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Beta-Alanine Supplementation Improves Jumping Power

and Affects Severe-Intensity Performance
in Professional Alpine Skiers

Micah Gross, Kathrin Bieri, Hans Hoppeler, Barbara Norman, and Michael Vogt

Introduction: Supplementation with beta-alanine may have positive effects on severe-intensity, intermittent,
and isometric strength-endurance performance. These could be advantageous for competitive alpine skiers,
whose races last 45 to 150 s, require metabolic power above the aerobic maximum, and involve isometric
muscle work. Further, beta-alanine supplementation affects the muscle force-frequency relationship, which
could influence explosiveness. We explored the effects of beta-alanine on explosive jump performance, severe
exercise energy metabolism, and severe-intensity ski-like performance. Methods: Nine male elite alpine
skiers consumed 4.8 g/d beta-alanine or placebo for 5 weeks in a double-blind fashion. Before and after, they
performed countermovement jumps (CMJ), a 90-s cycling bout at 110% VO,max (CLT), and a maximal 90-s
box jump test (BJ90). Results: Beta-alanine improved maximal (+7 + 3%, d = 0.9) and mean CMJ power (+7
+ 2%, d =0.7), tended to reduce oxygen deficit (-3 £ 8%, p = .06) and lactate accumulation (-12 + 31%) and
enhance aerobic energy contribution (+1.3 +2.9%, p = .07) in the CLT, and improved performance in the last
third of BJ90 (+7 = 4%, p = .02). These effects were not observed with placebo. Conclusions: Beta-alanine
supplementation improved explosive and repeated jump performance in elite alpine skiers. Enhanced muscle
contractility could possibly explain improved explosive and repeated jump performance. Increased aerobic

energy production could possibly help explain repeated jump performance as well.

Keywords: carnosine, skiing, box-jump test, buffering capacity, energy production

Oral supplementation with the amino acid beta-
alanine increases muscle content of the dipeptide carno-
sine (beta-alanyl-L-histidine) and has positive effects on
some short high-intensity exercise tasks. Several studies
using supplementation protocols of 3.2 to 6.4 g/d over
4-10 weeks have shown increases in muscle carnosine
content of 23 to 80% in muscles of the upper and lower
leg (Baguet et al., 2010; Baguet et al., 2009; Derave et
al., 2007; Harris et al., 2006; Hill et al., 2007; Kendrick
et al., 2008). Supplementation has also been associated
with improved cycling time to exhaustion (~2.5 min) at
110% of maximal aerobic capacity (VO,max) (Hill et
al., 2007; Sale et al., 2011; Smith et al., 2009), maximal
2000-m rowing performance (Hobson et al., 2013), and
intermittent running (Saunders et al., 2012b), and isomet-
ric endurance capacity (Sale et al., 2012). Others have
reported no performance improvement after beta-alanine
supplementation in repeated sprint exercise (Saunders
et al., 2012a), isometric endurance and 400-m sprinting
(Derave et al., 2007), or cycling time to exhaustion at
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intensities greater that 110% VO,max (Jagim et al., 2013).
These findings all seem to agree with the conclusion of
the meta-analysis performed by Hobson et al. (Hobson et
al., 2012), namely that maximal exercise lasting between
1 and 4 min is likely to improve with beta-alanine supple-
mentation, whereas those lasting less than 60 s are not.

Improvements to severe-intensity exercise of ~1 to 4
min duration following beta-alanine supplementation may
be related to enhanced aerobic energy contribution (Gross
et al., 2014). Indeed, we recently showed an increase in
aerobic energy production and reduced reliance on anaero-
bic energy at the same severe intensity for a fixed duration
(90 s) following 38-day beta-alanine supplementation
(Gross et al., 2014). Additional ergogenic effects associ-
ated with muscle carnosine include enhancing Ca?* release
from the sarcoplasmic reticulum, or helping maintain it
during muscle acidification (Rubtsov, 2001), increasing
Ca?* sensitivity of the contractile elements of human
vastus lateralis and rat muscle (Dutka & Lamb, 2004,
Dutka et al., 2012; Rubtsov, 2001), increasing intracellular
acid buffering (Hill et al., 2007; Hobson et al., 2012; Sale
etal., 2010), and reducing reliance on anaerobic glycolysis
(Boldyrev, 2012). Further, beta-alanine supplementation
has been shown to positively affect fatigue resistance
and the force-frequency relationship in mouse muscle
(Everaert et al., 2013).
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Competitive alpine skiing typically involves bouts
lasting 45 s to 2.5 min at intensities exceeding VO,max
(Saibene et al., 1985; Veicsteinas et al., 1984) and involv-
ing large amounts of isometric and eccentric muscle
work (Berg & Eiken, 1999; Berg et al., 1995), as well
as precise coordination. From a metabolic standpoint,
performance is most likely limited by restrictions to
leg blood flow, insufficient aerobic energy supply, and
glycolytic metabolite accumulation leading to muscular
fatigue and compromised motor control (Ferguson,
2010). At the same time, leg power is important for ski
performance, which is evident in the jumping prowess of
competitive skiers (Breil et al., 2010; Gross et al., 2009;
Patterson et al., 2009). This being the case, alpine skiers
might experience positive effects on performance from
beta-alanine supplementation.

In this study, we explored the effects of beta-alanine
supplementation on explosive jump performance, severe-
intensity cycling energy metabolism and severe-intensity
repeated-jump performance in professional alpine skiers.
We hypothesized that beta-alanine supplementation
would enhance explosiveness, increase aerobic energy
contribution, decrease reliance on anaerobic glycolysis
and improve performance during severe-intensity exercise.

Methods
Subjects

Participants for the study were nine male skiers from the
Swiss national ski federation (age: 19.5 + 1.1 y, weight:
79.0 + 6.1 kg, height: 180 = 5 cm, VO,max: 53.1 + 6.1
ml/min/kg), who were competing internationally at the
European Cup level. All subjects provided written consent
to all study procedures, which had been approved by the
ethical review board of the canton of Bern, Switzerland.

Intervention

The study took place between August and October, in the
second half of the skiers’ off-season conditioning period.
Skiers were divided into two groups, which were matched
for VO,max, height and weight. In a double-blind fashion,
400 mg gel capsules containing either beta-alanine (BAL)
or maltodextrine (placebo, PLA) were distributed to the
subjects. Coaches, who were also blinded to the group
affiliation, took responsibility for controlling supplement
compliance. Subjects consumed four capsules three
times daily for a daily dose of 4.8 g over a period of five
weeks. They were advised to consume the capsules at the
three main meal times (Stegen et al., 2013) and before
going to sleep. Capsules contained purified beta-alanine
or maltodextrine and were produced noncommercially
for this study (Pharma Futura SA, 3979 Grone, Switzer-
land). All subjects performed the same training before
and throughout the study, which was confirmed by sub-
jects’ training logs detailing training time and perceived
intensity (RPE, 1 to 10 scale) for all performed sessions.
Training load was quantified by multiplying training time

in minutes by session RPE (Foster et al., 2001). Training
during this period included high volumes of strength and
conditioning training and on-snow ski training.

Laboratory Tests

Before (T1) and after the supplementation period (T2),
subjects reported to the laboratory for a series of tests
and measurements. Upon arrival, body weight and body
fat percentage via seven skinfolds (Jackson & Pollock,
1978) were assessed. Subjects then performed a self-
paced 10-min warm-up on a cycle ergometer.

After warming up, subjects performed three maxi-
mal countermovement jumps (CMJ) on a QuattroJump
force plate (Kistler Instruments, Winterthur, Switzerland)
according to standardized procedures. Briefly, they were
instructed to jump as high as possible with hands fixed at
the hips. QuattroJump software (version 1.0.9.2) supplied
jump height (in cm) and maximal (P, in W/kg) and
average concentric power (P, in W/kg) for each jump
and averaged for the three jumps.

Thereafter, a constant-workload (110% of peak
incremental power output [PPO]), fixed-duration (90
s) cycling test (CLT) was performed for assessing VO,
on-kinetics, oxygen deficit and proportions of aerobic
and anaerobic energy contribution. Breath-by-breath
respiratory data were collected using the Oxycon Pro
spirometry system (Erich Jaeger GmbH, Hochberg,
Germany). Heart rate (HR) was measured continuously
(Polar Electro Oy, Kempele, Finland). Workload was
determined from incremental cycling tests (30 W/3 min)
performed outside of the study less than 3 months before
the study; CLT workload was 110% of the maximal
incremental workload. After a 3-min warm up at 40%
of maximal incremental workload, subjects cycled at 50
W and 60 rpm for 3 min (baseline phase). The baseline
workload of 50 W was chosen because it is the lowest at
which the Ergoline can provide continuous resistance at
60 rpm. Thereafter, cadence was increased to 105 rpm
and workload was adjusted to 110% VO,max within
approximately 3 s. This was maintained for 90 s. Blood
lactate was measured at the finger 30 s before, 15 s, after
and 4 min after the 90-s test (Biosen C-line sport, EKF-
diagnostic GmbH, Barleben/Magdeburg, Germany). The
cadence during the test was chosen to ensure that subjects
could pedal smoothly and complete the exercise task with
minimal upper body motion. VO,peak in the CLT was
defined as the highest 15-s average of breath-by-breath
data. The time constant (T) of the primary component
of VO, on-kinetics was determined using an automated
calculation table (Microsoft Excel 2010). This table
tested integers between 1 and 30 for T and time delay,
to find the best (minimal residual) exponential fit to the
VO, data (reduced to 5-s averages and manually filtered
of outliers) based on the following equation:

VO,(#) =VOy(b) + A - (1 — e-lt-TDl)

where VO,(?) is VO, at time ¢ during the 90-s test; VO,(b)
is baseline VO, during the minute preceding the test (ie,



at 50 W); A is the amplitude of VO, increase, i.e., peak
VO,—VO,(b); TD is the time-delay; and T is the time
constant. At 110% VO,max, a monoexponential has been
shown to describe VO, kinetics sufficiently (Ozyener et
al., 2001). However, because data appeared to be clearly
biphasic in most cases, the first 15 s of the test were
omitted for calculating of the primary phase T, to avoid
contamination of the cardiodynamic phase. In a pilot
study, the CV for T during CLT was 13% (95% c.i. £2.3 s).

Oxygen deficit was taken as the difference between
O, consumption during the 90-s test and the estimated
O, demand (Bangsbo et al., 1990). O, consumption was
the area under the curve of gross VO, between 0 and 90
s (ie, mean VO,-1.5 min). O, demand at 110% PPO was
estimated by interpolating data from the most recent
incremental test (using stages before plateau in VO, only)
and correcting the y-intercept based on steady-state VO,
during the warm-up before the CLT. The following equa-
tion was used for estimating O, demand:

O, demand = (m - POq199 + [b —m - POy ]) - 1.5 min

where m is the slope of the VO,/PO relationship (ml/
min/W) established from the maximal incremental test,
b is the steady-state VO, (ml/min) averaged over the
second half of the warm-up preceding the 90-s test, and
PO 04 and POyq, are the workloads (W) applied during
test and warm-up, respectively. The percentage of aerobic
energy contribution was calculated as O, consumption/
0, demand - 100%. Finally, the excess postexercise O,
consumption in the 5 min following the test (EPOC;) was
taken as the net O, consumption (above resting value)
during this period. In our laboratory, CV in this test for
O, consumption, O, deficit, aerobic energy contribution
and EPOCs are 2% (95% c.i. + 88 ml), 3% (95% c.i. =
115 ml), 2% (95% c.i. = 1.1 percentage points) and 8%
(95% c.i. = 242 ml), respectively (Méirzendorfer, 2011).

After recovering for 30 min, subjects concluded the
laboratory session by performing the 90-s box jump test
(BJ90). The BJ90 is a simple indoor performance test
typically used in alpine skiing to simulate the metabolic
and biomechanical demands of the sport (Andersen &
Montgomery, 1988). The test goal is to perform as many
lateral jumps as possible onto and off of a bench (width
50 cm, height 44 cm), alternating left to right on the jump
down, within 90 s. Jumps were tallied by an investigator
after 30, 60, and 90 s.

Muscle Biopsies

Before and after 90-s CLT, muscle biopsies from m. vastus
lateralis were taken. Before warm-up, two incisions were
made under local anesthesia induced with Lidocaine,
approximately 1 cm apart in the midthigh portion of m.
vastus lateralis of the right le.g., and the first (preex-
ercise) biopsy was extracted using a Bergstrom needle
(Bergstrom, 1975). A second (postexercise) biopsy was
extracted using a Pro-Mag 2.2 automatic biopsy instru-
ment (MD Tech, Gainsville, FL, USA) exactly 15 s after
completion of the CLT. The Bergstrom technique was
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used for the pre- exercise biopsy to attain sufficient tissue
(which was used for additional analyses not published
here) while the automatic biopsy instrument was used
postexercise to ensure the desired fast extraction. Both
biopsies were immediately frozen in isopentane cooled
by liquid nitrogen, then preserved in liquid nitrogen until
further analysis.

From the resting biopsies, cross-sectional slices
(12 um) were stained for determining muscle fiber-type
composition using procedures described by Billeter et al.
(Billeter et al., 1980). Samples were preincubated at pH
4.75 instead of pH 4.35, as this produced better contrast
in pilot stains. Stained samples were photographed with
20x magnification (ColorView 3U CCD Color Camera
in a Leica DMRB light microscope). Reasonably cross-
sectioned fibers were visually classified as type I (darkly
stained) or type II (unstained or faintly stained) muscle
fibers. In all, 374 + 139 (range 172 to 546) and 245 + 122
(range 91 to 458) fibers per subject were analyzed for T1
and T2, respectively. From the same photos, cross-sectional
area of a subset of cross-sectioned fibers (92 + 40, range 40
to 142 and 56 + 59, range 21 to 200 for T1 and T2, respec-
tively) was assessed using the area tool in cellP software
(version 3.4, Olympus Soft Imaging Solutions GmbH).

At each time point, portions of resting and postexer-
cise biopsies were freeze-dried, dissected under a micro-
scope until freed from blood and connective tissue, and
weighed for analysis of muscle pH, buffering capacity
and muscle lactate (see below).

One portion of freeze-dried muscle (1 to 9 mg) was
designated for determination of muscle pH and buffering
capacity, based on the methods of Bishop et al. (Bishop
et al., 2008). In short, muscle was homogenized by hand
on ice in a 10 mM NaF solution at a dilution of 30 mg
muscle / ml solution. Twenty-five- or 30-ul portions were
transferred to Eppendorf tubes, vortexed, and warmed
to 37°C on a Thermomixer (Vadaux-Eppendorf, Basel,
Switzerland) for measurement of pH using a microelec-
trode (MI-410, Microelectrodes Inc., USA) connected to
a pH-meter (Model 320, Mettler-Toledo, USA) double-
calibrated at pH 7.0 and 4.01. After initial pH determi-
nation, solutions from preexercise samples were titrated
with 10 mM HCI until pH decreased to 6.3. pH was
measured after each 2-ul addition of HCI, and the mean
slope was calculated from the serial pH-measurements
and normalized to express muscle buffering capacity in
terms of mmol H*/kg dry muscle/pH unit.

Another portion (0.7 to 6.8 mg) was submerged in 0.4
M HCIO, on ice and broken into small pieces by hand to
extract metabolites. After 20 min, the solution was neutral-
ized using 2 M KHCOj; and centrifuged for 10 s. Muscle
lactate was analyzed in the supernatant by a fluorometric
enzymatic method (Lowry & Passonneau, 1972).

Side Effects

At the conclusion of the study, subjects filled out a ques-
tionnaire regarding side effects (frequency and severity)
they may have experienced during the study.
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Data Analysis

All performance variables from T1 and T2 laboratory tests
were compared within groups using Wilcoxon signed
ranks tests. Only for parameters where n for each group
was at least four, groups were compared and interaction
effects were assessed by comparing delta values between
groups via independent ¢ tests (W.G. Hopkins, 2003;
Hopkins et al., 2009). Pearson’s correlations were per-
formed between changes in CMJ power parameters and
subjects’ percentage of type Il muscle fibers. The level of
significance was set at p = .05. Data are reported as mean
+ standard deviation, with effect sizes (d) which were
calculated as the mean change relative to the standard
deviation of the first measurement.

Table 1 Anthropometric Data

Measurment/Time Point BAL(n=5) PLA(n=4)
Bodyweight (kg)
T1 76.4+39 81.6+8.3
T2 76.5+3.5 81.0+8.3
p time 0.88 0.47
Sum of 7 skinfolds (mm)
T1 47.5+13.3 66.6 +10.2
T2 458 +10.2 59.1+5.2
p time 0.43 0.11
Body fat (%)
T1 11.1£24 144+1.8
T2 10.8 £ 1.8 13.1+0.9
p time 0.44 0.12

Note. Data presented as mean + s.d. for before (T1) and after (T2)
supplementation with beta-alanine (BAL) or placebo (PLA).

Table 2 Countermovement Jump Variables

Results

Laboratory Tests

The CMJ and CLT were performed by nine subjects at
both test points and biopsies were taken from eight, as
one subject objected to the biopsy procedures. The BJ90
was however performed by only seven subjects, as two
(both in PLA) were recovering from injury at the onset
of the study. In addition, one subject failed to complete
the training log throughout the study. There were no
changes after supplementation in bodyweight, the sum
of seven skinfolds or body fat percentage (Table 1).

In the CMJ, BAL improved Pp,,x (+7.0 £ 2.5%, d
=09,n=5,p=.04) and Py, +7.0 £ 2.4%,d = 0.7, n
=5, p = .04) significantly following supplementation,
whereas no change was seen in PLA (P, +1.0 £ 3.5%,
d=04,n=4,p=47 Py 04 £2.6%,d=01,n=
4, p = 72). Interaction effects for both variables were
significant. On the other hand, there was no change in
either BAL (-0.7 £ 2.3%, d=-0.1,n =5, p =.59) or PLA
+5.0 £ 8.1%, d=-0.9, n =4, p = .27), and no interaction
effect for jump height. These data are displayed in Table
2 and Figure 1. Changes in P,,, in BAL tended to be
correlated with the percentage of type II muscle fibers
r=.83,p=.08,n=>5).

In the CLT, oxygen deficit remained unchanged in
BAL (-2.5 + 7.5%, d = 0.4, n = 5, p = .50) but tended
to increase in PLA (+6.6 £+ 2.8%,d =0.5,n=4,p =
.07) resulting in a tendency for an interaction effect
(p = .06). A similar pattern was seen for blood lactate
accumulation (difference pre-CLT to 4 min post-CLT),
aerobic energy contribution, and EPOCs. Blood lactate
accumulation remained unchanged in BAL (-11.5 =
31.1%,d = 0.6, n =5, p = .35) but tended to increase in
PLA (+34.6 £20.1%,d =1.7,n =4, p = .07), leading to

Pmax (W/kg) P.vg (W/kg) Jump Height (cm)
T T2 p time T T2 p time T T2 p time
BAL (n=Y5) 57.6 £4.7 61.7+£6.1 .01 340+33 364+39 <.01 55.8+4.5 555%55 .59
PLA (n=4) 57.0x1.5 57.6+£3.3 .58 357+15 358+1.6 .81 51.1+£2.7 535+3.6 27
p deltas .03 .01 .20

Note. Data presented as mean =+ s.d. for before (T1) and after (T2) supplementation with Py,,: maximal concentric power. P,,: average concentric power.

Table 3 Muscle Lactate Measurement from Biopsies Taken Before and Immediately After Severe-

Intensity Cycling

Muscle Lactate, Pre2

Muscle Lactate, Post?

A Muscle Lactate?

T T2 p time T T2 p time T T2 p time
BAL(n=5) 21+17 11+08 0.35 479+115 49.8+9.7 0.36 433+10.8 452 +8.1 .50
PLA (n=3) 3918 20+34 0.29 38.8+7.6 40959 0.59 323+7.6 353+423 .59
p deltas .61 97 78

Note. Data presented as mean =+ s.d. for before (T1) and after (T2) supplementation with beta-alanine (BAL) or placebo (PLA). Cycling test com-

prised 90 s at 110% VO,max.
ammol/kg d.w.



a tendency for an interaction effect (p = .07). Aerobic
energy contribution remained unchanged in BAL (+1.3
+29%,d=0.4,n=35, p=.47) and tended to decrease
inPLA (-2.1+1.3%,d=1.0,n=4, p=.07),leading to a
tendency for an interaction effect (P = .07). Net EPOC;
did not change in BAL (-6.3 £ 17.9%,d=09,n=5,p
= .42) but tended to increase in PLA (+15.2 + 11.3%,
d=13,n=4, p=.07); p for the interaction was 0.07.

There was a tendency for improved overall per-
formance (+2.6 £ 2.4%, d = 0.6, n = 5, p = .08) in the
BJ90 following beta-alanine supplementation (Figure
2). Whereas pacing for the initial 60 s was nearly iden-
tical, BAL tended to perform more jumps in the final
30s (+6.8 +4.2, d =09, n =5, p = .06). Changes in
BJ90 overall performance for the two subjects in PLA
were +1 and -3 jumps. Change in the final 30 s was -4
and +1 jumps.

Muscle Biopsies

Histochemical determination of fiber-type distribu-
tion revealed that subjects had 61 + 11% (range: 44 to
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79%, n = 8) type 1 fibers and 39 + 11% (range 21 to 56%,
n = 8) type Il fibers, with no difference between groups
(p > .57) and no changes occurring during the study (p >
.15). Mean fiber cross-sectional areas were 6367 + 731
um? and 7311 = 1534 um? for type I and type II fibers,
respectively (n = 8), and did not differ between groups
or change during the study.

There were no effects of intervention on muscle pH
before the CLT or on postexercise pH (p > .16). Pooled
for all subjects, muscle pH before and after the CLT
was 6.87 = 0.05 and 6.64 + 0.07, respectively (n = 8).
Neither were there effects (p > .16) of intervention on
buffering capacity (Figure 3). There were no effects of
intervention on pre- or postexercise muscle lactate, or on
exercise-induced muscle lactate accumulation (Table 3).

Side Effects

Four out of five subjects receiving beta-alanine reported
that they had experienced no side effects. However, one
subject reported having frequent and severe paresthesia
as well as some digestion problems.
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Figure 1 — Individual changes (gray lines) and group changes (mean = s.d., black dashed line) in countermovment jumping power with

beta-alanine (n = 5) or placebo (n = 4). P,y,, Pay: mean and maximal concentric power.
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Discussion

The main finding of this study was that beta-alanine
supplementation improved explosive jumping power
in elite alpine skiers. In addition, 90-s repeated box
jump performance tended to improve while, during 90-s
severe-intensity constant-load cycling, there were ten-
dencies in several parameters suggesting a shift toward
aerobic energy contribution, which could help explain
the changes in box jump performance.

Several parameters failed to reach statistical signifi-
cance, which is partly attributable to the small n. While
the small sample size presents the main limitation of
the current study, this was the trade-off for perform-
ing the study on professional skiers. In addition, the
performance-enhancing effect of beta-alanine seems to
be a combination of several mechanisms, which probably
also led to the small effects reported here. Another limita-
tion was that we did not measure muscle carnosine, but
instead made the rather safe assumption that beta-alanine
supplementation like that employed in the current study
increases carnosine (for review, see Artioli et al., 2010;
Sale et al., 2010). Nonetheless, if we had been able to
correlate changes in carnosine to changes in performance,
stronger conclusions could have been possible.

Changes in power generation during countermove-
ment jumping have not been shown previously in response
to beta-alanine supplementation. Hoffman et al. (Hoff-
man et al., 2008) measured maximal and average power
output during 1-repetition maximum barbell squats, and
although there were increases in both following beta-
supplementation, these were not significant. However,
Everaert et al. show that beta-alanine supplementation
shifts the force-frequency curve of the fast-twitch muscle
EDL of mice to the left (2013). Further, Dutka and Lamb
show improved Ca?*-sensitivity in skinned rat muscle
fibers (2004), while Dutka et al. show enhanced Ca?*-
sensitivity in skinned human slow- and fast-twitch fibers
(2012), in both cases in a dose-dependent manner upon
addition of carnosine. Although these authors did not
show any improvement of the maximal force production
with more carnosine present in the myoplasm, the better
Ca?+-sensitivity of the contractile apparatus may have
increased the muscle contraction velocity. Indeed, for the
same maximal force production, the Ca?* released from
the sarcoplasmic reticulum may bind to the troponin C at
afaster rate. Since we observed a tendency for changes in
CMI P, to be correlated to the percentage of fast-twitch
fibers, it is feasible that enhanced contractility of fast-
twitch muscle, in accordance to the findings of Everaert
etal. (2013) could be a mechanism behind improved CMJ
power following beta-alanine supplementation.

There was an increase in jumps performed in the last
30 s of the BJ90 and overall performance (total jumps)
tended to improve with beta-alanine supplementation.
Although this did not occur in PLA, only two subjects
performed the test at both time points, which means attrib-
uting the improvement in BAL solely to the supplement
should be done with caution. Nonetheless, previous stud-
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ies report delayed fatigue (improved time to exhaustion)
following beta-alanine supplementation during severe-
intensity cycling (~2.5 min) (Hill et al., 2007; Sale et al.,
2011; Smith et al., 2009) and isometric exercise (Sale
et al., 2012), as well as increased contractile apparatus
Ca2+-sensitivity in the presence of carnosine (Dutka et
al., 2012), findings which would agree with the changes
we observed in BJ90. Alternatively, in light of changes
in CMJ power which can be more confidently attributed
to beta-alanine, improvements in BJ90 could plausibly
be related to increased maximal jumping power, which
allowed BJ90 to be performed at a lower relative power.

Whereas many postulate that beta-alanine supple-
mentation improves severe exercise performance by
increasing the buffering capacity of muscle carnosine
(e.g., Hill et al., 2007; Hobson et al., 2012; Sale et al.,
2010), no change in total muscle buffering capacity was
detectible in the current study. This was also the case
in a previous study from our laboratory (Gross et al.,
2014); however, as the titration technique does have its
limitations, it is possibly incorrect to conclude from the
current study that buffering capacity is not affected by
beta-alanine supplementation. On the other hand, it is
also known that carnosine can enhance muscle activity
directly, in vitro (Boldyrev, 2012) and in vivo in animals
(Stvolinskii et al., 1992), or maintain muscle fiber CaZ*-
sensitivity in the presence of acidification (Rubtsov,
2001). For example, rats injected with carnosine ran 25 to
30% longer while accumulating less lactate than control
animals (Stvolinskii et al., 1992), due perhaps to reduced
energy expenditure per unit work or improved mitochon-
drial coupling (Boldyrev 2012). Observations of such
effects (termed “Severin’s phenomenon’) are not new,
but have received relatively little appreciation in recent
exercise-related studies on beta-alanine and carnosine.
An exception to this oversight is the work of Dutka and
Lamb (2004), who show improved Ca?*-sensitivity of the
contractile apparatus in skinned rat muscle fibers, and that
of Dutka et al. (2012), who showed the same thing in
mechanically skinned human muscle fibers, in both cases
in a dose-dependent manner upon addition of carnosine.
In light of these effects, decreased reliance on anaerobic
glycolysis, entailing slower accumulation of fatigue-
inducing glycolytic metabolites, and better-maintained
Ca?*-sensitivity could reveal a further mechanism behind
changes in BJ90 performance following beta-alanine
supplementation.

Although the increased reliance on aerobic energy in
BAL did not reach statistical significance, the interaction
effect compared with PLA was nearly significant, sug-
gesting that beta-alanine could support a more optimal
energy provision. Thus, whereas a negative training adap-
tation in relation to aerobic energy provision at posttesting
occurred in PLA, this was counteracted by beta-alanine.

Perspectives

Previous studies on beta-alanine supplementation have
focused mostly on severe exercise time-to-exhaustion,
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sprint or strength performance, and have accentuated the
increased buffering effect of carnosine as the main factor
leading to improvement. In the current study, we show
that beta-alanine supplementation improved explosive
jumping power and 90-s repeated jump performance in
elite alpine skiers, although results from repeated jump-
ing cannot be considered controlled. We suspect that
increased Ca2+-sensitivity of the contractile apparatus
can explain improvements in explosive jumping power
and 90-s repeated jump performance, and that enhanced
aerobic energy production can help explain repeated jump
performance as well. Future research should explore these
mechanisms of performance improvement following
beta-alanine supplementation, in addition to those related
to buffering capacity.

References

Andersen, R.E., & Montgomery, D.L. (1988). Physiology of
Alpine skiing. Sports Medicine (Auckland, N.Z.), 6, 210—
221. PubMed doi:10.2165/00007256-198806040-00003

Artioli, G.G., Gualano, B., Smith, A., Stout, J., & Lancha,
A.H.,Jr. (2010). Role of beta-alanine supplementation on
muscle carnosine and exercise performance. Medicine and
Science in Sports and Exercise, 42, 1162—-1173. PubMed
doi:10.1249/01.MSS.0000384497.49519.49

Baguet, A., Bourgois, J., Vanhee, L., Achten, E., & Derave,
W. (2010). Important role of muscle carnosine in rowing
performance. Journal of Applied Physiology (Bethesda,
Md.), 109, 1096-1101. PubMed

Baguet, A., Reyngoudt, H., Pottier, A., Everaert, L., Callens, S.,
Achten, E., & Derave, W. (2009). Carnosine loading and
washout in human skeletal muscles. Journal of Applied
Physiology (Bethesda, Md.), 106, 837-842. PubMed

Bangsbo, J., Gollnick, P.D., Graham, T.E., Juel, C., Kiens,
B., Mizuno, M., & Saltin, B. (1990). Anaerobic energy
production and O2 deficit-debt relationship during exhaus-
tive exercise in humans. The Journal of Physiology, 422,
539-559. PubMed

Berg, H.E., & Eiken, O. (1999). Muscle control in elite alpine
skiing. Medicine and Science in Sports and Exercise, 31,
1065-1067. PubMed doi:10.1097/00005768-199907000-
00022

Berg, H.E., Eiken, O., & Tesch, P.A. (1995). Involvement of
eccentric muscle actions in giant slalom racing. Medicine
and Science in Sports and Exercise, 27, 1666-1670.
PubMed doi:10.1249/00005768-199512000-00013

Bergstrom, J. (1975). Percutaneous needle biopsy of skeletal
muscle in physiological and clinical research. Scandina-
vian Journal of Clinical and Laboratory Investigation,
35, 609-616. PubMed doi:10.3109/00365517509095787

Billeter, R., Weber, H., Lutz, H., Howald, H., Eppenberger,
H.M., & Jenny, E. (1980). Myosin types in human skel-
etal muscle fibers. Histochemistry, 65, 249-259. PubMed
doi:10.1007/BF00493174

Bishop, D., Edge, J., Thomas, C., & Mercier, J. (2008). Effects
of high-intensity training on muscle lactate transporters
and postexercise recovery of muscle lactate and hydro-

gen ions in women. American Journal of Physiology.
Regulatory, Integrative and Comparative Physiology, 295,
R1991-R1998. PubMed doi:10.1152/ajpregu.00863.2007

Boldyrev, A.A. (2012). Carnosine: new concept for the function
of an old molecule. Biochemistry (Mosc), 77, 313-326.
PubMed doi:10.1134/S0006297912040013

Breil, F.A., Weber, S.N., Koller, S., Hoppeler, H., & Vogt, M.
(2010). Block training periodization in alpine skiing:
effects of 11-day HIT on VO(2max) and performance.
European Journal of Applied Physiology, 109, 1077-1086.
PubMed doi:10.1007/s00421-010-1455-1

Derave, W., Ozdemir, M.S., Harris, R.C., Pottier, A., Reyn-
goudt, H., Koppo, K., ... Achten, E. (2007). beta-Alanine
supplementation augments muscle carnosine content and
attenuates fatigue during repeated isokinetic contraction
bouts in trained sprinters. Journal of Applied Physiology
(Bethesda, Md.), 103, 1736-1743. PubMed

Dutka, T.L., & Lamb, G.D. (2004). Effect of carnosine on
excitation-contraction coupling in mechanically-skinned
rat skeletal muscle. Journal of Muscle Research and
Cell Motility, 25, 203-213. PubMed doi:10.1023/
B:JURE.0000038265.37022.c5

Dutka, T.L., Lamboley, C.R., McKenna, M.J., Murphy, R.M.,
& Lamb, G.D. (2012). Effects of carnosine on contractile
apparatus Ca(2)(+) sensitivity and sarcoplasmic reticulum
Ca(2)(+) release in human skeletal muscle fibers. Journal
of Applied Physiology (Bethesda, Md.), 112, 728-736.
PubMed

Everaert, ., Stegen, S., Vanheel, B., Taes, Y., & Derave, W.
(2013). Effect of beta-alanine and carnosine supplementa-
tion on muscle contractility in mice. Medicine and Science
in Sports and Exercise, 45, 43—-51. PubMed doi:10.1249/
MSS.0b013e31826cdb68

Ferguson, R.A. (2010). Limitations to performance during
alpine skiing. Experimental Physiology, 95, 404-410.
PubMed doi:10.1113/expphysiol.2009.047563

Foster, C., Florhaug, J.A., Franklin, J., Gottschall, L., Hrovatin,
L.A., Parker, S., . . . Dodge, C. (2001). A new approach
to monitoring exercise training. Journal of Strength and
Conditioning Research, 15, 109-115. PubMed

Gross, M., Boesch, C., Bolliger, C.S., Norman, B., Gustafsson,
T., Hoppeler, H., & Vogt, M. (2014). Effects of beta-alanine
supplementation and interval training on physiological
determinants of severe exercise performance. European
Journal of Applied Physiology, 114, 221-234. PubMed
doi:10.1007/s00421-013-2767-8

Gross, M.A., Breil, EA., Lehmann, A.D., Hoppeler, H., & Vogt,
M. (2009). Seasonal variation of VO 2 max and the VO2-
work rate relationship in elite Alpine skiers. Medicine and
Science in Sports and Exercise, 41, 2084-2089. PubMed
doi:10.1249/MSS.0b013e3181a8c37a

Harris, R.C., Tallon, M.J., Dunnett, M., Boobis, L., Coakley,
J., Kim, HJ., . . . Wise, J.A. (2006). The absorption of
orally supplied beta-alanine and its effect on muscle car-
nosine synthesis in human vastus lateralis. Amino Acids,
30, 279-289. PubMed doi:10.1007/s00726-006-0299-9

Hill, C.A., Harris, R.C., Kim, H.J., Harris, B.D., Sale, C., Boobis,
L.H., ... Wise, J.LA. (2007). Influence of beta-alanine
supplementation on skeletal muscle carnosine concentra-


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3067309&dopt=Abstract
http://dx.doi.org/10.2165/00007256-198806040-00003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20479615&dopt=Abstract
http://dx.doi.org/10.1249/01.MSS.0000384497.49519.49
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20671038&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19131472&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2352192&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10416571&dopt=Abstract
http://dx.doi.org/10.1097/00005768-199907000-00022
http://dx.doi.org/10.1097/00005768-199907000-00022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8614323&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8614323&dopt=Abstract
http://dx.doi.org/10.1249/00005768-199512000-00013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1108172&dopt=Abstract
http://dx.doi.org/10.3109/00365517509095787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6445347&dopt=Abstract
http://dx.doi.org/10.1007/BF00493174
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18832090&dopt=Abstract
http://dx.doi.org/10.1152/ajpregu.00863.2007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22809149&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22809149&dopt=Abstract
http://dx.doi.org/10.1134/S0006297912040013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20364385&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20364385&dopt=Abstract
http://dx.doi.org/10.1007/s00421-010-1455-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17690198&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15467383&dopt=Abstract
http://dx.doi.org/10.1023/B%3AJURE.0000038265.37022.c5
http://dx.doi.org/10.1023/B%3AJURE.0000038265.37022.c5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22174397&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22174397&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22895378&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e31826cdb68
http://dx.doi.org/10.1249/MSS.0b013e31826cdb68
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19897568&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19897568&dopt=Abstract
http://dx.doi.org/10.1113/expphysiol.2009.047563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11708692&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24213883&dopt=Abstract
http://dx.doi.org/10.1007/s00421-013-2767-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19812507&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e3181a8c37a
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16554972&dopt=Abstract
http://dx.doi.org/10.1007/s00726-006-0299-9

tions and high intensity cycling capacity. Amino Acids, 32,
225-233. PubMed doi:10.1007/s00726-006-0364-4

Hobson, R. M., Harris, R. C., Martin, D., Smith, P., Macklin,
B., Gualano, B., & Sale, C. (2013). Effect of beta-alanine
with and without sodium bicarbonate on 2,000-m rowing
performance. International Journal of Sport Nutrition and
Exercise Metabolism, 23(5), 480-487.

Hobson, R.M., Saunders, B., Ball, G., Harris, R.C., & Sale,
C. (2012). Effects of beta-alanine supplementation on
exercise performance: a meta-analysis. Amino Acids, 43,
25-37. PubMed doi: 10.1007/s00726-011-1200-z

Hoffman, J., Ratamess, N.A., Ross, R., Kang, J., Magrelli,
J., Neese, K., . . . Wise, J.A. (2008). Beta-alanine
and the hormonal response to exercise. International
Journal of Sports Medicine, 29, 952-958. PubMed
doi:10.1055/s-2008-1038678

Hopkins, W.G. (2003). Analysis of Repeated Measures. Paper
presented at the Annual Meeting of the American College
of Sports Medicine, San Francisco, CA, USA.

Hopkins, W.G., Marshall, S.W., Batterham, A.M., & Hanin,
J. (2009). Progressive statistics for studies in sports
medicine and exercise science. Medicine and Science
in Sports and Exercise, 41, 3—13. PubMed doi:10.1249/
MSS.0b013e31818cb278

Jackson, A.S., & Pollock, M.L. (1978). Generalized equa-
tions for predicting body density of men. The British
Journal of Nutrition, 40, 497-504. PubMed doi:10.1079/
BIN19780152

Jagim, A.R., Wright, G.A., Brice, A.G., & Doberstein, S.T.
(2013). Effects of beta-alanine supplementation on
sprint endurance. Journal of Strength and Condition-
ing Research, 27, 526-532. PubMed doi:10.1519/
JSC.0b013e318256bedc

Kendrick, I.P., Harris, R.C., Kim, H.J., Kim, C.K., Dang,
V.H., Lam, T.Q., . .. Wise, J.A. (2008). The effects of 10
weeks of resistance training combined with beta-alanine
supplementation on whole body strength, force production,
muscular endurance and body composition. Amino Acids,
34, 547-554. PubMed doi:10.1007/s00726-007-0008-3

Lowry, O.H., & Passonneau, J.V. (1972). A Flexible System of
Enzymatic Analysis. New York: Academic Press.

Mirzendorfer, P.J. (2011). Reliability of EPOC-O2 deficit
relationship and total energy consumption 90-second
severe exercise & functional aspects and tolerability of six
weeks beta-alanine supplementation. Master of Science in
Exercise Science, Fed. Zurich: Inst. of Technol.

Ozyener, F., Rossiter, H.B., Ward, S.A., & Whipp, B.J. (2001).
Influence of exercise intensity on the on- and off-tran-
sient kinetics of pulmonary oxygen uptake in humans.
The Journal of Physiology, 533, 891-902. PubMed
doi:10.1111/5.1469-7793.2001.t01-1-00891.x

Patterson, C., Raschner, C., & Platzer, H.P. (2009). Power
variables and bilateral force differences during unloaded
and loaded squat jumps in high performance alpine ski
racers. Journal of Strength and Conditioning Research, 23,
779-787. PubMed doi:10.1519/JSC.0b013e3181a2d7b3

Beta-Alanine in Professional Skiers 673

Rubtsov, A.M. (2001). Molecular mechanisms of regulation of
the activity of sarcoplasmic reticulum Ca-release channels
(ryanodine receptors), muscle fatigue, and Severin’s phe-
nomenon. Biochemistry (Mosc), 66, 1132—1143. PubMed
doi:10.1023/A:1012485030527

Saibene, F., Cortili, G., Gavazzi, P., & Magistri, P. (1985).
Energy sources in alpine skiing (giant slalom). European
Journal of Applied Physiology and Occupational Physi-
ology, 53, 312-316. PubMed doi:10.1007/BF00422845

Sale, C., Hill, C.A., Ponte, J., & Harris, R.C. (2012). beta-ala-
nine supplementation improves isometric endurance of the
knee extensor muscles. Journal of the International Society
of Sports Nutrition, 9, 26. PubMed doi:10.1186/1550-
2783-9-26

Sale, C., Saunders, B., & Harris, R.C. (2010). Effect of beta-
alanine supplementation on muscle carnosine concentra-
tions and exercise performance. Amino Acids, 39, 321-333.
PubMed doi:10.1007/s00726-009-0443-4

Sale, C., Saunders, B., Hudson, S., Wise, J.A., Harris, R.C.,
& Sunderland, C.D. (2011). Effect of beta-alanine plus
sodium bicarbonate on high-intensity cycling capac-
ity. Medicine and Science in Sports and Exercise, 43,
1972-1978. PubMed

Saunders, B., Sale, C., Harris, R.C., & Sunderland, C. (2012a).
Effect of beta-alanine supplementation on repeated sprint
performance during the Loughborough Intermittent Shuttle
Test. Amino Acids, 43, 39—47. PubMed doi:10.1007/
s00726-012-1268-0

Saunders, B., Sunderland, C., Harris, R.C., & Sale, C.
(2012b). beta-alanine supplementation improves YoYo
intermittent recovery test performance. Journal of the
International Society of Sports Nutrition, 9, 39. PubMed
doi:10.1186/1550-2783-9-39

Smith, A.E., Walter, A.A., Graef, J.L., Kendall, K.L., Moon,
J.R., Lockwood, C.M., . . . Stout, J.R. (2009). Effects
of beta-alanine supplementation and high-intensity
interval training on endurance performance and body
composition in men; a double-blind trial. Journal of the
International Society of Sports Nutrition, 6, 5. PubMed
doi:10.1186/1550-2783-6-5

Stegen, S., Blancquaert, L., Everaert, 1., Bex, T., Taes, Y.,
Calders, P., . . . Derave, W. (2013). Meal and beta-alanine
coingestion enhances muscle carnosine loading. Medi-
cine and Science in Sports and Exercise, 45, 1478-1485.
PubMed doi:10.1249/MSS.0b013e31828ab073

Stvolinskii, S.L., Dobrota, D., Mezeshova, V., Liptai, T.,
Pronaiova, N., Zalibera, L., & Boldyrev, A.A. (1992).
[Carnosine and anserine in working muscles—study using
proton NMR spectroscopy]. Biokhimiia (Moscow, Russia),
57, 1317-1323. PubMed

Veicsteinas, A., Ferretti, G., Margonato, V., Rosa, G., &
Tagliabue, D. (1984). Energy cost of and energy sources for
alpine skiing in top athletes. Journal of Applied Physiol-
0gy: Respiratory, Environmental and Exercise Physiology,
56, 1187-1190. PubMed


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16868650&dopt=Abstract
http://dx.doi.org/10.1007/s00726-006-0364-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22270875&dopt=Abstract
http://dx.doi.org/10.1007/s00726-011-1200-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18548362&dopt=Abstract
http://dx.doi.org/10.1055/s-2008-1038678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19092709&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e31818cb278
http://dx.doi.org/10.1249/MSS.0b013e31818cb278
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=718832&dopt=Abstract
http://dx.doi.org/10.1079/BJN19780152
http://dx.doi.org/10.1079/BJN19780152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22476168&dopt=Abstract
http://dx.doi.org/10.1519/JSC.0b013e318256bedc
http://dx.doi.org/10.1519/JSC.0b013e318256bedc
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18175046&dopt=Abstract
http://dx.doi.org/10.1007/s00726-007-0008-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11410644&dopt=Abstract
http://dx.doi.org/10.1111/j.1469-7793.2001.t01-1-00891.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19387401&dopt=Abstract
http://dx.doi.org/10.1519/JSC.0b013e3181a2d7b3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11736634&dopt=Abstract
http://dx.doi.org/10.1023/A%3A1012485030527
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4039257&dopt=Abstract
http://dx.doi.org/10.1007/BF00422845
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22697405&dopt=Abstract
http://dx.doi.org/10.1186/1550-2783-9-26
http://dx.doi.org/10.1186/1550-2783-9-26
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20091069&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20091069&dopt=Abstract
http://dx.doi.org/10.1007/s00726-009-0443-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21407127&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22434182&dopt=Abstract
http://dx.doi.org/10.1007/s00726-012-1268-0
http://dx.doi.org/10.1007/s00726-012-1268-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22928989&dopt=Abstract
http://dx.doi.org/10.1186/1550-2783-9-39
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19210788&dopt=Abstract
http://dx.doi.org/10.1186/1550-2783-6-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23439427&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23439427&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e31828ab073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1467352&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6725082&dopt=Abstract

