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Abstract

Warming-up (WU) is a widely used preparation for training and
competition. However, little is known about the potential
mechanisms of WU on performance and on the lactate distribu-
tion in the blood compartment. The purpose of the present study
was to investigate whether different WU procedures affect
performance and lactate distribution between plasma and red
blood cells (RBCs) after maximal exercise. At three different
occasions eleven subjects performed one 30 s maximal effort
exercise on a cycle ergometer. Before each exercise, subjects
warmed up at different intensities: 1. no WU (NWU); 2. exten-
sive WU (EWU); 3. intensive WU (IWU). Blood samples were
taken under resting conditions, after WU, and in 1 minute inter-
vals during recovery to determine lactate concentrations [LA] in
whole blood ([LAJwg), plasma ([LAJpsma) and erythrocytes
([LA]grsc).- Mean power output was +58 Watt (EWU) and +60
Watt (IWU) higher compared to NWU. For each WU condition
[LA]piasma and [LA]ggc differed significantly at any time point,
showing greater [LA]pjaema compared to [LAJrgc. The maximal
effort exercise caused a rapid decrease of the [LA]rgc/[LA]piasma
ratio. [LAJrgc reached the peak 3-5 minutes later than [LAJpiaema
depending on the WU condition. The initial increments in
[LA]rpc were 10-16% lower after IWU compared to NWU and
EWU. The lower increment of [LA]grgc after IWU might be due
to a “higher preloading” with lactate before exercise, causing a
smaller initial [LA] gradient between plasma and RBCs. It
seems that the influx decreases with increasing intracellular
[LA]. Another possibility one could speculate about is, that the
extracellular increase in [LA] inhibits the outflux of lactate
produced by the RBC itself. This inhibited export of lactate from
RBCs may lead to an intracellular lactate accumulation. But the
relatively fast increase in [LAJggc and other investigations
partly contradicts this possibility.

Key words: Lactate concentration, blood, performance en-
hancement, anaerobic exercise, cycling, competition prepara-
tion.

Introduction

Despite limited scientific evidence supporting their effec-
tiveness, warm-up (WU) routines prior to exercise are
well-accepted and widely used. As a result, WU proce-
dures are usually based on the trial and error experience
of the athlete or coach, rather than on scientific study.
Several previous studies have demonstrated a
number of physiological changes that occur with active
WU, some of which are potentially capable of improving
performance (Burnley et al., 2000; 2002; DeLorey et al.,

2004; Gray and Nimmo 2001; Ingjer and Stremme,
1979). The majority of the effects of WU have been at-
tributed to temperature-related mechanisms for instance
decreased resistance of muscles and joints, greater release
of oxygen from haemoglobin and myoglobin, speeding of
metabolic reactions, increased nerve conduction rate,
increased thermoregulatory strain (Bishop, 2003a;
2003b). But also non-temperature-related mechanisms
have been proposed. These include increases in heart rate
(Andzel 1978), elevation of baseline oxygen consumption
(V0O,), acceleration of VO, kinetics (Burnley et al., 2002;
DeLorey et al., 2004; Ingjer and Stremme, 1979) de-
creases in lactate accumulation (Martin et al., 1975) and
increased blood flow to muscles (Bishop 2003 a). Poten-
tial mechanisms and the effects of warm-up have recently
been reviewed by Bishop (2003a; 2003b).

It is well known that glucose transport is increased
during exercise, and transport proteins (e. g. GLUT4) are
translocated from intracellular stores to the cell surface
when they are needed (Rockl et al., 2008). It can be
speculated, that this translocation of transport proteins to
the cell surface might be induced by WU procedures
before the actual exercise which might lead to improved
performance. But whether lactate transport is also altered
during or immediately after exercise remains unknown. A
recent study from our group has shown that monocar-
boxylate-transporter-1 (MCT-1) in red blood cells (RBCs)
might be translocated from cytoplasma to the membrane
in response to exercise, which might affect La flux due to
a higher availability of MCT-1 in the membrane (unpub-
lished data). As RBCs represent 40-45% of the whole
blood volume, it has been suggested that they may act as
an important dilution space for lactate and H'-ions leav-
ing the muscle and thereby increasing the gradient from
muscle to blood which potentially improves the rate of
release from muscle (Juel et al., 2003). Previous studies
also have shown that RBCs play a quantitative important
role in the movement of lactate within the vascular com-
partment (Lindinger et al., 1995). In studies using re-
peated high intensity exercise, RBCs accounted for 1/3 of
the total lactate release to the vascular compartment
(Lindinger et al., 1995). Therefore the purpose of the
present study was to investigate if different WU protocols
can influence the increments in RBC lactate concentra-
tions ([LA]rgc)/the lactate distribution between plasma
and RBCs and performance. A faster increase in [LA]rpc
and/or an altered distribution might be a hint for a previ-
ously triggered lactate transport system in terms of the
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mentioned translocation of MCTs. This mechanism may
increase the capacity of RBCs to transport lactate and H"
into RBCs during high intensity exercise and therefore
affect performance. Lactate/H™ co-transport across the
plasma membrane is fundamental for the metabolism and
pH regulation of all cells, removing lactic acid produced
by glycolysis and allowing uptake by those cells utilizing
it for gluconeogenesis (liver and kidney) or as a respira-
tory fuel (heart and red muscle) (Chen and Chen, 1990;
Halestrap and Meredith, 2004). As suggested by Lind-
inger et al. (1992) the uptake of lactate by RBCs plays an
important role in regulating ion homeostasis within plas-
ma and the interstitial and intracellular compartments of
contracting muscle (Lindinger et al., 1992). An improved
uptake capacity might decrease plasma lactate/H" concen-
trations and thus allowing more lactate/H" to leave the
muscle. This regulatory process may help to maintain the
function of active muscles by delaying the onset of fa-
tigue (Lindinger et al., 1992; 1995), but it may also help
to improve the cell-to-cell lactate shuttle as more lactate
can be transported out of the working muscle to lactate-
oxidizing tissues such as the heart or passive musculature
(Brooks 2009).

Methods

Subjects

11 healthy male subjects (Mean + SD; age: 24.3 £ 2.1 yrs;
height: 1.83 + 6.1 m; body weight: 79.9 £ 7.9 kg; VO,peax
of 54.7 + 4.1 mL-kg " min™") participated in this study. All
subjects represented healthy male sport students from the
German Sport University Cologne. All subjects gave
written informed consent to the contribution to the study.
The protocols used in these studies were approved by
University Ethics Committee and are in line with the
Declaration of Helsinki. All subjects abstained from alco-
hol consumption for 24 h before and during the training
intervention and were non-smokers.

Exercise study protocol
Subjects visited the laboratory for four separate sessions.

During the first visit, peak pulmonary oxygen uptake
(VOspear) (Zan 600, Zan Messgerite, Oberthulba, Ger-
many), and lactate concentrations [LA] (EKF Diagnostic
Sales, Magdeburg, Germany) were determined during an
incremental step test to volitional fatigue on a cycle er-
gometer (Schoberer Rad Mefitechnik SRM GmbH, Jiilich,
Germany) to determine the individual WU intensity for
each subject. The step test protocol started at 100 Watts
[W], thereafter the power was increased by 40 Watt every
5 min.

At the three subsequent visits to the laboratory,
subjects performed three different warm-up (WU) proto-
cols followed by one 30 s short-term maximal effort (“all-
out”) exercise on a cycle ergometer respectively: 1. no
warm-up (NWU), 2. extensive warm-up (EWU) consist-
ing of 12min cycling at 60 % of VO, pea, 3. intensive
warm-up (IWU) consisting of 12min cycling at 60 % of
VO, peak including three high intensity phases of 10 s at
200% of VOypea. The short three high intensity phases
were chosen to induce high lactate levels, but to avoid
fatigue compared to a continuous high intensity WU pro-
cedure.

The WU was followed by a 5 min passive rest pe-
riod. Afterwards subjects performed the 30 s all-out exer-
cise. For that the cycle ergometer was adjusted to an
isokinetic mode set to a cadence of 120 rpm. Subjects
performed the exercise in a seated position.

After the all-out exercise subjects were sitting on a
chair for 15 min to keep lactate elimination as low as
possible. Blood samples were taken under resting condi-
tions before WU (R), directly after WU (WU), after 4 min
of rest after WU (pre), and in minute intervals during the
recovery of the all-out exercise (0", 17,2, ...,9°, 107, 12,
157) to determine lactate concentrations in whole blood,
plasma and erythrocytes (Figure 1).

All 3 tests were performed in a randomised order
with at least 4 days break between each session. During
the 30 s all-out exercise subjects were vocally encour-
aged. During each session environmental conditions
(temperature, humidity) were kept constant. Always the
same two investigators attended the tests.
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Figure 1. Time course of the exercise protocol. Warming-up consisted of 12-min cycling at 60% VO, (extensive warm-up;
EWDU) or included three high intensity phases of 10 s at 200% of VOyp., (dashed lines) additionally (intensive warm-up;
IWU) followed by a passive resting phase of 5 min. Afterwards subjects performed a 30 s all-out exercise. Blood samples were
taken under resting conditions (R), directly after warming-up (WU), after 4 min of rest (pre), directly after exercise (0’) and
in minute intervals during recovery (1°-15”). Arrows on top assign blood samples.
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Table 1. Peak Power (PP) and Mean Power (MP) output during the 30 s all-out exercise in watt [W]. Data are means (£SD).

NWU EWU IWU
Mean Power (MP, W) 680 (181) 738 (192) * 740 (191) *
Peak Power (PP, W) 986 (104) 1033 (107) * 1051 (80) *
Time to PP (sec) 5.5(1.2) 55(1.7) 5.6(9)
Fatigue Index (%) 58.8 (6.1) 57.1(7.8) 57.2 (1.5)

* significantly different from NWU. NWU: no warm-up; EWU: extensive warm-up; IWU: intensive

warm-up.

Measurements

The 30 s all-out exercise was analysed for mean power
output (MP), peak power output (PP) and the fatigue
index (FI). The FI describes the development of fatigue.
The FI is expressed as the power decline and was calcu-
lated by the following formula: FI= [(PP-Lowest Power)
-100] -PP™)

Lactate concentrations were determined in whole
blood ([LA]wg), plasma ([LA]p.sma) and erythrocytes
([LA]rec). Whole blood samples were taken with a delay
of 30 s after the plasma/erythrocyte sample (blood for
plasma/RBC 0’ to 15 of a minute, whole blood in the
following 30’ to 40" of a minute). All blood samples
were taken from the earlobe.

For lactate determination in whole blood, 20 uL of
blood was withdrawn from the earlobe with a 20 pL cap-
illary tube. For lactate determination in plasma and eryth-
rocytes 115 puL of blood were withdrawn from the earlobe
with a capillary tube and directly centrifuged for 1 min at
6000 rpm with EBA20 (Hettich Zentrifugen, Tuttlingen,
Germany) in order to interrupt the slow entrance of lactate
into the erythrocytes and to obtain true in vivo [LA]piasma
and [LA]grgc. It took less than 30 s to take the blood sam-
ple and to start centrifugation (since it needs 25 min at
25°C until equilibration (Johnson et al., 1945), which is
~5°C higher than the temperature in the laboratory during
sampling). Afterwards 20 pL of plasma or erythrocytes
were analysed respectively after discarding the buffy coat
and the very lowest part of the sediment. All 20 uL. sam-
ples (WB, RBC, plasma) were directly mixed with 1 mL
of the EBIO plus system solution, which hemolyzes
RBCs and stops further metabolism. All samples were
measured with EBIO plus (EKF Diagnostic Sales, Mag-
deburg, Germany).

Statistical analysis

Statistical analyses of the data were performed by using a
statistics software package (Statistica for Windows, 7.0,
Statsoft, Tulsa, OK). Descriptive statistics of the data are
presented as means + SD. For the comparison of different
points in time (R, WU, pre, and 0°-15" post-exercise) and
for the comparison of different interventions (NWU,
EWU, IWU), repeated-measures ANOVA with Fisher
post hoc test was used. For the comparison of the percen-
tal differences of the increments a paired t-Test was used.
Statistical differences were considered to be significant
for p <0.05.

Results

Peak Power and Mean Power Output for sprint cy-
cling test

Peak power (PP) output, as well as the mean power (MP)
output for the 30 s all-out exercise were significantly
higher after both warming-up conditions (EWU and IWU)
compared to NWU (Table 1). MP was 58 Watt (EWU)
and 60 Watt (IWU) higher, showing an improvement of
performance of 8.5 % and 8.8 % respectively due to WU.
EWU and IWU differed only by 0.3 %. The FI showed no
differences between all three conditions.

Lactate concentration in whole blood, plasma and
RBC

After WU [LA]wg of each condition differed significantly
from each other. Before the all-out exercise (pre) only
[LAlwg IWU were significantly higher compared to
NWU and EWU at respective points of measurement.
During recovery peak [LA]ws were reached in the 5™
minute (NWU & EWU) and in the 6™ minute for IWU
respectively. Moreover, the change between pre-values
and the peak lactate concentrations during the recovery in
whole blood was greater in NWU (12.9 + 1.3 mmol-L™)
and EWU (12.0 + 1.7 mmol-L™") compared to IWU (10.0
+ 1.5 mmol-L™).

[LAJpiasma and [LAJrpc differed significantly from
each other at any point in time, showing greater [LA]jsma
(1.3 £ 0.4 mmol-L™") compared to [LAJrsc (0.7 £ 0.2
mmol-L™") (mean resting values before WU from all con-
ditions).

After WU [LA],sma Of €ach condition were sig-
nificantly different from each other (Table 2). Before the
all-out exercise (pre) [LA]pusms Were only significantly
higher after IWU compared to both other conditions.
EWU was not significantly different from NWU. Peak
[LAJpiasma after the all-out exercise were reached in the 4t
minute for all interventions (Figure 2 and Table 2). If we
take the individual time to peak of each subject, time
points do not differ as well. (NWU: 4.18 + 0.98 min;
EWU: 4.18 + 1.08 min; IWU: 4.18 + 0.87 min).

After WU [LA]rgc IWU were significantly differ-
ent from NWU and EWU, whereas NWU and EWU did
not differ significantly (Table 2). The same results were
found before the all-out exercise (pre). In contrast to
[LA]piasma, Peak [LA]rpc were reached at different points
in time; 7" IWU, 8" EWU and 9™ NWU minute (Figure 2

Table 2. Comparison of [LA]piasma and [LA]ggc at certain points in time. Data are means (SD).

[LA ptasma [mmolL7T] [LAlrgc [mmol*L]
WU pre peak A pre-0° Wu pre peak A pre-0’
NWU 13(5# 1.3(5)* 18.8(2.0) 63(1.9* .7(2)* .7(2)* 9.6(1.1) 1.8(.6)*
EWU 34Q2.1)# 24(15)* 18625 5.6(1.9* 1.7(1.1)* 1.4(9)* 9.7(1.4) 1.5(5)*
IWU 7429 # 52(2.7) 18715 42(1.7) 38014 2914 991.0) 1.0(.6)

* significantly different from IWU. # significant difference between all conditions.



502

Warming-up, lactate transport and blood compartments

e e O - T S G T S )
o N B~ O 0 O N

0]

Lactate [mmoI*L'1]

o N OB oo

+ Pl (NWU)
& RBC (NWU) & RBC (EWU) & RBC (IWU)

L PIL(EWU) ¥ PI(WU)

5! 7! gr
4! Gr 8r

12'
10 15'

Figure 2. Lactate concentrations in plasma (Pl) and in RBC of all three conditions, at rest (R), after WU (WU), after 4 min of
rest (pre), and in minute intervals during recovery (0°-15"). For NWU the ‘pre’ value equates the ‘R’ value. NWU: squares,
solid line; EWU: triangles, broken line; IWU: circles, dotted line. The white bar represents the 30 s all-out exercise.

and Table 2). If we take the individual time to peak of
each subject, time points do not differ significantly
(NWU: 7.82 £ 1.17 min; EWU: 7.39 £+ 0.67 min; IWU:
7.55 = 1.33 min).

The all-out exercise first caused a rapid increase of
[LA]piasma- The increase of [LA]rsc showed a time delay
compared to the increase of [LA]yum. and therefore
reached the peak after [LA],ama reached its peak (see
section ratio).

After the all-out exercise [LAJgrgc IWU tended to
be higher compared to NWU, reaching statistical signifi-
cance in the 0°, 1%, and 2™ minute, whereas [LAptasma
showed no differences, which can also be seen in the ratio
(see section ratio).

Increments (A) of [LA]yasma and [LA]ggc in each time
step

Differences in the increments (A = post value — pre value)
after the all-out exercise between all three conditions for
[LA]piasma and [LA]rpc were only found in the time inter-
val (pre — 0°) (Table 2, Figure 3a and Figure 3b).

The increment in [LA]pjasma IWU was significantly
lower compared to NWU (p< 0.003) and compared to
EWU (p < 0.024) (Figure 3a and Table 2). The percental
differences of the increments for [LA]pjasma are shown in
Table 3 (whereas the higher value was set as 100%).

Similar results were found for [LA]ggc. The incre-

ment of [LA]rgc IWU differed significantly from NWU
(p <0.003) and EWU (p < 0.012) respectively (Figure 3b
and Table 2). The percental differences of the increments
for [LA]rpc are shown in Table 3 (whereas the higher
value was set as 100%).

The comparison of the percental changes of
[LA]piasma and [LA]rsc showed no differences for NWU
vs. EWU. In contrast the comparison of NWU vs. IWU
and EWU vs. IWU showed significantly lower increments
of -16% and -10% in [LA]rgc compared to [LAJpiasma
respectively (Table 3).

Ratio ([LA]RBC/[LA]plasma)

The mean RBC-to-plasma [LA] ratio under resting condi-
tions was 0.51 £ 0.07 (NWU), 0.51 £ 0.04 (EWU) and
0.50 = 0.04 (IWU) showing a [LA]yasma Which is ap-
proximately twice that of [La]rpc (Figure 4). The 5 min
rest after both WU conditions significantly increased the
ratio (0.56 = 0.06 (EWU) and 0.56 £ 0.03 (IWU); p <
0.011). The all-out exercise then significantly decreased
the ratio in all three conditions (0’: 0.32 £ 0.03 (NWU),
0.36 £ 0.05 (EWU), 0.41 + 0.04 (IWU)). The lowest ratio
was reached at 0’ for NWU and EWU and at 1’ for IWU
(0.39 + 0.04). The ratio stayed significantly lower up to
the 5™ (NWU), 6" (EWU) and 8" (IWU) minute com-
pared to pre values of each condition (significance not
assigned in the graph, in order to avoid too many

Table 3. Differences in percentage (%) of the increments (pre - 0°) between [LA]pja5ma and [LA]ggc. The higher

value was set as 100%).

NWU vs. EWU NWU vs. IWU EWU vs. IWU
[LA]Dlasma 92 (34) 69 (25) 77 (27)
[LAlgrgc 92 (29) 53 (25) * 67 31)#
Difference 0 -16 -10 %

* p <0.05 lower than percental increment of [LA]piasma- #p: 0.051; calculated with a paired student t-Test.
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EWU: triangles, broken line; IWU: circles, dotted line. *significantly different from IWU (p < 0.05). Calculated with a paired student t-Test.

symbols) (Figure 4).

The comparison of the three conditions showed
significant differences in the ratio after maximal exercise.
The ratio between NWU vs. IWU was significantly dif-
ferent from the 0’-6" minute, between NWU vs. EWU
from the 0’-2” minute and between EWU vs. IWU only
directly after maximal exercise (0’) (Figure 4).

Discussion

Several possible effects of WU are discussed in literature
which might have an effect on performance. The present
study was designed to answer three questions. The first
question was whether there would be an improvement in
maximal exercise test performance with WU. The second
question was whether a more intense WU would be more
effective than an extensive WU. The third question was

whether the increase in [LA]gpc/the lactate distribution
between plasma and RBCs is influenced by different WU
procedures in vivo.

In order to bring the transport process to its limit,
we chose a 30 s all-out cycling exercise to induce a max-
imal and fastest increase/congestion of [LA]pjasma cOncen-
tration.

Power output
The main finding of our investigation was that WU en-
hances performance irrespective of WU intensity.
Thereby we found improvements of the MP of ~8.5-9 %
after EWU and IWU compared to NWU. The results
demonstrated a positive effect of WU on performance,
although our findings failed to demonstrate an advantage
of a more intense WU.

Bishop et al. (2003) performed

similar WU
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Figure 4. Changes of the ratio ([LA]rpc/[LA]piasma) during all three conditions, at rest (R), after WU (WU), after 4 min of rest
(pre), and in minute intervals during recovery (0°-15"). For NWU the ‘pre’ value equates the ‘R’ value. NWU: squares, solid line;
EWU: triangles, broken line; IWU: circles, dotted line. The white bar represents the 30 s all out exercise. * significantly different from NWU at
respective points of time; # significantly different from EWU at respective points of time.

protocols using a continuous warm-up of 15 min at ap-
proximately 65% VO,.x and an intermittent, high-
intensity WU similar to ours, except for the last 5 min,
which included five 10 s sprints at 200% VO, sepa-
rated by 50 s of recovery at approximately 55% VOjmux.
Afterwards a 2 min all out kayak ergometer test was per-
formed. In contrast to the present study significantly
greater peak power (+4.7%) and mean power (+2.2%)
were recorded after the intermittent WU compared to
continuous WU (Bishop et al., 2003). Burnley et al.
(Burnley et al., 2005) found that moderate- and heavy-
intensity domains can improve severe-intensity cycling
performance (7-min performance trial) by ~2-3%. In a
study of Hajoglou et al. both “easy WU” and “hard WU”
improved 3 km cycling time trial performance by 2.6-2.8
% compared to no WU (Hajoglou et al., 2005).

In contrast no significant differences were ob-
served for average power in an earlier study from Bishop
et al. in which subjects warmed up for 15 min at either the
aerobic threshold (W1), the anaerobic threshold (W3), or
mid-way between the aerobic threshold and anaerobic
threshold (W2), followed by a 2 min, all-out kayak er-
gometer test (Bishop et al., 2001). Similarly, Gray et al.
found no difference in cycling performance until exhaus-
tion between active, passive and control trials (Gray and
Nimmo 2001).

Summing up these results, it seems that the effect
of WU on performance decreases with increasing exercise
time. That might be the reason why we found higher im-
provements compared to other studies, as they used
longer exercise times. Our results show that different WU
protocols can improve short term maximal exercise per-
formance which is important for different sport disci-

plines (track and field, speed skating etc.) but also for
performance diagnostics, when performing Wingate-tests
as a common tool to investigate anaerobic power. There-
fore athletes as well as scientists should carry out a stan-
dardized WU protocol.

Lactate

Our results showed that even for the resting state, [LAlrgc
was lower than [LA]jasme. The ratio [LAJrpc/[LA]piasma
was about 0.5 for the resting state which is in accordance
with most of the studies (Boning et al., 2007; Foxdal et
al., 1990; Gladden et al., 1994; Harris and Dudley 1989;
Juel et al., 1990; Sara et al., 2006; Smith et al., 1997,
1998). In contrast Hildebrandt et al. (2000) and Buono
and Yeager (1986) found equal lactate concentrations in
plasma and RBCs. Most studies explain this gradient
between plasma and RBCs as a result of a Donnan equi-
librium (Boning et al. 2007; Smith et al. 1997; 1998) or
according to the membrane potential (Juel et al. 1990)
respectively. Under resting conditions, there is also a
significant pH gradient between the RBC (7.2) and plas-
ma (7.4), which conforms to the Donnan distribution of
H' ions caused by the negative charge of haemoglobin
(Harris et al. 1989; Jensen 2004). The RBC/plasma [LA]
ratio of ~0.5 at rest is mirrored by a plasma/RBC [H']
ratio of 0.62 + 0.01 and 0.47, reported by Smith et al. and
Harris et al. respectively (Harris et al. 1989; Smith et al.
1997; 1998). Different transport systems and the mem-
brane potential possibly avoid a homogenous distribution
of lactate. Minor variations in resting values between
different studies as well as between the subjects in our
study, may be caused by measurements near the accuracy
of measurement/detection.
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The maximal exercise caused a more rapid increase
of [LA]piasma than of [LA]rpe during and shortly after the
exercise, causing a decrease in the ratio. This is in accor-
dance with the results of Juel et al. (1990) and McKelvie
et al. (1991). In contrast, studies using an incremental step
test found no changes in the ratio (Sara et al., 2006; Smith
et al., 1997). It seems that only in the presence of a fast
and high congestion of [LA]jasme, the transport across
RBC membrane is saturated. The contradictory results in
resting values as well as in recovery values might be
caused by several reasons: 1. Different exercise protocols
with more or less time for equilibrium between plasma
and RBCs (half time for equilibration is about 50-120 s at
37 °C (Boning et al. 2007)) and with more or less fast and
high increases in plasma [LA]. 2. Differences in the blood
samples (venous, arterial, and capillary). [LA] is higher in
capillary/arterial blood due to lactate elimination and
more time for equilibration in venous blood. The use of
capillary blood might as well be an advantage for plasma
lactate determination because of the shorter time to take
blood samples (minimized time for lactate distribution)
(Hildebrand et al. 2000) 3. Differences in blood sample
treatment to interrupt lactate transport between plasma
and RBCs by rapid cooling and/or rapid centrifugation. 4.
Variations in the determination of [LA]gpc (measured or
calculated).

[LA]rpc reached its peak later than [LA]pasma
reached its peak. As expected, the comparison of the
points in time of peak [LAJwg, [LA]jasme and [LAJrpc
shows that the lactate transport across RBC membrane is
delayed. The peak [LAJrgc was reached 2-4 min later
than the peak [LA]pasma- This is in accordance with the
results of Boning et al. (2007) and Hildebrand et al.
(2000) where [LA]rpc reached its peak value 3 min and 5
min later than [LA]p.ma during recovery after an incre-
mental step test respectively (Boning et al., 2007; Hilde-
brand et al., 2000). Juel et al. (1990) reported a time delay
of 2 min for peak [LAJrpc compared to [LA]pjasma (Juel et
al., 1990).

When [LA]Jrgc reached the peak, the ratio
[LAJrgc/[LA]pasma roughly recovered to its beginning
value. After [LA]rpc reached the peak, it decreased, rep-
resenting an outflow of lactate from red blood cells, in
spite of the fact that [LA]pjasma Was still much higher than
[LA]grpc. It seems that the system reached its equilibrium,
dependent on the distribution of [LA]rsc and [LA]yjasma (1
RBC : 2 plasma) and dependent on the fact that [LA] jasma
now changed only slowly.

WU affected the increase of [LA]rpc directly after
the all-out exercise, which was shown by the different
percental increments of [LAJggc and [LAJpasma. Later
during recovery no differences for [LA]yjasma, [LA]rsc and
the increments of both were found. Some possible
mechanisms for a decreased influx have previously been
suggested in the literature, e.g. Donnan equilibrium
(Johnson et al., 1945), barrier provided by the membranes
of RBCs (Buono and Yeager 1986) and the saturation of
transporters (MCT) (Boning et al., 2007; Buono and
Yeager 1986; Gladden et al.,, 1994; Harris and Dudley
1989; Hildebrand et al., 2000). In this context it has to be
considered, that the lactate transport by MCTs is a facili-
tated but passive transport mainly driven by the concen-

tration gradient. Therefore the velocity of reaching the
equilibrium depends on the initial difference and on the
permeability. However, the exact mechanisms remain
unclear. The increase in [LA],ma Was significantly lower
in the first time interval (pre-0") for IWU. Therefore one
would expect a similar or even higher increase in [LA]rpc
(and not a lower) because of a less saturated transport
system (MCT). But the lower increment of [LA]rpc after
IWU might be due to a “higher preloading” with lactate
before exercise, causing a smaller [LA] gradient (initial
difference) between plasma and RBCs. It seems that the
influx decreases with increasing intracellular [LA]. It can
be speculated, that RBCs may have a maximal uptake
capacity for lactate, although this has never been proven.
As the [LA] increases inside of RBCs, the resistance
against an influx increases as well. But the negative elec-
tric charge inside RBCs, which is caused by various ani-
ons, particularly the non-diffusible anions of hemoglobin
(Hb") may also involve. The negative electric charge is ~ -
10 mV at the inside of the red cell membrane forcing
diffusible anions out. This negative charge resists the
inward diffusion of LA" even for the resting state. How-
ever, the couple {LA", H'}, transported through MCT-1,
as a whole, is electrically neutral. Therefore, there is no
net electric force acting on the couple. Another possibil-
ity for the forces acting on the distribution could be a
preferred direction for transport of MCT-1. Indeed, the
different K, values (Michaelis Menten constant) for ef-
flux and influx in RBCs may suggest asymmetric behav-
iors of MCT-1 (Deuticke 1982).

Another possibility one could speculate about is,
that the extracellular increase in [LA] inhibits the export
of lactate (produced by the RBC itself, as they rely exclu-
sively on glycolysis to produce energy) from RBCs
(Siems et al., 2000). This inhibited export of lactate from
RBCs may lead to an intracellular lactate accumulation,
but not due to an uptake. But the relatively fast increase of
[LAJgec partly contradicts the second possibility, as the
lactate production in RBCs is only 2.3-2.5 mmol-L" of
cells per hour (Siems et al., 2000). Furthermore studies
showed that, differently trained subjects reveal different
influx rates into RBCs (Skelton et al., 1998). Higher total,
as well as MCT-1 mediated lactate influx was also re-
ported for persons with sickle cell trait and sickle cell
disease (Patillo et al., 2005; Sara et al., 2006).

The question remains, why RBCs should take up
lactate, as they cannot use it for oxidative energy produc-
tion as other tissues. However RBCs might be involved in
the spreading of the oxidative substrate “lactate” between
tissues. A key aspect of this cell-to-cell lactate shuttle
concept is the exchange of lactate between tissues of net
lactate release and gluconeogenesis/oxdative tissues
(Brooks 2009). RBCs may act as a “shuttle” between
these tissues. Lindinger et al. (1992) showed that large
and rapid increases in [LA]pjasma result in the transport into
RBCs. They suggested that the uptake of lactate by RBCs
plays an important role in regulating ion homeostasis
within plasma and the interstitial and intracellular com-
partments of contracting muscle (Lindinger et al., 1992).
RBCs function to transport lactate from the working mus-
cle and help to maintain a concentration difference be-
tween plasma and muscle facilitating diffusion of lactate
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from the interstitial space into plasma (McKelvie et al.,
1991). This regulatory process may help to maintain the
function of active muscles by delaying the onset of fa-
tigue (Lindinger et al., 1992 & 1995), but it may also help
to improve the cell-to-cell lactate shuttle as more lactate
can by transported out of the working muscle

Limitations of the study

Although our study showed an influence of WU on the
lactate distribution between plasma and RBCs the ex-
perimental model used in this study is not sufficient to
give clear conclusions. Differences in lactate transport in
RBCs can hardly explain performance differences in the
all-out exercise test. Important compartments for the
distribution of lactate like the skeletal muscle and the
interstitium were not taken into account. Furthermore
membrane transport characteristics, the effects of blood
flow or changes in plasma volume were not determined.
Based on this experimental set up, we can only speculate
about the underlying mechanisms for the observed differ-
ences, like the saturation of MCTs, or an altered lactate
flux.

In this study free 30 sec all-out exercise was used
for the determination of differences in PP and MP output
induced by different WU procedures, however, for the
questions regarding lactate transport the same workload in
all three conditions may have been more appropriate, as
differences in lactate increase may arise from the differ-
ences in PP and MP output.

Conclusion

In this study, the differences in lactate transport cannot
explain the higher performance levels after WU. Slightly
higher [LA] were found in RBCs during recovery after
WU, whereas [LA]ysma did not differ. Therefore the “to-
tal uptake capacity” and thus the dilution space RBC
seems to be affected. Juel et al. reported a 5-fold increase
in the density of MCT-1 in RBCs after 8 weeks of chronic
hypoxia (Juel et al., 2003). These tremendous changes
suggested improved performance after high altitude train-
ing. However, the advantageous of the increase of the
erythrocyte MCT-1 density are still unknown. A previous
study showed that the recovery of pH of an erythrocyte
suspension after lactic acid addition to the medium was
significantly faster after a training intervention compared
to the sedentary group (Aoi et al., 2004). These results
underline the importance of RBCs as a dilution space and
for pH regulation, but the exact mechanisms and the con-
tribution to performance of an altered lactate transport are
still not known and need to be determined.

The above ideas for the possible mechanism of the
flux of LA™ are still speculative. The physical and chemi-
cal mechanisms for the flux of LA™ are still not fully un-
derstood and will be subject of future research.
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Key points

e Warm-up significantly improves performance dur-
ing 30 s maximal effort exercise.

e No differences in performance were found between
extensive and intensive warm-up.

e Warm-up and maximal effort exercise affects the
lactate distribution between plasma and RBC.

e Lactate influx into RBC decreases with increasing
intracellular lactate concentrations.
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