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Abstract
At old age, humans generally have declining muscle mass and increased fat deposition,

which can increase the risk of developing cardiometabolic diseases. While regular physical

activity postpones these age-related derangements, this is not always possible in the

elderly because of disabilities or risk of injury. Whole-body vibration (WBV) training may be

considered as an alternative to physical activity particularly in the frail population. To explore

this possibility, we characterized whole-body and organ-specific metabolic processes in

6-month and 25-month old mice, over a period of 14 weeks of WBV versus sham training.

WBV training tended to increase blood glucose turnover rates and stimulated hepatic glyco-

gen utilization during fasting irrespective of age. WBV was effective in reducing white fat

mass and hepatic triglyceride content only in old but not in young mice and these reductions

were related to upregulation of hepatic mitochondrial uncoupling of metabolism (assessed

by high-resolution respirometry) and increased expression of uncoupling protein 2.

Because these changes occurred independent of changes in food intake and whole-body

metabolic rate (assessed by indirect calorimetry), the liver-specific effects of WBVmay be a

primary mechanism to improve metabolic health during aging, rather than that it is a conse-

quence of alterations in energy balance.
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Introduction
Declining mortality due to advances in the health care system results in a right-shift in the age
distribution of humans in industrialized societies. The global share of older people (aged
60 years or over) increased from 9.2% in 1990 to 11.7% in 2013 and will continue to grow as a
proportion of the world population, reaching 21.1% in 2050 [1]. This is expected to have major
social and economic consequences, because the population as a whole may not necessarily be
healthier than before.

Aging is characterized by a gradual decline in muscle mass with a concomitant increase in
fat mass and abdominal circumference (i.e. obesity) [2], and could be a consequence as well as
an underlying cause of the disintegrative metabolism seen with aging. The progressive loss of
muscle mass and strength (sarcopenia) increases the risk of disability and poor quality of life
[3], and increased fat mass constitutes an important risk factor for the development of type 2
diabetes and cardiovascular disease [2]. Maintenance of regular physical activity has been
shown to attenuate the age-related decline in muscle mass and strength [4] as well as fattening
of the body [5], and to preserve metabolic functioning [6], this way contributing to improved
overall health in older adults. However, many traditional forms of physical activity may not be
suitable for elderly due to debilitation, increased risk of injury, or lack of motivation.

Over the past decade, whole-body vibration (WBV) has become an increasingly popular
training method in humans for enhancement of athletic performance [7], but also for thera-
peutic purposes in the field of geriatric rehabilitation [8]. In WBV training, vibration stimuli
are delivered to the body via the vibration platform or chair. Mechanical vibrations have been
shown to induce reflex muscle contractions, which result from activation of sensory receptors
in the muscle (muscle spindles) leading to the activation of muscle motor units [9,10]. More-
over, vibration stimuli may influence systemic hormone levels and tissue perfusion due to
direct mechanical stimulation or as the result of altered neuromuscular activity [11]. The acute
WBV effects have been shown to include increased muscle activity, blood flow and muscle and
skin temperature [12]. The data on the hormonal responses are contradictory, showing either
an increase in the testosterone and growth hormone levels [13] or no change [14], with a con-
sistent finding of lower cortisol levels immediately after WBV [13,14]. WBV can also be safely
applied chronically, with daily sessions over several weeks or months. Chronic WBV can be
seen as a passive exercise modality. Similarly to regular exercise, there is a direct increase in
energy expenditure arising from the exposure to vibration [15], which may underlie body
weight loss as shown in several studies [16–19], although others claim that an increase in the
energy demand in response to WBV alone may not be sufficient to reduce body fat mass [20].
The combination of WBV with other treatments, like diet [16] or endurance training [21]
clearly improves the individual’s health status. Age appears to be an important determinant for
the outcome of WBV treatment, with more beneficial effects observed in older adults compared
to young healthy individuals. For example, a study in untrained young women receiving WBV
showed no changes in body composition [22], while 24 weeks of WBV training in postmeno-
pausal women caused a significant decrease in body fat mass [17]. Similarly, 8 weeks of WBV
in young Wistar rats actually increased body weight in the vibration versus the control group
[23], while in old rats 12 weeks of WBV resulted in a reduction of body fat mass and lowering
of leptin levels compared to controls [24].

Very little is known about howWBV affects whole-body energy balance characteristics, and
it is certainly not clear which mechanisms underlie the age-dependent responses to WBV. In
the present study we therefore characterized energy balance responses to WBV treatment in
young and old mice and investigated several aspects of fuel metabolism at the whole-body and
organ level. We observed that WBV treatment had a stronger effect on lipid than on glucose
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metabolism. WBV was effective in reducing white fat mass and hepatic triglyceride content in
old but not in young mice and these reductions were related to upregulation of mitochondrial
uncoupling protein 2 (UCP2) and increased mitochondrial uncoupling assessed by high-reso-
lution respirometry.

Materials and Methods

Animals and experimental protocol
Male C57BL6/JOlaHsd mice (n = 40) (Harlan Netherlands BV, Horst, The Netherlands) were
housed singly on a 12hr:12hr light:dark cycle in a temperature-controlled environment (22
±1°C) with ad libitum access to standard lab chow (RMH-B 2181, HopeFarms BV, Woerden,
NL) and water. Mice were tested in two age categories (n = 20/group), namely at young age (at
start of treatment 2.3 ± 0.0 months) and at old age (at start of treatment 21.6 ± 3.1 months).
These groups were further randomly subdivided into an experimental group that received
WBV (n = 10), and into a control group that was exposed to sham-training (n = 10). The vibra-
tion protocol lasted for 14 weeks during which mice in the experimental groups were placed
individually in boxes on a custom-made vibrating plate (total 27x42 cm, each individual
box 6.3x7.3 cm) for ten minutes a day, five days a week. The vibration frequency was 30Hz [25]
with an amplitude of 1.9g [26,27]. The control group was placed on the same vibrating plate
for the same time period, but the apparatus was not switched on. Body weight and food intake
were assessed three times a week. All methods were approved by, and are in agreement with
the regulations of the Institutional Animal Use and Care Committee of the University of Gro-
ningen. These regulations are consistent with the guidelines for the care and use of laboratory
animals as described by the U.S. National Institutes of Health.

Indirect calorimetry
During the ninth week of WBV training mice were placed within their home cage in a respirome-
try chamber where oxygen consumption (VO2, ml/h) and carbon dioxide production (VCO2,
ml/h) were recorded for each individual mouse for 24 hours. The eight-channel open circuit indi-
rect calorimetry system has been described earlier by Oklejewicz and colleagues [28]. The respira-
tory quotient (RQ) was calculated as VCO2/VO2. Energy expenditure (EE, kJ/h) was calculated
according to the equation of Ferrannini [29].

Energy expenditure ðkJ=hrÞ ¼ ððRQ � 0:7Þ=0:3 � 473Þ þ ðð1:0� RQÞ=0:3 � 439Þ � VO2ðmol=hrÞ

Where oxidation (by one mol O2) of carbohydrates and fats yields respectively 473 and 439 kJ. Car-
bohydrate and fat oxidation rates (g/h) were calculated according to the equations of Lusk [30], pro-
tein oxidation was not calculated because urine was not collected during this measurement.

Carbohydrate oxidation ðg=hrÞ ¼ ðð94:017 � VCO2ðmol=hrÞÞ� ð66:239 � VO2ðmol=hrÞÞÞ � 1000

Lipid oxidation ðg=hrÞ ¼ 38461 � ðVO2ðmol=hrÞ � VCO2ðmol=hrÞÞ

These formulas are derived from the notion that 0.036 mol and 0.088 mol of O2 are necessary
to oxidize unit masses of carbohydrates and fats, respectively, and 0.036 mol and 0.062 mol of
CO2 are produced upon oxidation of unit masses of carbohydrates and fats.

Hepatic carbohydrate flux measurements in vivo
After 11–12 weeks of WBV, mice were anesthetized using a 2% isoflurane inhalation mixture
and received a catheter, which was placed into the jugular vein and exteriorized on the skull.
Post-operative injection of buprenorphine was used as analgesic. Then mice were allowed to
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recover for one week, during which they did not receive WBV. In vivo hepatic carbohydrate
fluxes were determined in conscious mice as described previously [31]. In brief, mice were
fasted for nine hours and then a blood sample was collected for the determination of fasting
blood glucose and plasma insulin concentrations via retro-orbital bleeding under short anes-
thesia. After attaining consciousness mice were infused with a solution containing [U-13C]-glu-
cose (1.25 mg/ml), [1-2H]-galactose (3 mg/ml), [U-13C] glycerol (7.5 mg/ml) (Cambridge
Isotope Laboratories, Andover, MA, USA), and paracetamol (1.0 mg/ml) (Sigma-Aldrich,
Zwijndrecht, The Netherlands) at a rate of 0.6 ml/h for six hours. At hourly intervals, the blood
spots and urine samples were collected on filter paper for GC-MS analysis. Blood glucose levels
were measured in blood samples obtained via tail-tip bleeding using a handheld Lifescan One-
Touch UltraEasy glucose meter (LifeScan Inc., Milpitas, USA). The filter paper with blood
spots and urine samples were air-dried and stored at room temperature until further analysis.
Hepatic carbohydrate fluxes were calculated using mass-isotopomer distribution analysis
(MIDA) as previously described [31,32]. After this experiment, mice quickly recovered lost
body weight and WBV treatment continued.

Blood and tissue collection and determination of body composition
At the end of the experimental protocol (14 weeks since the beginning of WBV treatment),
mice were again anesthetized using a 2% isoflurane inhalation mixture and blood was collected
through cardiac puncture and transferred into EDTA-containing tubes. Mice were euthanized
by cervical dislocation. Liver and both quadriceps muscles were quickly excised and half of the
liver and one quadriceps muscle were snap-frozen in liquid nitrogen and stored at -80°C until
further biochemical analyses. The other half of the liver and the second quadriceps muscle
were kept fresh and used for the isolation of mitochondria. The remaining organs were excised,
weighed and stored at -80°C until determination of body composition. Dry and dry lean organ
masses were determined by drying the organs to a constant mass for 14 days at 60°C followed
by fat extraction with petroleum ether (Boom BC, Meppel, The Netherlands) in a custom-
made soxhlet apparatus. Blood was centrifuged at 4000 g for 10 min at 4°C, the resulting
plasma was divided in aliquots, and stored at -80°C until further analyses.

Isolation of mitochondria and high-resolution respirometry (HRR)
Mitochondria were isolated from liver and skeletal muscle (quadriceps) by differential centrifu-
gation procedure as described previously [33,34]. Protein content was determined using a BCA
protein assay kit (Pierce, Thermo Fisher Scientific Inc., Rockford, IL, USA).

The O2 fluxes in isolated liver and skeletal muscle mitochondria were measured at 37°C in a
two-channel high-resolution Oroboros oxygraph-2 k (Oroboros, Innsbruck, Austria). The
assay medium (MiR05) contained 110 mM sucrose, 60 mM potassium lactobionate, 20 mM
taurine, 20 mMHEPES, 0.5 mM EGTA, 10 mM KH2PO4, 3 mMMgCl2, and 1 mg/ml bovine
serum albumin, at pH 7.1. The oxidizable substrates were: (i) 5 mM pyruvate plus 2 mM
malate, or (ii) 25 μM palmitoyl-CoA plus 2 mM L-carnitine plus 2 mMmalate. The maximal
ADP-stimulated O2 flux (state 3) was achieved by adding 1.5 U/ml hexokinase, 12.5 mM glu-
cose and 1 mM ATP. The basal O2 flux (state 4) was determined after blocking ADP phosphor-
ylation with 1.25 μM carboxyatractyloside. Data acquisition and analysis were performed with
DatLab software version 4.2 (Oroboros, Innsbruck, Austria).

Tissue and plasma analyses
Pieces of frozen liver and quadriceps muscles were weighed. For triglyceride determination
10% homogenates (w/v) were prepared in ice-cold PBS (pH 7.4). Lipids were extracted
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according to Bligh and Dyer [35]. Triglyceride content was determined with a commercial kit
(Roche Diagnostics, Mannheim, Germany) according to manufacturer’s recommendations.
Hepatic glycogen content was determined according to Lavoinne and colleagues [36]. Plasma
leptin concentrations were determined with commercial kits (Millipore). Plasma insulin con-
centrations were determined with a commercial radioimmunoassay (RIA) kit (Linco
Research). Plasma cholesterol and triglyceride (TG) concentrations were determined with a
Cholesterol kit (Roche Diagnostics) and Triglyceride/Glycerol blanked kit (Roche Diagnostics),
respectively. Plasma free fatty acid (FFA) concentrations were determined using a NEFA C kit
(Wako Chemicals, Neuss, Germany).

Mitochondrial DNA (mtDNA) copy number
Genomic DNA was isolated from ~20 mg of tissue using GenElute Mammalian Genomic DNA
Miniprep Kit (Sigma-Aldrich, Zwijndrecht, The Netherlands). Relative mtDNA copy number
was determined by assessing the copy number of the mitochondrial-genome-encoded 16S ribo-
somal RNA gene (mt-Rnr2) relative to a single-copy nuclear glyceraldehyde-3-phosphate dehy-
drogenase gene (Gapdh) by real-time PCR. Real-time PCR was performed in MicroAmp
optical 96-well plates in the StepOne Real-Time PCR system (Applied Biosystems). The reac-
tion volume of 15 μl contained 10 ng of genomic DNA, forward and reverse primers (0.25 μM
each) and 1× SensiMix SYBR Hi-ROX mastermix (cat. no. QT605-05, Bioline). Primers were
designed using Primer Express software version 3.0 (Applied Biosystems). Primer sequences
were:mt-Rnr2 forward – 5’-TTAACCCAACACCGGAATGC-3’,mt-Rnr2 reverse – 5’-GGGT
TCTTGTTTGCCGAGTTC-3’, Gapdh forward – 5’-TTTGTTGTGGTACGTGCATAGCT-3’,
Gapdh reverse – 5’-GCTATCTCATGTTCTTCAGAGTGGAA-3’. Relative mtDNA copy num-
ber was calculated with the ΔΔCt method.

Citrate synthase activity
Tissues were homogenized in ice cold PBS (pH 7.4). Homogenates were sonicated for 30 s in
the pulse mode (pulse duration 1 s, interval between the pulses 1 s, power input 10 W) on ice,
followed by 10 min centrifugation at 1000 g, 4°C. Citrate synthase activity in the supernatant
was determined spectrophotometrically according to Srere and colleagues [37].

Immunoblotting
Equal amounts (10 μg) of mitochondrial protein were resolved with SDS-PAGE (12% gel) and
transferred to nitrocellulose membranes using Trans-Blot Turbo Midi Nitrocellulose Transfer
Packs, and Trans-Blot Turbo Transfer Starter System (Bio-Rad Laboratories Inc., Hercules,
CA, USA). After blocking with TBS containing 0.1% Tween (TBST) and 5% skim milk powder
for 1 h at room temperature, the membranes were incubated overnight at 4°C with one of the
following polyclonal antibodies: goat polyclonal anti-uncoupling protein 2 (UCP2), goat poly-
clonal anti-uncoupling protein 3 (UCP3) (both antibodies diluted at 1:1000) (Santa Cruz Bio-
technology, Santa Cruz, CA, USA), or MitoProfile Total OXPHOS Rodent WB Antibody
Cocktail (1:2000) (MitoSciences, Eugene, OR, USA) containing mouse monoclonal antibodies
against Complex I-V subunits. Next, membranes were washed 3 × 5 min with TBST and incu-
bated with a corresponding horse-radish peroxidase-conjugated secondary antibody for 1 h at
room temperature. After the final wash of 3 × 5 min with TBST and 1 × 5 min with TBS, the
immunocomplexes were detected using SuperSignal West Dura Extended Duration Substrate
(Pierce, Thermo Fisher Scientific Inc., Rockford, IL, USA), visualized using ChemiDoc XRS
+ imaging system and quantified using Image Lab analysis software version 3.0 (Bio-Rad Labo-
ratories Inc., Hercules, CA, USA). Data were expressed relative to young controls.
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Statistical analysis
The data are expressed as averages ± SEM. The listed n values represent the number of mice
used for a particular experiment. The statistical significance of the age and treatment (WBV)
effects was assessed using two-way analysis of variance (ANOVA) with two between-subjects
factors (age and WBV). Only if the interaction term between the factors was found to be signif-
icant, the effect of each factor was analyzed separately using Tukey post-hoc test. All analyses
were performed with SPSS 20.0 (SPSS Inc., Chicago, IL, USA). The level of statistical signifi-
cance was set at p<0.05.

Results

Animal characteristics
The effects of WBV on the animal characteristics at the end of the experimental protocol are
summarized in Fig 1 and Table 1. Food intake was higher (F1,39 = 6.202; p<0.05) in old mice
and this was not affected by WBV (Table 1). Body weight was significantly higher (F1,39 =
39.492; p<0.001) in old compared to young mice, with no significant effect of WBV (Table 1).
The uncorrected dry lean mass was similar in all experimental groups (Table 1). For most

Fig 1. Animal characteristics. (A) subcutaneous white fat, (B) visceral white fat weights, (C) plasma leptin concentrations, (D) muscle triglyceride (TG)
concentrations, (E) liver TG concentrations, (F) plasma TG concentrations, (G) plasma cholesterol concentrations, (H) plasma free fatty acid (FFA)
concentrations. Data are averages from n = 7–9 mice per group; ± SEM. ap<0.05, significant effect of age, bp<0.05, interaction effect between age andWBV
treatment, cp<0.05, post-hoc treatment effect.

doi:10.1371/journal.pone.0149419.g001
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examined organs and tissues, their dry lean mass-corrected weights were higher in old mice
with no effect of WBV. The exception was the liver, where weights were lower in WBV treated
mice irrespective of age (Table 1). The subcutaneous white (Fig 1A) and brown (Table 1) fat
pad weights increased with age (respectively F1,33 = 27.805; p<0.001 and F1,33 = 5.193;
p<0.05), with a strong tendency for significant interaction between age andWBV in the subcu-
taneous white fat weight (F3,33 = 28.48; p = 0.058). Further analysis revealed an effect of age on
the visceral white fat deposits, which was treatment dependent (a significant interaction
between age andWBV, F3,33 = 4.229; p<0.05) (Fig 1B). Visceral white fat pads were heavier in
old control and WBV treated mice compared to corresponding young controls. WBV treat-
ment reduced visceral white fat pads in old mice compared to old controls (F1,15 = 21.184;
p<0.05), while in young mice WBV treatment had no effect. In agreement with the increase in
white fat pad weight with age, we observed a significant (F1,31 = 6.382; p<0.05) increase in
plasma leptin concentrations (Fig 1C), which correlated significantly with white fat pad weights
in all groups (Pearson correlation coefficients: young control: 0.67, young WBV: 0.93, old con-
trol: 0.96 and old WBV: 0.96). Levels of triglycerides (TG) accumulated in skeletal muscle of
old mice (F1,32 = 4.279; p<0.05), with no effect of WBV (Fig 1D). In liver, there was no main
effect of age on TG levels, however, we did find a significant interaction between age and WBV
treatment (F3,33 = 5.013; p<0.05), with significantly lower hepatic TG levels in WBV-treated
old mice versus mice that did not undergo WBV treatment (F1,16 = 5.013; p<0.05). Thus, the
effect of WBV treatment to lower TG concentrations was totally dependent on old age (Fig
1E). Plasma analyses revealed that TG and cholesterol concentrations were lower in old mice
with no effect of WBV (Fig 1F and 1G). Plasma FFA concentrations were similar in young and
old mice, while WBV treatment tended (F1,32 = 3.896; p = 0.058) to decrease plasma FFA con-
centrations (Fig 1H).

Indirect calorimetry
Fig 2 illustrates energy expenditure (EE) and substrate utilization data in vivo. The lean mass-
corrected EE was similar in all experimental groups (Fig 2A), but it was significantly lower in
old mice when corrected for total body weight (S1 Fig). The average respiratory quotient (RQ)
during 24 hours of measurement was lower in old compared to young mice (F1,30 = 6.840;

Table 1. Body composition. Average weekly food intake during eleven weeks of treatment, body weight at sacrifice, dry lean mass and organ weights (as
percentage of dry lean mass). Data are means from n = 7–10 mice per group, ± SEM.

Young Old

Control WBV Control WBV

Food intake (kJ/wk) 394.93±9.17 392.94±11.07 410.20±11.50a 425.06±14.23a

Body weight (g) 30.42±0.62 31.18±0.71 38.38±1.46a 35.21±1.72a

Lean mass (g) 27.86±0.60 28.33±0.51 29.81±0.60 29.25±0.92

Heart (%) 0.49±0.00 0.48±0.01 0.56±0.03a 0.54±0.02a

Spleen (%) 0.30±0.02 0.32±0.03 0.29±0.02 0.30±0.04

Seminal vesicles (%) 0.95±0.03 0.97±0.03 3.60±0.76a 3.56±1.11a

Testes (%) 0.79±0.01 0.75±0.01 0.65±0.02a 0.62±0.02a

Brown fat (%) 0.57±0.02 0.69±0.03 1.21±0.23a 0.99±0.40a

Liver (%) 5.86±0.13 5.65±0.13b 6.33±0.23 5.63±0.33b

ap<0.05, significant effect of age.
bp<0.05, significant effect of WBV treatment.

doi:10.1371/journal.pone.0149419.t001
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p<0.05), indicating decreased utilization of carbohydrates over fats as energy source (Fig 2B).
The observed difference was the consequence of lower average RQ in the light phase (F1,30 =
5.013; p<0.05) with no differences in the dark phase. Further analysis revealed a major
decrease in carbohydrate oxidation in response to aging (F1,30 = 67.223; p<0.001) with no
effect on lipid oxidation (Fig 2C). WBV treatment had no effect on carbohydrate or lipid oxida-
tion rates.

Blood glucose turnover and hepatic carbohydrate fluxes
To investigate whether the reduced carbohydrate utilization was reflected in regulation of glu-
cose metabolism, stable isotope infusion experiments were performed in conscious mice. Both
aging (F1,30 = 19.610; p<0.001) andWBV treatment (F1,30 = 4.159; p = 0.05) led to an increase
in fasting blood glucose concentrations (measured before starting the infusion) (Fig 3A), while
steady-state blood glucose concentrations during the infusion were similar in all experimental
groups (Fig 3B). Initial (fasting) insulin concentrations were increased in old mice (F1,38 =
9.444; p<0.01) (Fig 3C), with no effect by WBV. Steady-state endogenous glucose appearance

Fig 2. Energy expenditure and substrate utilization in vivo after nine weeks of WBV treatment. (A) Average dry lean mass-corrected energy
expenditures (EE) and (B) average respiratory quotients (RQ) during light phase, dark phase and 24 hours. (C) Average lipid and carbohydrate oxidation
rates per 24 hours. (D) Average oxygen consumption during light phase, dark phase and 24 hours. Data are averages from n = 7–8 mice per group; ± SEM. a

p<0.05, significant effect of age.

doi:10.1371/journal.pone.0149419.g002
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rates (Ra(glc)) (Fig 3D) and glucose disposal rates (Rd(glc)) (S2 Fig) increased with age
(respectively F1,26 = 5.410 and F1,26 = 4.823; p<0.05), an outcome that seemingly contrasted
with our expectation based on the indirect calorimetry data. WBV treatment tended to increase
both glucose appearance (F1,26 = 2.426; p = 0.13) and disposal rates(F1,26 = 2.440; p = 0.13).
Metabolic clearance rates of blood glucose (MCR = Rd(glc) / [glucose]) were not affected by
age, but tended to increase (F1,26 = 2.207; p = 0.149) in response to WBV treatment (Fig 3E).

Next we performed a detailed analysis of hepatic carbohydrates fluxes in vivo to identify
possible causes of the increase in Ra(glc) (Fig 4). Except for the flux associated with glycogen
phosphorylase (GP) (F1,26 = 33.690; p<0.001), no significant changes were observed in the
fluxes associated with glucose-6-phosphatase (G6P), glucokinase (GK), glycogen synthase (GS)
and gluconeogenesis (GNG) (Fig 4C–4F). WBV treatment tended to increase the GP flux (F1,26
= 3.408; p = 0.076) resulting in a tendency of increasingly negative glycogen balance (F1,26 =
3.536; p = 0.071) (Fig 4A and 4B respectively). It should be realized, however, that in the
applied isotopic model of hepatic carbohydrate metabolism the GP flux is used to balance all

Fig 3. Blood glucose turnover rates after 12–13 weeks of WBV treatment. (A) Initial (fasting) and (B) steady-state glucose concentrations during stable
isotope infusion experiment. (C) Initial (fasting) insulin concentrations. (D) Endogenous glucose production rates (Ra(glc)). (E) Metabolic clearance rates of
blood glucose (MCR), calculated as the ratios of total glucose turnover rates and blood glucose concentrations. Data are averages from n = 6–9 mice per
group; ± SEM. ap<0.05, significant effect of age; b p<0.05, significant of WBV.

doi:10.1371/journal.pone.0149419.g003
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hepatic carbohydrate fluxes to account for the Ra(glc) and is not measured directly. Alterna-
tively, the increased Ra(glc) may be due to sources of glucose production other than the liver.

Effects of WBV on the mitochondrial properties in liver and skeletal
muscle
To examine the mechanism underlying the reduction of white fat mass and plasma TG in
response to WBV in old mice, we analyzed the function of isolated mitochondria from liver
and skeletal muscle by high-resolution respirometry. Maximal ADP-stimulated O2 flux (state
3) in isolated liver mitochondria oxidizing tricarboxylic acid (TCA) cycle substrates pyruvate
plus malate decreased significantly (F1,32 = 14.454; p<0.01) with age, without an effect by
WBV (Fig 5A). Both aging and WBV led to an increase (F1,32 = 53.101; p<0.001 and F1,32 =
4.764; p<0.05, respectively) in basal O2 flux (state 4), which was measured in the absence of
ATP synthesis (Fig 5B). The WBV effect tended to be stronger in old mice (16% increase) than
in young mice (5% increase) (Fig 5B). This suggests increased proton permeability of the inner
mitochondrial membrane, since basal O2 flux is stimulated by backflow of protons into mito-
chondrial matrix. The same trends were observed in isolated liver mitochondria oxidizing the

Fig 4. Hepatic carbohydrate fluxes in vivo after 12–13 weeks of WBV treatment. (A) Glycogen phosphorylase (GP) flux. (B) Glycogen balance,
calculated by subtracting GP flux from glycogen synthase (GS) flux. (C) Glucose-6-phosphatase (G6P) flux. (D) Glucokinase (GK) flux. (E) GS flux. (F) Total
gluconeogenesis (GNG) flux. (G) Hepatic glycogen content. Data are averages from n = 6–9 mice per group; ± SEM. ap<0.05, significant effect of age.

doi:10.1371/journal.pone.0149419.g004
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fatty acid β-oxidation substrate palmitoyl-CoA (Fig 5D and 5E). The protein levels of selected
subunits of oxidative phosphorylation complexes in isolated liver mitochondria were not
affected by aging or WBV (Fig 5G and 5H). In contrast, the protein level of UCP2 was strongly
increased in response to both aging (F1,11 = 16.337; p<0.01) and WBV (F1,11 = 32.546;

Fig 5. Effects of 14 weeks of WBV treatment on the mitochondrial properties in livers of young and old mice. (A) Maximal ADP-stimulated O2 flux
(state 3) and (B) basal O2 flux (state 4) in isolated liver mitochondria oxidizing pyruvate plus malate. (C) Relative mtDNA copy number in liver. (D) Maximal
ADP-stimulated O2 flux (state 3) and (E) basal O2 flux (state 4) in isolated liver mitochondria oxidizing palmitoyl-CoA plus L-carnitine plus malate. (F) Citrate
synthase (CS) activity in liver. (G) Relative protein levels and (H) representative immunoblot images of selected subunits of oxidative phosphorylation
pathway complexes I-V and uncoupling protein 2 (UCP2) in isolated liver mitochondria. Data are means from n = 6–9 (A-F) or n = 3 (G-H) mice per group; ±
SEM. a p<0.05, significant effect of age. bp<0.05, significant effect of WBV.

doi:10.1371/journal.pone.0149419.g005
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p<0.01). Clearly, the UCP2 levels were far highest in the old mice that underwent WBV (Fig
5G and 5H), and it is therefore somewhat surprising that the differences in basal O2 fluxes were
not more pronounced in the old mice. Finally, we measured relative mtDNA copy number and
the activity of the mitochondrial enzyme citrate synthase as markers of mitochondrial density.
The relative mtDNA copy number was not affected by aging or WBV (Fig 5C). The activity of
citrate synthase decreased significantly (F1,29 = 12.590; p<0.01) in response to aging without
an effect by WBV (Fig 5F).

Fig 6 shows the same analysis in skeletal muscle mitochondria, yielding similar results as in
the liver. When oxidizing pyruvate plus malate, muscle mitochondria showed a more pro-
nounced decline of maximal ADP-stimulated O2 flux in response to aging compared to liver
mitochondria, without an effect by WBV (Fig 6A). The decline was accompanied by lower pro-
tein levels of the oxidative phosphorylation Complexes I and V subunits (i.e. NADH dehydro-
genase and ATP synthase) (Fig 6G and 6H). Interestingly, WBV caused an upregulation of the
Complex II subunit, albeit without apparent consequences on O2 fluxes. The maximal ADP-
stimulated O2 flux with palmitoyl-CoA as the oxidizable substrate was neither affected by
aging nor by WBV (Fig 6D). As in liver mitochondria, the basal O2 flux increased with age
with both TCA cycle and fatty acid β-oxidation substrates (Fig 6B–6E), without an effect of
WBV. Interestingly, WBV increased protein levels of UCP3 (F1,11 = 5.383; p<0.05) an UCP
isoform typical to skeletal muscle [38], but this effect was most pronounced in young mice.
This pattern is somewhat different as the hepatic UCP2 pattern in which the effect of WBV to
upregulate UCP2 levels was equal in both young and old mice. The assessment of mtDNA
copy number (Fig 6C) and citrate synthase activity (Fig 6F) in skeletal muscle revealed no
changes in response to aging or WBV.

Discussion
WBV training is gaining interest as an effective alternative to physical activity in frail popula-
tion groups. Indeed, it has been shown that in older adults WBV was effective in increasing
muscle strength [17,39–42] and bone mineral density [17,43]. In the present study we per-
formed a detailed characterization of energy balance parameters as well as in vivo and ex vivo
metabolic parameters in young and old mice, and, subsequently investigated the effects of
WBV for ten minutes a day, five days a week for 8–14 weeks on these parameters. Most nota-
bly, in old -but not young- mice WBV treatment significantly decreased visceral fat mass and
triglyceride content in the liver, which was associated with an upregulation of mitochondrial
UCP2 and mitochondrial proton leak. Collectively, these observations suggest that WBV stim-
ulates hepatic lipid oxidation and alleviates the negative effects of fatty liver in old mice. Indeed,
liver TGs were selectively reduced by WBV in old mice (Fig 1G).

In agreement with data in old mice [44] and humans [45], we showed that carbohydrate uti-
lization (inferred by whole-body indirect calorimetry) decreased with age. These data are in
line with elevated fasting plasma concentrations of glucose and insulin in old mice (i.e., mark-
ers of impaired glucose homeostasis). Since WBV treatment resulted in a reduction of visceral
adiposity in old mice, we expected a beneficial effect of WBV on above-mentioned whole-body
metabolic parameters. However, WBV treatment did not affect these parameters, indicating no
sustained changes in whole-body metabolic parameters exceeding beyond those that probably
occurred during WBV as a direct response to the exercise load.

It has been shown that an increase in adiposity during aging is related to lipid accumulation
in various non-adipose tissues in rats [46], and this was confirmed by the increased TG content
in response to aging in both liver and skeletal muscle. WBV treatment resulted in a strong
reduction of TG content in the liver of old but not young mice, which is in line with the
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reduction of white fat mass in old WBV-treated mice. The lack of a pronounced effect of WBV
on the TG content in skeletal muscle may be explained by the fact that trained muscle actually
tends to store TG [47], which can be used to fuel contractions in particular during low intensity
physical activity. The tissue TG content can be modulated by the mitochondrial capacity to

Fig 6. Effects of 14 weeks of WBV treatment on the mitochondrial properties in skeletal muscle of young and old mice. (A) Maximal ADP-stimulated
O2 flux (state 3) and (B) basal O2 flux (state 4) in isolated skeletal muscle mitochondria oxidizing pyruvate plus malate. (C) Relative mtDNA copy number in
skeletal muscle. (D) Maximal ADP-stimulated O2 flux (state 3) and (E) basal O2 flux (state 4) in isolated skeletal muscle mitochondria oxidizing palmitoyl-CoA
plus L-carnitine plus malate. (F) Citrate synthase (CS) activity in skeletal muscle. (G) Relative protein levels and (H) representative immunoblot images of
selected subunits of oxidative phosphorylation pathway complexes I-V and uncoupling protein 3 (UCP3) in isolated skeletal muscle mitochondria. Data are
means from n = 6–9 (A-F) or n = 3 (G-H) mice per group; ± SEM. ap<0.05, significant effect of age; bp<0.05, significant effect of WBV.

doi:10.1371/journal.pone.0149419.g006
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oxidize fatty acids and by mitochondrial density. The mtDNA copy number and citrate
synthase activity were hardly affected by aging or WBV in both skeletal muscle and liver, sug-
gesting unaltered mitochondrial density. Unaltered mtDNA copy number was observed in
liver and skeletal muscle of C57BL/6J mice at a comparable old age as in our study [44], while
lower mtDNA copy number was reported in rat liver and skeletal muscle at older age (27
months) [48] and rat skeletal muscle at a comparable age (22 months) [49] as in our study.
These data suggest that the onset of the aging-induced decline of the mitochondrial density
may vary depending on the species and experimental conditions. The fact that citrate synthase
activity was lower in livers of old compared to young mice without a notable decline in
mtDNA copy number may indicate that decline in enzyme activity preceded decline in the
mitochondrial density. Houtkooper and colleagues [44] showed that the expression of genes
involved in fatty-acid oxidation decrease with age in mouse liver. In line with this we showed at
the functional level that mitochondrial fatty-acid oxidation capacity decreased in isolated liver
mitochondria from old compared to young mice. This contributes to a lower tissue capacity to
oxidize fatty acids. The capacity to oxidize the glucose-derived substrate pyruvate was strongly
decreased in skeletal muscle mitochondria of old compared to young mice too, with only a
slight reduction observed in liver mitochondria, indicating decreased oxidative glucose utiliza-
tion in particular in skeletal muscle.

In agreement with published data [46], the impairment of skeletal muscle mitochondrial
function was related to down-regulation of oxidative phosphorylation pathway complex I and
V. Decreased pyruvate oxidation capacity is in agreement with our in vivo indirect calorimetry
results showing reduced carbohydrate utilization in old mice. These data seemingly contradict
with the results of the stable-isotope-infusion experiments showing increased rates of glucose
disposal in old mice. However, indirect calorimetry assesses only complete aerobic carbohy-
drate oxidation, while the stable-isotope experiment yielded glucose disposal independent of
the mode of metabolism (e.g. glycolytic versus oxidative). One explanation pertinent to these
data may be that aging promotes glycolysis to compensate for a diminished mitochondrial
capacity to oxidize pyruvate; i.e. the so-called Warburg effect, in aging skeletal muscle [50].
This is in agreement with elevated lactate levels in tissues of aged mice [44].

We showed that WBV had no effect on either fatty acid or pyruvate oxidation in the coupled
state (state 3) in both liver and skeletal muscle mitochondria. Similar findings were reported in
young WBV-treated rats, showing unaltered O2 consumption rates in permeabilized skeletal
muscle fibers [50]. In agreement with Andrews and colleagues [51], the basal O2 consumption
rates (state 4) were increased in response to aging in both liver and skeletal muscle mitochon-
dria, suggesting increased leakiness of the inner mitochondrial membrane for protons. WBV
treatment augmented the basal O2 consumption rates in particular in old mice. The increase in
basal respiration was associated with upregulation of UCP2 in liver mitochondria and UCP3 in
skeletal muscle mitochondria (albeit the latter only in the young mice). While upregulation of
UCP2 and UCP3 in tissues of old rats has been reported previously [52], our data are the first
to show that their expression is affected by WBV. The precise physiological functions of UCPs
in non-adipose tissues remain to be established and new functions of UCPs as substrate trans-
porters are emerging [53]. It has been suggested that mild uncoupling of mitochondrial oxida-
tive phosphorylation can act as a protective mechanism to reduce the production of the
reactive oxygen species by the mitochondrial respiratory chain [54,55]. Dissipation of energy
through uncoupling may contribute to the reduction of tissue TG content [56]. An acute effect
of WBV is the activation of the sympathetic nervous system [57]. Catecholamines, which are
released upon this activation, have been shown to up-regulate UCP2 and UCP3 expression in
L6 myotubes [58]. Moreover, data in literature show that UCPs are often upregulated under
conditions of increased fatty acid availability [59,60], suggesting that these proteins indeed play
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a role in regulation of lipid metabolism. The postulated requirement of fatty acids for stimula-
tion of uncoupling activity of UCPs [55,61] may explain why upregulation of UCPs in the tis-
sues of young animals, which contain less fat, does not elicit the TG-reducing effect as
observed in the tissues of old animals.

In summary, we showed that chronic WBV treatment was effective in reducing adiposity in
old but not young mice. Changes in body composition induced by WBV were associated with a
reduction of liver TG stores, and increased mitochondrial uncoupling in the liver, suggesting
that WBV stimulates hepatic lipid metabolism. These alterations in fuel fluxes were indepen-
dent of alterations in energy balance parameters such as food intake and/or whole-body energy
expenditure. We speculate that there are different temporal effects of WBV (e.g. sympathetic
activity) and sustained for others (e.g. increased hepatic UCP2 expression and mitochondrial
oxidation, reversed hepatic hypertriglyceridemia). Because the latter changes occurred inde-
pendent of changes in food intake and whole-body metabolic rate (assessed by indirect calo-
rimetry), the liver-specific effects of WBV may be a primary mechanism to improve metabolic
health during aging, rather than that it is a consequence of alterations in energy balance.

Supporting Information
S1 Fig. Energy expenditures corrected for body weight. Data are averages from n = 7–8 mice
per group; ± SEM. ap<0.05, significant effect of age.
(TIF)

S2 Fig. Steady-state glucose disposal rates (Rd(glc)). Data are averages from n = 6–9 mice per
group; ± SEM. ap<0.05, significant effect of age.
(TIF)
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