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Objectives
The goals of this study were: 1) to determine if high-fat diet (HFD) feeding in female mice 
would negatively impact biomechanical and histologic consequences on the Achilles tendon 
and quadriceps muscle; and 2) to investigate whether exercise and branched-chain amino 
acid (BCAA) supplementation would affect these parameters or attenuate any negative 
consequences resulting from HFD consumption.

Methods
We examined the effects of 16 weeks of 60% HFD feeding, voluntary exercise (free choice 
wheel running) and BCAA administration in female C57BL/6 mice. The Achilles tendons and 
quadriceps muscles were removed at the end of the experiment and assessed histologically 
and biomechanically.

Results
HFD feeding significantly decreased the Achilles tendon modulus without histological 
alterations. BCAA administration significantly decreased the stiffness of Achilles tendons in 
the exercised normal diet mice. Exercise partially ameliorated both the weight gain and 
glucose levels in the HFD-fed mice, led to a significant decrease in the maximum load of the 
Achilles tendon, and an increase in the average fibril diameter of the quadriceps femoris 
muscle. There were significant correlations between body weight and several biomechanical 
properties, demonstrating the importance of controlling obesity for maintaining healthy 
tendon properties. 

Conclusions
In summary, this study showed a significant impact of obesity and body weight on tendon 
biomechanical properties with limited effects of exercise and BCAAs.

Cite this article: Bone Joint Res 2013;2:186–92.
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Introduction
Obesity is a well-known risk factor for many diseases and
can negatively impact the musculoskeletal system.1 Few
studies directly examine the effects of obesity on the bio-
mechanical properties of tendon. A positive association in
humans between increased adiposity and tendon injury
was identified in one systematic review of the literature.2

Another study showed links between tendon pathology
and central fat distribution in men, peripheral fat distribu-
tion in women, and age in both genders.3 Speculation of
the cause of the tendon injuries included both systemic
and mechanical alterations, but further investigation of
the mechanisms is necessary in order to reach any conclu-
sion. These studies also failed to control for other disease
conditions including diabetes, which is associated with
tendinopathies.4 Furthermore, there is increased tendi-
nopathy with age,5 which may have impacted the
study.2,3 Certainly additional studies into the effects of
obesity on tendinopathy are warranted.

Animal studies on obesity and tendon alterations are
also limited. Zucker rats are hyperphagic, suffer from both
hyperinsulinaemia and hyperlipidaemia, and present a
model of spontaneous genetic obesity. Increases in max-
imum displacement and strain and a decrease in average
collagen fibril diameter were found in the deep digital
flexor tendons of five-month-old male obese Zucker rats
compared with lean rats.6 The authors speculated that
the changes were due to lethargy and obesity, but could
have been genetic in origin.

Exercise is prescribed to assist in weight management
of obese patients. However, the impact of exercise on ten-
don properties of obese patients is poorly understood as
most studies have been conducted in athletes and young
adults. Exercise increases tendon cross-sectional area and
stiffness in the athletic population.7-9 Studies of exercise
effects on muscle properties are more thorough. How-
ever, there is conflicting evidence in obese patients
regarding the effect of exercise on muscle fibre diameter.
Resistance training in one study resulted in significant
hypertrophy of muscle fibres in patients with metabolic
syndrome.10 Other studies showed no difference with
resistance training in older women11 or continuous
endurance-type exercise in obese patients with type 2
diabetes.12 Many athletic trainers and others advocate the
use of branched-chain amino acid (BCAA) supplementa-
tion during exercise training. BCAA supplementation
decreases muscle damage associated with resistance
training.13-16 This may occur through attenuation of
blood lactate dehydrogenase accumulation, alterations
of the immune system, and/or maintenance of a net ana-
bolic hormonal profile.13-16 Information on how BCAAs
may affect tendons or muscles of obese patients is absent.

In this study we examined the effects of a high-fat diet
(HFD), exercise (free choice wheel running) and BCAA
administration for 16 weeks in C57BL/6 mice. We hypoth-
esised that a HFD would have negative biomechanical

and histological consequences on the Achilles tendon
and quadriceps muscle, and that exercise and BCAAs
would attenuate these changes.

Materials and Methods
Animal specimens. All experimental procedures were
approved by the University of Kentucky Institutional Animal
Care and Use Committee. A total of 80 female C57BL/6J
mice (nine-weeks-old) were purchased from Jackson Lab-
oratories (Bar Harbor, Maine). All mice were singly
housed in shoebox cages (435 cm2) with wood chips
(Teklad 7115 Coarse Sani-Chip bedding; Harlan Laborato-
ries Inc., Indianapolis, Indiana) at 20° to 23°C room tem-
peratures with a 14:10 hour light:dark cycle. The animals
had food and water access ad libitum. After acclimatisa-
tion of one week, mice were treated for 16 weeks after
being randomly assigned to one of eight groups (n = 10
per group) based on food type, exercise and BCAA
administration, ensuring no systematic initial body
weight differences between groups. The group size of ten
was determined by power analysis of previous unpub-
lished biomechanical results in our laboratory. Mice were
fed a 10 kcal % fat control diet (D12450B; Research Diets,
Inc., New Brunswick, New Jersey) or a 60 kcal % lard-
based HFD (D12492; Research Diets, Inc.). Both diets con-
tain 20 kcal % protein, but the control diet has 3.85 kcal/g
compared with 5.24 kcal/g for the HFD. Exercise mice
were placed in cages containing a voluntary running
wheel (Phenome Technologies, Inc., Lincolnshire,
Illinois). Sedentary mice were similarly housed in shoebox
cages without wheels. Mice were given regular water or
BCAAs in the drinking water to make a 2% solution (20 g/l).
The BCAA concentration of 2% was chosen because of its
similarity to other supplementation studies that noted
beneficial effects with either BCAAs or leucine.17-20 BCAA
supplementation (NutraBio BCAA 5000; NutraBio.com
Inc., Middlesex, New Jersey) comprised a 2:1:1 ratio of
leucine:valine:isoleucine. The mice had 24 hour access to
running wheels and/or BCAA water except for brief peri-
ods of metabolic (glucose tolerance) testing and a three-
hour fasting period before death by CO2 overdose.
Glucose tolerance testing. A glucose tolerance test (GTT)
was performed during the tenth week of intervention on
all 80 mice. Glucose levels were measured after a three-
hour fast in tail blood using a Bayer Breeze2 glucose metre
(Bayer HealthCare LLC, Tarrytown, New York). Mice then
received a 2 g/kg body weight D-glucose intraperitoneal
injection (Sigma-Aldrich, St. Louis, Missouri). Blood glu-
cose readings were repeated 15, 30, 60, and 120 minutes
post-injection. Area under the curve (AUC) for blood glu-
cose levels was calculated using the ‘Area Below Curves’
function in a statistical software package (SigmaPlot v.11.0;
Systat Software Inc., San Jose, California).
Biomechanical testing. Mice were weighed immediately
after death. The right Achilles tendon complex was iso-
lated with gastrocnemius muscle and foot attachments
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and stored in saline soaked gauze in a -80°C freezer until
testing. Specimens were thawed to room temperature
before testing. Tendon width and thickness were mea-
sured using a laser micrometer (LS7030-MT; Keyence,
Elmwood Park, New Jersey) and initial length was mea-
sured using digital callipers. Following an established
procedure,21 a custom grip was used to secure the calca-
neus and the intramuscular tendon fibres were clamped
in a grip secured to a 50 N load cell on a materials testing
system (ElectroPuls E3000; Instron, Norwood, Massachu-
setts). The tendon was manually preloaded to 0.5 N and
then loaded in tension at a rate of 10% tendon length/sec
until tendon failure (defined as a 60% decrease in maxi-
mum load). Maximum load, displacement, stiffness, ten-
sile stress, tensile strain and modulus were calculated
from the load-displacement data. Stiffness and elastic
modulus were calculated as the slope of the linear por-
tion of the force-displacement and stress-strain curves,
respectively. Points for the slope calculations were
selected at 20% and 80% of the absolute peak in the load-
displacement or strain-stress curves. Ten mice were
examined for each group except for the control diet, sed-
entary group with BCAAs, which had only nine samples
as a result of the loss of one sample during collection.
Histology. The left Achilles tendon and quadriceps mus-
cle were harvested, fixed in 10% neutral buffered forma-
lin, dehydrated through a gradient of alcohols and
xylene, embedded in paraffin, sectioned at 5 μm, and
stained with eosin and haematoxylin. The tendon mid-
substance and insertion were examined for alterations in
cell density, inflammatory cell infiltration, and extracellu-
lar matrix organization (n = 6 to 9 per group). Quadriceps
fibre diameter was quantified on twenty muscle fibres

(n = 4 to 9 per group) from cross-sections using ImageJ
software from the National Institutes of Health (NIH). All
analyses were performed blinded to treatment.
Statistical analysis. Three-way analysis of variance
(ANOVA), implemented in v9.3 SAS software (SAS Insti-
tute, Cary, North Carolina) with observations weighted
based on within-group variances, assessed how out-
comes related to diet, exercise, and BCAA; post hoc com-
parisons were Bonferroni-adjusted. Pearson correlations
were computed using Sigma Plot software (SigmaPlot
v.11.0; Systat Software Inc.) to relate body weight and
AUC to tendon/quadriceps properties. Statistical signifi-
cance was defined by p < 0.05.

Results
Physiology. There was a significant main effect of both
HFD feeding and exercise on body weight (p < 0.001)
(Fig. 1a). There was also a significant interaction between
the two interventions (p < 0.001) (Fig. 1a). With or with-
out BCAAs, sedentary (no exercise) mice fed a HFD
weighed a mean of 60% more than mice on a control diet
(p < 0.001). Voluntary running led to a mean decrease in
body weight of 23% in the HFD-fed mice compared with
sedentary HFD-fed animals (p < 0.001). No significant dif-
ference was observed in the sedentary and exercised mice
fed the control diet. BCAAs had no significant impact on
body weight in any diet/exercise combination.

A glucose tolerance test (GTT) was performed during
the tenth week of treatment to measure glucose disposal
after a glucose challenge. Examination of the AUC
revealed a main effect of diet and exercise (p < 0.001 for
both comparisons), but BCAAs did not significantly influ-
ence glucose tolerance (Fig. 1b). Sedentary HFD-fed
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Fig. 1b

Bar charts showing a) the mean body weight (measured after 16 weeks of intervention, immediately after death) and b) the mean glucose
tolerance for each group. During the tenth week of treatment, animals were fasted for three hours before recording fasting blood glucose.
Blood glucose reading was repeated 15, 30, 60, and 120 minutes after glucose injection, and the area under the curve (AUC) for glucose dis-
posal summarises the time course. In each chart, groups not sharing a letter (‘a’, ‘b’, or ‘c’) are significantly different, based on post-hoc com-
parisons following a significant two-way interaction between high-fat diet (HFD) and exercise (Ex) (p < 0.05). Error bars indicate standard
deviation (BCAA, branched-chain amino acid).

Fig. 1a
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animals exhibited impaired glucose tolerance compared
with sedentary control diet-fed mice. Exercise signifi-
cantly attenuated the glucose tolerance impairment
caused by the HFD such that the AUC was not signifi-
cantly different from the sedentary controls (p = 0.080).
Further, exercise significantly improved glucose disposal
in the control diet fed mice suggesting that exercise
effects were largely independent of diet. 
Tendon biomechanics. The biomechanical parameters of
the Achilles tendon were analysed to determine whether
HFD, exercise and BCAAs affected the tissue properties
(Fig. 2, Table I). There was a main effect of diet in two com-
parisons. A significant increase in tendon cross-sectional
area (p < 0.001) and a significant decrease in modulus
(p = 0.001) were observed in mice on the HFD compared
with the standard diet (Figs 2a and 2b, respectively).

However, there were also significant two- and three-way
interactions for modulus, such that exercised mice receiv-
ing BCAAs actually had increased modulus (though not
significantly so) on the HFD compared with the standard
diet. Exercise significantly reduced maximum load in the
Achilles tendons (p = 0.025) (Fig. 2c).

BCAA supplementation caused a significant decrease
in stiffness (p = 0.010) (Fig. 2d). However, there were also
significant two-way interactions for stiffness, such that
sedentary mice on the HFD actually had a trend toward
increased stiffness (not significant) with BCAAs compared
with regular water. Displacement, stress, and strain were
not significantly altered by any of the treatments (Table I).
Histological analysis. This was performed on longitudi-
nal sections of the Achilles tendons. Due to complications
encountered in the sectioning of specimens, between
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Fig. 2d

Bar charts of biomechanical parameters, showing the mean a) tendon cross-section area, b) modulus, c) maximum load and d) stiffness.
Biomechanical parameters with significant changes. For tendon cross-section (a), groups not sharing a letter (‘a’ or ‘b’) are significantly
different, based on a significant main effect for high fat diet (HFD) and no other significant main effects or interactions. For modulus (b),
groups not sharing a letter (‘a’, ‘b’, ‘c’, ‘d’, ‘e’, or ‘f’) are significantly different, based on post-hoc comparisons following a significant three-
way interaction between HFD, exercise (Ex), and branched-chain amino acid (BCAA). For maximum load (c), groups not sharing a letter
(‘a’ or ‘b’) are significantly different, based on a significant main effect for exercise and no other significant main effects or interactions.
For stiffness (d), groups not sharing a letter (‘a’ or ‘b’) are significantly different, based on post-hoc comparisons following significant two-
way interactions between HFD and BCAA as well as between exercise and BCAA. Error bars indicate standard deviation.

Fig. 2c
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six and nine tendons were analysed per group (58 ten-
dons in total). Of these, 55 (95%) were normal in appear-
ance and there were no appreciable differences between
treatment groups. Figures 3a and 3b are representative
sections from the groups that, a priori, might have been
suspected to be most different (if any one of the treat-
ments had an effect): namely, the overall control group
(standard diet fed, sedentary, and regular water) and the
high fat fed, exercise, and BCAA water group. Yet, even for
these “extreme” groups, tendon appearances were simi-
lar (tendon appearances were similar for the other groups
as well, but are not shown due to space limitations).
Three tendons (5%) had mild alterations including mild
inflammation with moderate increased cellularity at the
Achilles tendon origin (HFD, sedentary and normal
water), mild increased cellularity with cartilaginous dif-
ferentiation in the tendon mid-substance (HFD, seden-
tary and BCAAs), and mild increased cellularity in the
tendon mid-substance (HFD, exercise and normal water).
Despite HFD leading to a significantly increased cross-
sectional area, there was no histological evidence of
change in fibrils on the longitudinal axis. It is interesting
to note though that all three mice with histological abnor-
malities were on HFD. 

Morphometric analysis of the mid-substance of the
quadriceps femoris muscle complex was performed
(n = 4 to 9 per group) (Fig. 3c). Average fibril diameter in
mice that exercised was significantly increased compared
to sedentary mice (p = 0.017). Neither HFD feeding nor
BCAA supplementation significantly affected muscle fibril
diameter.
Body weight and tendon properties. We also exam-
ined how body weight and glucose tolerance related to
the Achilles tendon biomechanical properties and quad-
riceps muscle morphometry (Table II). Values for each of
the mice were analysed independent of group. There
were significant positive correlations between body
weight and cross-sectional area (p = 0.003), maximum
load (p = 0.039), displacement (p = 0.002) and strain
(p < 0.001), while body weight showed a negative rela-
tionship with modulus (p = 0.008) (Table II). There was
also a significant positive correlation between body
weight and AUC (p < 0.001). However, there was no sig-
nificant correlation of AUC with any of the Achilles
parameters (p = 0.061 to 0.941). Muscle fibre diameter
did not significantly correlate with body weight or glu-
cose tolerance (p = 0.819 and p = 0.836, respectively)
(Table II).

Table I. Biomechanical parameters of Achilles tendon specimens (BCAA, branched-chain amino acids)

Treatment group

Diet Activity Supplement
Specimens 
(n)

Mean (SD) 
displacement (mm)

Mean (SD) 
strain (mm/mm)

Mean (SD) 
stress (MPa)

Control Sedentary Control 10 2.44 (0.46) 0.98 (0.27) 13.28 (5.25)
Control Sedentary BCAA 9 2.40 (0.40) 0.88 (0.33) 13.52 (2.91)
High-fat diet Sedentary Control 10 2.73 (0.89) 1.20 (0.64) 11.13 (2.99)
High-fat diet Sedentary BCAA 10 2.69 (0.79) 1.08 (0.40) 13.51 (3.60)
Control Exercise Control 10 2.34 (0.41) 0.88 (0.23) 12.11 (3.75)
Control Exercise BCAA 10 2.47 (0.90) 1.04 (0.45) 12.57 (3.72)
High-fat diet Exercise Control 10 2.29 (0.45) 1.01 (0.27) 12.64 (4.84)
High-fat diet Exercise BCAA 10 2.57 (0.39) 0.93 (0.22) 14.20 (3.35)
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Figures 3a and 3b – histological images of the Achilles tendon at insertion in a) a sedentary, control-diet animal (neither high-fat diet (HFD) nor branched-chain
amino acid (BCAA)), and b) in an exercise (Ex), HFD and BCAA treated mouse (both haematoxylin & eosin, bar 200 μm). Figure 3c – bar chart showing the mean
quadriceps muscle fibre diameter measured following tissue collection. Groups not sharing a letter (‘a’ or ‘b’) are significantly different, based on a significant
main effect for exercise and no other significant main effects or interactions. Error bars indicate standard deviation.

Fig. 3bFig. 3a
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Discussion
Tendons experience stretch and extension in a wide range
of strain rates and their mechanical properties make them
well suited to act as biological springs.22 An understand-
ing of their biomechanical properties is critical to assess
their capability for maintaining normal body motility
while preventing injury.22,23 In this study we examined
the effects of HFD (and its resulting obesity), voluntary
exercise, and BCAA treatment on the Achilles tendon of
female C57BL/6 mice. Following the dietary change, obe-
sity led to increased tendon cross-sectional area and
decreased modulus. It is speculated that the tendon
retains its ability to transmit load despite the decreased
material property (modulus) by an increase in cross-sec-
tional area, indicating that while the tendon increased in
size, its capacity for load transmission was reduced.
Increased tendon cross-sectional area can be caused by
fatty infiltration and increased collagen deposition, but
since there was no histologic evidence of fatty infiltration,
increased extracellular matrix deposition was a plausible
aetiology. There is speculation that increased fibril diam-
eter, increased collagen cross-links, or both are involved
in increased tendon stiffness.24-26 This would imply that a
decrease in collagen cross-links and fibril diameter may
decrease stiffness and there may have been a compensa-
tory increase in collagen deposition and thus cross-sec-
tion area. It is not known why a HFD would lead to altered
collagen structure or cross-linking. In a related study,
ultrastructural analysis of the deep digital flexor in Zucker
rats showed an increased number of disorganized colla-
gen fibril bundles and decreased mass average fibril
diameter but no difference in the number of lipid drop-
lets.6,27 Disorganisation of the fibrils and smaller fibrils
could lead to a decreased modulus as the fibres would
not be working in unison and not be able to transmit as
much force. Future studies on the ultrastructural charac-
teristics as well as collagen cross-linking in obese mice
will elucidate the pathogenesis of the change.

Studies on the musculoskeletal tissues of obese females
are underrepresented in the literature. However, in one
study there was increased stiffness in the triceps-surae
musculotendon unit of post-menopausal obese women
compared with normal weight women.28 The authors
speculated that increased adiposity in the skeletal muscle
and decreased range of movement contributed to the
change. Interestingly, our results differed as we found a
decreased modulus and no significant effect on stiffness in
the obese mice. Differences in the two studies may have
arisen because the human studies were performed in
aging women, which may have been complicated by other
factors such as increases in cross-linking and advanced gly-
cation end products.29 In addition, that study did not iso-
late the tendon and muscular changes, thus changes in the
tendon were not specifically examined.

Exercise, besides significantly lowering body weight in
the HFD mice, significantly lowered the maximum load at
tendon failure. Since there was a significant correlation
between body weight and maximum load, this observa-
tion may be partially explained by the body weight
reduction and a reduced requirement on the tendon for
maintaining strength. A potential limitation of this study
was the use of female mice. Human females are less sus-
ceptible than males to tendon mechanical alterations fol-
lowing exercise.28 In female athletes there is no change in
tendon stiffness following training, but increased stiffness
is evident in male athletes.30 The gender difference is
believed to be due to hormonal influences since elevated
levels of oestradiol reduce collagen synthesis in liga-
ments.30-32 Thus, collagen remodelling may be muted in
females because of the hormonal inhibition of oestradiol
and could partially explain why exercise had limited
impact on mouse tendons. Despite the limitation it is
important to perform the study in female mice to deter-
mine their response, and it is recommended that a subse-
quent study be performed in male mice.

Many athletes take BCAA supplements (or other protein
and/or amino acid supplements) to increase muscle mass
and decrease muscle breakdown. While BCAAs did alter
tendon stiffness and there were significant interactions
between BCAAs and both diet and exercise for modulus,
other effects were small to non-existent. Further experi-
ments should be conducted in male and female mice with
additional doses of BCAAs and for different lengths of time.
In addition, experiments in humans should investigate the
possible influences of amino acid supplementation in a fit
population. Data from this study suggest that BCAA sup-
plementation may not favourably influence most parame-
ters, but adverse outcomes are not anticipated. 

Morphometric analysis of the quadriceps muscle
showed an increase in fibre diameter with exercise. Sur-
prisingly there was no effect of HFD or BCAA supplemen-
tation, which contrasts with a previous study of male
C57BL/6 mice with voluntary running wheel access for
eight weeks. Pellegrino et al33 found alterations in both

Table II. Correlation coefficients (r-values) and p-values showing
the relationship of body weight and glucose tolerance with Achil-
les tendon parameters and quadriceps fibre diameter. All values
from the mice (group designation was ignored) were included in
the comparisons; n = 79 to 80 for each comparison, except n = 50
for fibre diameter

Body weight Area under curve

Parameter r-value p-value r-value p-value

Body weight - - 0.602 < 0.001
Area under curve 0.602 < 0.001 - -
Cross-section 0.328 0.003 0.136 0.235
Maximum load 0.233 0.039 0.213 0.061
Displacement 0.347 0.002 0.159 0.166
Stiffness -0.001 0.995 -0.014 0.902
Strain 0.402 < 0.001 0.025 0.826
Stress -0.044 0.699 0.020 0.861
Modulus -0.295 0.008 0.008 0.941
Fibre diameter -0.033 0.819 -0.030 0.836
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fibre size and myosin heavy chain isoform distribution as a
result of amino acid supplementation. The different results
might be attributable to the gender of the mice, the
selected muscle, and/or type of amino acid supplement. 

Besides using only female mice, a further limitation of
our study is that only one time point was examined. Colla-
gen remodelling is a slow process so a longer intervention
may cause more significant alterations in tendon proper-
ties. Finally, voluntary exercise was the chosen intervention
in this study and is not highly stressful for the mice. Another
alternative would entail resistance training in mice to mimic
the activities of common human physical training. 

In conclusion, HFD feeding affected some of the biome-
chanical properties of tendons in C57BL/6J female mice
without histologic abnormalities. BCAAs significantly
decreased the stiffness of Achilles tendons, though this
effect was moderated by diet and exercise. Despite exercise
partially ameliorating both the weight gain and glucose lev-
els in the 60% HFD group, the biomechanical impact of
exercise was fairly limited; there was a significant decrease in
the maximum load, a significant increase in the average fibril
diameter of the quadriceps femoris muscle, and a significant
interaction with BCAAs for stiffness and modulus. The corre-
lations between body weight and biomechanical alterations
demonstrated the importance of controlling obesity for
maintaining healthy tendon properties. Because of the enor-
mous consequences of obesity, further study on soft-tissue
alterations is imperative.
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