatigue followed by mono-
tonic loading. The same procedure was applied on humeri
of rats fed a normal or a low protein diet. First, one of the
two bones was monotonically loaded to failure in a three-
point bending test with the actuator displaced at 2mm/min.
Its loading parameters were recorded and the value corre-
sponding to 60% of the maximal load was determined from
the load-deflection curve. Secondly, the second humerus
was loaded cyclically at 0.5Hz under load control for 2000
cycles in a triangular waveform. Peak load corresponded
to 60% of the maximal load measured from the first bone
(contralateral humerus). Finally, the resistance to fracture
of the fatigued humerus was determined in a monotonic
three-point bending test under the same conditions as the
contralateral humerus. Both displacement and load were
recorded and the load-displacement curve was determined.

2.4.3. Evaluation of Bending Stress during Cyclic Loading. At
the region where the load was applied, the humerus cortical
bone is distributed as a cylinder in a quasisymmetrical
fashion. Therefore, applied bending stress at the humerus
midshaft during fatigue testing was assessed using standard
beam theory [7]. Bending stress was determined from the
formula 𝐹∗𝐿∗𝑐/4𝐼where 𝐹 is the applied load, as described
above, and corresponding to a load in the linear elastic range;
𝐿 is the span of the loaded specimen, 𝑐 is the cortical radius,
and 𝐼 is the moment of inertia, as determined with micro-CT
[7].

2.5. Bone Material Level Properties: Nanoindentation. Bone
material level properties were assessed by nanoindenta-
tion. Force-displacements of a pyramidal diamond indenter
pressed onto the bone section surface were recorded, using
a nanohardness tester (NHT; CSM Instruments, Peseux,
Switzerland). This technique has been described in detail
elsewhere [6, 20]. In brief, the indenter tip is loaded up
to a given depth onto the sample and the load is held
constant, leading to a creeping of the material below the
tip. Tissue hardness represents the mean pressure the mate-
rial can resist and is calculated as the ratio of maximum
force to contact area. Elastic modulus is defined as the
initial slope of the unloading section of the curve. Modulus
quantifies the elastic properties of the material and hard-
ness estimates the plastic properties. Both processes could
be differently influenced. Dissipated energy corresponds to
the area between the loading and unloading curves. The
nanoindentation testing was performed on each humerus.
The proximal part of transversally cut humeri of each rat was
used for nanoindentation. Thus, the tested area was outside
the region that was biomechanically either monotonically
or cyclically tested. The indentations were centered in the
middle of the cortical bone. The samples were embedded in
polymethylmethacrylate and the surface of the transverse cut
was polished, finishing with a 0.25𝜇m diamond. Specimens
were embedded and cut specimens were then stored at −4∘C.
Bone samples were rehydrated for 12 h before testing. This

procedure decreases the recorded values, suggesting that an
integration of water in bone tissue could influence bone
material level properties. Therefore, specimens were kept
immersed in saline solution throughout the whole analysis.
The mechanical tests included five indents on the center of
the cortical section of each humerus. A technician blinded
to the treatment group performed testing. Indents were done
up to 900 nm maximum depth, applying an approximate
strain rate of 𝜀 = 0.066 1/s for both loading and unloading. At
maximal load, a 10-second holding period was applied before
the hardness parameterswere read.The limit of themaximum
allowable thermal drift was set to 0.1 nm/s.

2.6. Determination of Sample Size. The number of rats was
calculated for the primary endpoints: postyield load (N) and
postyield deflection (mm). The mean values ± SD typically
obtained in rats of this strain and at this age are 20 ±
6.3 (N) and 0.140 ± 0.047 (mm), respectively. From a pilot
study, a decrease of 45–60% was expected for each parameter
after fatigue (cyclic loading) in rats fed a low protein diet.
Therefore, to determine the sample size, a decrease of 45%has
been estimated to ensure interpretable results. For a power
(90%) and alfa (5%), a sample size of 10 is necessary for the
postyield load and 9 for postyield deflection.Thus, the size of
the groups was set to 10 rats.

2.7. Statistical Analysis. Unpaired Student’s 𝑡-test was per-
formed to compare the effect of cyclic loading on bone
strength of humeri between treatment groups. A post hoc
power analysis for the measured parameters was performed.

Statistical analysis was performed using Statview software
(Statview SE Graphics 1; Abacus Concept, Berkeley, CA).
Differences were considered significant at 𝑃 < 0.05. All
results are expressed as means ± SEM.

3. Results

3.1. Preliminary Tests to Determine Experimental Condi-
tions. Depending on loading forces, bone samples tolerate
a different number of cycles before fracture (Figure 2). A
loading force corresponding to 60% of maximal force of the
contralateral noncyclically loaded humerus allowed a fatigue
loading without failure after at least 2000 cycles. However,
when increasing the force to higher values, bone rapidly
failed. By contrast, a decrease in loading force did not result
in failure after more than 18000 cycles. Under the latter
condition, onlyminimal changes would be observed between
loaded and nonloaded humeri. Therefore, a loading force of
60% of the maximal load was applied.

3.2. Effect of Low Protein Diet on Bone Size, Material Level
Properties, and Bone Strength. Midshaft humerus geometry
was evaluated by micro-CT in both right and left humeri for
each diet group. A statistically significant difference in bone
area, total area, andmaximum secondmoment of inertia was
observed between the humeri of rats fed a low or a normal
protein diet (Table 1). Whole bone resistance to fracture was
evaluated on rat humerimonotonically loaded.Maximal load
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Figure 2: Preliminary determination of cyclic loading. Number of
cycles to failure according to different loading parameters based on
the maximal load (𝐿MAX) to failure of the contralateral bone. ∗Test
stopped at 18000 cycles.

to failure showed a trend to be lower in humeri of rats fed
a low protein diet (𝑃 = 0.91). Stiffness and yield point
were unaffected by reducing dietary protein (𝑃 = 0.32 and
𝑃 = 0.94) (Table 2). Material level properties were tested
by nanoindentation. Modulus (−10%; 𝑃 < 0.0001), hardness
(−12%; 𝑃 = 0.0003), and dissipated energy (−8.5%; 𝑃 =
0.0001) were significantly lower in rats fed a low protein
compared to the control diet (Table 3).

3.3. Effect of Cyclic Loading on Bone Mechanical Properties
of Humeri of Rats Fed a Normal or a Low Protein Diet. In
rats fed a normal protein diet, mechanical properties were
almost unaffected by cyclic loading (Table 2) and maximal
load to failure and stiffness remained unchanged. Similarly,
postyield load and plastic deflection were not modified by
fatigue loading (Figure 2), including plastic energy (Table 2).

In rats fed a low protein diet, maximal load and stiffness
showed a trend to a decrease but it was not statistically
significant after cyclic loading (Table 2). However, postyield
load and plastic deflection were both significantly decreased
(−45% and −30%, resp.) after loading, resulting in a signifi-
cant decrease of plastic energy (−38%) (Figure 3).

3.4. Post Hoc Power Analysis. A post hoc power analysis was
performed for the measured parameters used for statistical
comparisons. The following values were obtained: maximal
load, 𝑛 = 15; stiffness, 𝑛 = 254; plastic energy, 𝑛 = 8; postyield
load, 𝑛 = 5; postyield deflection, 𝑛 = 7.

4. Discussion

In this study, bone strength was not significantly changed
by the low protein diet. These results contrast with previous
studies, demonstrating a reduction of bone strength in rats
fed a low protein diet and a correction when essential amino
acids supplements were given [5, 18]. However, the duration
of protein restriction was shorter in our study, 10 weeks
instead of 18 weeks previously reported [3, 21]. A lack of a
significant effect was also observed in another study in which
a 4-week protein restriction did not alter bone strength [3].

Table 1: Humerus bone geometry determined by 𝜇CT in rats fed a
normal or a low protein diet.

Dietary protein
15% 2.5%

Bone area (mm2) 3.95 ± 0.03
∗

3.76 ± 0.04

Total area (mm2) 4.86 ± 0.06
∗

4.65 ± 0.06

𝐼max (mm4) 2.27 ± 0.06
∗

2.00 ± 0.05

𝐼min (mm4) 1.53 ± 0.05 1.42 ± 0.04

Estimated bending stress (MPa) 921 ± 71.3 728.4 ± 61.9

Values are means ± SEM.
∗

𝑃 < 0.05 versus.
2.5% casein diet.

Nanoindentation tests showed a significant change of bone
material level properties in animals fed a low protein diet.
After a period of only 10 weeks, an alteration of bonematerial
level properties was already observed in rats fed a low protein
diet. This early degradation of bony tissue has been also
previously observed in rats [6] andmice [22] and an alteration
of bone material level properties could represent the initial
bone degradation process in a situation of reduced protein
intake.

After cyclic loading, bone biomechanical properties were
altered in rats fed an isocaloric low protein diet, but not
in control rats. Alterations of bone biomechanical prop-
erties were mostly observed in the plastic phase of load-
displacement curve as illustrated by a significant reduction
of postyield load, postyield deflection, and plastic energy.
In the load-deflection curve, the postyield or non-Hookean
behavior corresponds to the phase beyond the yield point
where the bone deforms nonlinearlywith the load [7]. During
this phase, deformations are irreversible and result from small
microfractures and crack dissemination. The accumulation
of microcracks seems also to play a role in alteration of
postyield behaviour as observed in older bone [23]. In the
present study, the degradation of parameters reflecting plastic
behavior in rats fed a low protein diet after cyclic loading
could be explained by an alteration of bone material level
properties, leading potentially to an increased propensity to
damage accumulation.

Results of bone material level properties using nanoin-
dentation highlight the major deleterious effects of a low
protein diet on humerus cortical bone quality, which have
been already observed in previous studies [6]. Altered bone
material level properties certainly play important roles in the
modifications of postyield variables after cyclic loading in
rats fed a low protein diet. The authors suggest that these
alterations could facilitate the appearance of damage and
microcracks.Unfortunately, it was not possible to evaluate the
number of microcracks in the present study as both humeri
were used in three-point bending tests after cyclic loading.

To the best of the authors’ knowledge, this is the first study
comparing the effects of protein restriction on bone fatigue. A
10-week period of low protein intake was chosen to limit the
effects of such a diet on bone geometry and microstructure
and to assess mainly the material level properties of bone. In
the case of a longer period of low protein intake, alterations
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Table 2: Effect of cyclic loading on humerus bone strength in rats fed a normal or a low protein diet.

Dietary protein
15% controls 15% contralateral cyclically loaded 2.5% controls 2.5% contralateral cyclically loaded

Maximal load (N) 92.3 ± 2.9 90.8 ± 2.8 87.1 ± 2.5 77.8 ± 4.8

Stiffness (N/mm) 236.6 ± 16.5 272.8 ± 17.9 237.5 ± 12.4 218.6 ± 22.5

Yield point (N) 71.8 ± 3.6 71.4 ± 1.6 64.4 ± 2.7 67.1 ± 3.3

Maximal energy (N∗mm) 24.2 ± 1.4 20.6 ± 1.0
∗

20.8 ± 0.7 17.9 ± 1.2

Elastic energy (N∗mm) 12.3 ± 1.5 10.4 ± 0.8 9.1 ± 0.8 11.4 ± 0.8

Plastic energy (N∗mm) 11.9 ± 0.9 10.3 ± 1.4 11.7 ± 0.7 6.6 ± 1.2
∘

Values are means ± SEM.
∗

𝑃 < 0.05 versus 15% controls as evaluated by Student’s 𝑡-test.
∘

𝑃 < 0.05 versus 2.5% controls as evaluated by Student’s 𝑡-test.
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Figure 3: Postyield load and deflection in monotonically loaded humerus of 6-month-old rats fed either normal casein (15%) or low casein
diet (2.5%). Humeri were either previously cyclically loaded (open columns) or served as control (dark columns). Values are means ± SEM.
∗

𝑃 < 0.05 versus 2.5% casein diet.

Table 3: Effect of low protein diet on proximal humerus cortical
material level properties.

Dietary protein
15% 2.5%

Modulus (gPa) 19.39 ± 0.33 17.44 ± 0.25
∗

Hardness (mPa) 777.4 ± 16.3 684.9 ± 16.3
∗

Dissipated energy (mN∗nm) 4461.0 ± 70.4 4082.1 ± 70.7
∗

Values are means ± SEM.
∗

𝑃 < 0.05 versus 15% as evaluated by Student’s 𝑡-test.

of bone architecture have been shown [21] and conditions
of cyclic loading may have been too different between both
groups. A post hoc power analysis was performed and
confirmed that the selected number of rats was adequate
to assess the postyield parameters, which are the primary
endpoints of the current study. It is not surprising that the
number of rats was insufficient to assess other parameters,
such as stiffness and maximal load, as it is known that these
parameters take longer time to change in response to low
protein diet.

Malnutrition or undernutrition, particularly proteinmal-
nutrition, is frequently observed among the elderly. Previous
studies have shown that isocaloric low protein intake is
associated with decreased bone mass and bone strength in
adult female and male rat, as well as major alterations of

bone microarchitecture and decreased intrinsic bone tissue
quality in rats [2, 3, 6, 18, 21]. In this study, low protein intake
is associated with an altered response to cyclic loading and
this could participate in the higher propensity to fracture
observed in case ofmalnutrition or undernutrition.However,
this study assesses an ex vivo response and further studies
should investigate in vitro response to cyclic loading in case
of low protein intake.

An in vitro cyclic loading allowed the authors to test
the effects of fatigue independent of a biologic or muscular
response.The current study’s protocol included an evaluation
of bone strength after cyclic loading during a monotonic
loading to failure to compare the different phases of load-
displacement curve between control and cyclic loading con-
ditions. This model could be used also for testing the efficacy
of pharmacological interventions against osteoporosis and
other characteristics of biomechanics. However, the current
model does not take into account the remodeling process
induced by fatigue loading of bone, which has been shown in
in vivo studies [24]. This microdamage repair process should
also be taken into account when evaluating the efficacy of
drugs. Indeed, the effect of drugs on remodeling could alter
the response of bone to fatigue. For example, bisphosphonate
therapy can inhibit remodeling, through inhibition of osteo-
clast function.This can impair the repair ofmicrodamage and
lead to accumulation of bone microdamage.
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5. Conclusion

In summary, alterations of bone material level properties in
rats fed a low protein diet are associated with alterations
of postyield behavior. The bone of a rat fed a low protein
diet may be more likely to fatigue under the same loading
conditions than the bones of a rat fed a normal protein diet.
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