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Purpose: Acute oral tyrosine administration has been associated with increased
constant-load, submaximal exercise capacity in the heat. This study sought to
determine whether self-paced exercise performance in the heat is enhanced with the
same tyrosine dosage.

Methods: Following familiarisation, seven male endurance-trained volunteers,
unacclimated to exercise in the heat, performed two experimental trials in 30°C (60%
relative humidity) in a crossover fashion separated by at least 7 days. Subjects
ingested 150 mg*kg body mass-1 tyrosine (TYR) or an isocaloric quantity of whey
powder (PLA) in 500 mL of sugar-free flavoured water in a randomised, double-blind
fashion. Sixty minutes following drink ingestion subjects cycled for 60 min at 57 + 4%
peak oxygen uptake (VO2peak), then performed a simulated cycling time-trial requiring
completion of an individualised target work quantity (393.1 + 39.8 kJ).

Results: The ratio of plasma tyrosine plus phenylalanine (tyrosine precursor): amino
acids competing for brain uptake (free-tryptophan, leucine, isoleucine, valine,
methionine, threonine, lysine) increased 2.5-fold from rest in TYR, and remained
elevated throughout exercise (P < 0.001), whereas it declined in PLA from rest to pre-
exercise (P = 0.004). Time-trial power output (P = 0.869) and performance (34.8 + 6.5
min and 35.2 + 8.3 min in TYR and PLA, respectively; P = 0.4167) were similar
between trials. Thermal sensation (P > 0.05), RPE (P > 0.05), core temperature (P =
0.860), skin temperature (P = 0.822) and heart rate (P = 0.314) did not differ between
trials.

Conclusion: These data indicate that acute tyrosine administration did not influence
self-paced endurance exercise performance in the heat. Plasma tyrosine availability is
apparently not a key determinant of fatigue processes under these conditions.
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Abstract

Purpose: Acute oral tyrosine administration has been dasedt with increased constant-
load, submaximal exercise capacity in the heatis $tudy sought to determine whether self-

paced exercise performance in the heat is enhamitiethe same tyrosine dosage.

Methods: Following familiarisation, seven male enduran@ered volunteers, unacclimated
to exercise in the heat, performed two experimeritds in 30°C (60% relative humidity) in a
crossover fashion separated by at least 7 daybje@s ingested 150 mg-kg body mass
tyrosine (TYR) or an isocaloric quantity of wheywmter (PLA) in 500 mL of sugar-free
flavoured water in a randomised, double-blind fashi Sixty minutes following drink

ingestion subjects cycled for 60 min at %74% peak oxygen uptakeVOzpead, then

performed a simulated cycling time-trial requiricgmpletion of an individualised target

work quantity (393.1 +39.8 kJ).

Results: The ratio of plasma tyrosine plus phenylalanityeogine precursor): amino acids
competing for brain uptake (free-tryptophan, leegirisoleucine, valine, methionine,
threonine, lysine) increased 2.5-fold from restTMiR, and remained elevated throughout
exercise P < 0.001), whereas it declined in PLA from respte-exerciseR = 0.004). Time-
trial power output® = 0.869) and performance (34.8 = 6.5 min and 35&3tmin in TYR
and PLA, respectivelyP = 0.4167) were similar between trials. Thermal atos P >
0.05), RPEP > 0.05), core temperatur® € 0.860), skin temperatur® € 0.822) and heart

rate @ = 0.314) did not differ between trials.

Conclusion: These data indicate that acute tyrosine admatistr did not influence self-
paced endurance exercise performance in the fasma tyrosine availability is apparently

not a key determinant of fatigue processes unamsetbonditions.



Keywords: amino acids; catecholamines; mild hyperthermiaptre¢ fatigue; prolonged

exercise



Introduction

Paragraph Number 1 Exercise performance is clearly impaired in highb#&ént temperature
compared to cooler conditions (24, 35). This impeant has been primarily attributed to
fatigue caused by central nervous system changesndary to increased brain temperature
(22), although peripheral factors including higlinstemperature, dehydration and alterations
in circulatory and thermoregulatory factors likedlso contribute to this (30). A definitive
neurobiological cause has yet to be establishedhiercentral fatigue but one, or several,
neurochemical systems are likely to be involvecher€ is a well-defined role for the brain
catecholamines dopamine and noradrenaline in iseteenotivation, arousal and reward (4),
acute stress responses (28), motor initiation amatral (14) and thermoregulation (9).
Therefore, it is plausible these neurotransmittecslulate the central fatigue associated with

prolonged exercise in the heat.

Paragraph Number 2 The amino acid tyrosine is a nutritional substrptecursor for

dopamine and noradrenaline. Brain tyrosine comagohs are above thk,, for tyrosine

hydroxylase, the rate-limiting enzyme in catechat@msynthesis (8). Catecholamine
synthesis and release is also limited by neuronalgfrate so that during periods of low
impulse flow tyrosine hydroxylase is highly susdelet to catecholamine end-product
inhibition (8). Microdialysis measurements in tta¢ confirm that augmentation of cerebral
catecholamine release following systemic tyrosimection, while under basal conditions, is
generally limited in magnitude and duration (11)In animals exposed to extreme
environmental stress which substantially increasegulse flow through catecholamine
neurons, such as nigrostriatal lesioning, eledtrgtanulation of cerebral catecholamine

pathways or tail-shock, neurotransmitter turnogeglevated and tyrosine may be depleted in



some neuronal populations (5, 11, 17). Tyrosirdgréwylase then exhibits increased affinity
for tyrosine coupled with a decreased sensitidtgdatecholamine end-product inhibition (29).
Under these conditions, tyrosine administered t® g injection or dietary means maintains
cerebral tyrosine levels and augments central mengystem catecholamine turnover in
activated neuronal populations (17, 34). Impairteén locomotion, exploratory behaviour,
memory and coping behaviour in rats exposed toeaexperimentally-induced stress such as
tail-shock, heat or cold exposure are also coudtbsetyrosine administration (17, 18, 40).
There is also a large body of evidence that cognitpsychomotor and mood impairments
and symptom intensity in humans induced by demandmvironmental conditions such as
cold, hypoxia or prolonged wakefulness, are cowcteby increasing plasma tyrosine
availability via acute oral administration priorégposure to the environmental conditions (1,
19, 20, 23). Evidence supporting an enhancememxefcise in humans following acute
tyrosine supplementation is less clear. Studiee lggnerally failed to show benefits of acute
tyrosine administration on exercise capacity, egergerformance, muscle strength and
anaerobic power in temperate ambient condition827,33). There are mixed reports of the
effectiveness of tyrosine supplementation prioptolonged exercise in the heat. One recent
study reported improved capacity to perform conslzad, submaximal intensity exercise in
30°C heat (60% relative humidity) following ac@eéministration of 150 mg-kg body mass
tyrosine (36) but a separate study using a sirpilatocol and tyrosine dosage failed to show

an effect (37).

Paragraph Number 3 Both Tumilty et al. (36) and Watson et al. (37)adpd a marked
increase in the ratio of plasma tyrosine: neutraina acids which compete for brain uptake
following supplementation. This ratio is a keyetatinant of brain uptake of a single amino

acid rather than the plasma concentration of the@w@awcidper se, as there are several neutral

5



amino acids competing for a shared, saturableeramolecule across the blood-brain barrier
(13). Therefore, increasing the plasma concentratid a single amino acid, or the
concentration of competing amino acids, will inaear decrease the brain uptake of a given

amino acid, respectively (13).

Paragraph Number 4 To date, no study has assessed whether exercierpance (e.g. a
time-trial) in the heat is augmented by high tynesavailability despite evidence that tyrosine
supplementation counters the adverse effects dlecigging environmental conditions. Due
to the self-paced nature of a performance timé-tvidnich will be highly influenced by
motivation and arousal, it is plausible that anypiaovements following tyrosine
supplementation would be more apparent during tiype of exercise trial compared to a
constant-load capacity trial. Therefore the prestudy was designed to test the hypothesis

that acute tyrosine administration would improvereise performance in the heat.

Methods

Subjects

Paragraph Number 5 Eight male volunteers, unacclimated to exercisagh@ heat, and
participating in regular endurance training at idasr times per week, gave written informed
consent to take part in the study. This sample pipvided sufficient power in a previous
study to highlight an effect of tyrosine supplenagioin on prolonged exercise capacity in the
heat (36). One subject did not complete testing tounjury and the corresponding data was
omitted from all statistical analysis. The remagiseven subjects [six cyclists and one

runner with regular experience of cycling; medige,a20 (range, 26) years; median stature,



1.83 (range, 0.13) m; mean + SD for body mass, &/ P1.7 kg; peak oxygen uptake
(VOzpead, 4.6 + 0.6 L-miit; peak power output attained during ramp test ocyele

ergometer to elicitV Ozpeak 389 + 44 W; maximal heart rate attained duringpaest, 186

8 beats-miti] completed all trials. Testing was carried outvieen October and June in
Wales within the UK when the average daytime aimderature typically ranges between 3°C
and 17 °C. All subjects were resident here fdeast one month before the commencement

of testing. The study was approved by Aberystwithiversity Research Ethics Committee.

Experimental procedures

Paragraph Number 6 Subjects visited the lab on five separate occasmmsnitial ramp test
to determine peak power output, maximal heart aattV Oppeax Using an online breath-by-
breath system (Jager Oxycon Pro, Hoechberg, Gepm2rgmiliarisation visits; and 2 main
experimental trials. No strenuous or unaccustomezicise was permitted for 24 h before
each test. Subjects were instructed to sleep ®ih the night before each laboratory visit to
ensure they were rested, and verbal confirmaticadberence to this was given on arrival for
each test day. All exercise was performed on aatrétally braked cycle ergometer (Lode
Excalibur Sport, Groningen, Netherlands). Subjeatse comfortable clothing, which was
kept consistent between trials, typically consgptiof shorts, t-shirt and sports shoes or
cycling shorts, short-sleeved cycling top and eyglshoes. During the ramp test, power
output was increased at a rate of 0.5 Yustil the subject reached volitional exhaustion and
V OzpeakWas determined as the highest oxygen uptak®) averaged over a 30 s period.
Gas exchange threshold was identified using théopesmethod, determined as the first
disproportionate increase in carbon dioxide ouMEQ,) relative toV O, andan increase in

the ventilatory equivalent fow O, in relation to a levelling off or continued decsean the



ventilatory equivalent folv CO, (2). Heart rate was recorded continuously durilhdrials
using radiotelemetry (Polar RS800CX, Polar Elecdy Tampere, Finland) and the peak
value measured during the ramp test was recordadaxémal heart rate. At least 48 h
elapsed between the ramp test and the first famsgion visit and at least 7 d separated each
of the remaining four trials. The familiarisatioisits were designed to appease any anxiety
and to allow subjects to become accustomed tdrtteetrial protocol in the heat. These visits
were identical to the main experimental trials gutdbat blood samples were not taken and
the placebo drink (see below) was administered both familiarisations. All of the
familiarisation and main trials commenced betwe€B80h and 0930 h with each subject
performing all four trials at the same time of daycontrol for diurnal variation. Subjects
recorded their food and drink intake for 48 h, @mysical activity for 24 h, prior to the first
familiarisation, and this enabled duplication prioreach subsequent visit. After arriving at
the laboratory following an overnight fast of ah$e 8 h, except for 500 mL of ordinary tap
water which they drank exactly 2 h before arrivisgpjects emptied their bladder into a
pyrex beaker. Urine volume was measured to theeseanL before a 1.0 mL aliquot was
frozen at -80°C for later measurement of osomg@ialih duplicate, using freezing point
depression (Osmostat 030, Gonotec, Berlin). Npdst-void body mass was measured to the
nearest 0.1 kg (Seca 645, Seca GMB and Co., HamBerghany), and stature was recorded
(Holtain Ltd., stadiometer, Crymych, UK). A rectahermistor (Grant Instruments,
Cambridge, England) was self-positioned by eacliestiO cm beyond the anal sphincter to
enable core temperature measurement (Tcore) afidcsuskin temperature probes (Grant
Instruments, Cambridge, England) were attachechéoctlf, thigh, chest and tricep using
breathable medical tape (Hypafix, Bsn Medical, HUK) so skin temperature (Tskin) could
be measured. Tcore and Tskin were recorded fronelacironic data logger (Squirrel

SQ2020, Grant Instruments, Cambridge, England)feord these data, mean weighted skin



temperature was calculated (27). Subjects wereddar 15 min to minimize the effect of
plasma volume changes before a 10.5 mL restingdbgzomple was obtained (Rest), with
minimal stasis, from an antecubital vein, compgsthmL into a heparinised vacutainer and
4.5 mL into a KEDTA treated vacutainer (BD Vacutainer Systemspidlyth, UK). The
experimental or placebo drink were administered ainrandomised, double-blind and
counterbalanced manner, before subjects were s@atadquiet, comfortable environment
(20.5 £ 0.4 °C, 44 * 6% relative humidity) for 1 fthe experimental drink (TYR) contained
150 mg-kg body masstyrosine (SHS international Ltd., Liverpool, UKhch 7 g vanilla
flavouring (Myprotein.co.uk, Cheadle, Cheshire, UK)500 mL of fluid [ordinary tap water
with 40% sugar-free lemon and lime squash (MorgsdBradford, UK)]. This tyrosine
dosage was associated with increased exerciseigapathe heat in an earlier study (36).
The placebo drink (PLA) contained the same fluiduae and content, with an isocaloric
quantity of hydrolysed whey protein (Myprotein.da..Cheadle, Cheshire, UK) instead of
tyrosine (equating to 11.6 + 1.6 g tyrosine or 0.8 g whey protein; 22 + 3 kcal) to ensure
any performance effects of tyrosine were not duehw additional energy content of the
experimental drink. All drinks were coded and @renl by a separate drinks supervisor to
ensure they were allocated in a double-blind maniaior pilot work with three volunteers,
who did not participate in this study, confirmee thrinks were indistinguishable in colour,
taste and texture. Care was taken to properlydbtbe mixtures, which were served in
opaque drinking bottles, and were shaken vigoroimsipediately before ingestion. At the
end of the 1 h period, a second 10.5 mL blood sartifrie) was taken before subjects entered
the climate chamber (Design Environmental, Gwenglés). Temperature and relative
humidity of the chamber were maintained at 30QA.2°C, 60 + 0% respectively, and mean
air velocity within the chamber was 0.26 + 0.1 Thduring all trials. Once inside the

chamber, subjects commenced cycling, without a wapm at a constant power output



equivalent to 109 [power output requiring & O, that is 10% of the difference between the

VO; at the gas exchange threshold af@2peak(16); 156 + 24 W or 5% 4% V Ozpeaxin this
subject group] for 60 min. The purpose of thisreise period was to induce hyperthermia
before commencement of the time trial. No inforioraton time elapsed or motivational
encouragement was given to the subjects througihigiexercise period. Drinks (2 mL-kg
body mas$ ordinary tap water with 20% sugar-free lemon amklsquash) were provided at
15, 30, 45 and 59 min. At the end of the 60 miknyafling subjects were quickly removed to
a chair directly adjacent to the cycle ergometehiwithe climate chamber, where a further
10.5 mL blood sample was obtained (Post 60). $Stdbjaen remounted the cycle ergometer
to perform a simulated cycling time-trial. A maxim of 2 min elapsed between subjects
dismounting the ergometer and the acquisition @Rbst 60 blood sample. The time taken to
obtain this sample, and the time between the endhef60 min of cycling and the
commencement of the time-trial, was standardised €ach individual subject during

subsequent trials.

Paragraph Number 7 The time-trial was based on a validated protoc@dum previous
research examining fatigue during prolonged exericighe heat (38), and requires subjects to
complete a set amount of work as quickly as possilhtdividual target work quantities were
calculated for each subject as the amount of wdrkkvwould be completed during 30 min
cycling at 60% of the power output elicitingOzpeakduring the initial ramp test (393.1 + 39.8
kJ in this group). The cycle ergometer was setinear mode (workload increases as
pedalling rate increases) during the time-trial that the power output, and hence the
completed work, was directly related to pedallirapence. At the start of the time-trial

subjects were given their target work quantitied amstructed to complete the required

10



amount of work as quickly as possible and no othestructions or motivational
encouragement was given throughout. The contnedale for the ergometer was positioned
on the bike frame, and the display was masked wath-transparent adhesive tape so that
only the cumulative work portion of the consolepiay was visible. No further feedback on
power output, cadence or time elapsed was prowigiedighout the time-trial. A cumulative
work target was also taped to the front of the erg@r handlebars, in full view of the
subjects, which detailed the required work to aehig5%, 50%, 75%, and 100% of their
individual target. Subjects were permitted to kiad-libitum throughout (ordinary tap water
with 20% sugar-free lemon and lime squash). Onptetion of the time-trial subjects
dismounted the cycle ergometer, moved quickly eatljacent chair where a final 10.5 mL
blood sample (Post TT) was obtained within a maximaf 2 min, and this time was also
standardised for each individual subject duringsegoent trials. Subjects emptied their
bladder, urine volume was again recorded to theeseanL before a 1.0 mL aliquot was
removed, then frozen at -80°C for later osmolatitgasurement. Finally, the thermistor and
skin probes were removed before subjects showerealled dry and then were reweighed

nude.

Physiological measurements and blood analysis

Paragraph Number 8 Heart rate, Tcore and Tskin were recorded evermnitOthroughout 60

min rest and 60 min of submaximal exercise. Pawput, heart rate, Tcore and Tskin were
recorded at the start of the time-trial, and evergnin throughout exercise. RPE (3) and
thermal sensation, using a 21 point scale rangioig 10 (cold impossible to bear) to +10
(heat impossible to bear) (adapted from 25), wecended every 10 min throughout 60 min

submaximal exercise, after 5 min of the time-tied elapsed, and then every 5 min

11



throughout the time-trial. One minute expired gasiples were collected in Douglas bags at
30 min and 50 min of the constant-load exerciseopger Oxygen and carbon dioxide
concentrations were measured using a combined pgratic oxygen analyser and infrared
carbon dioxide analyser (Series 4100 Xentra, Seexpr@rowborough, UK), which were
calibrated before each trial using commercial gd&3C, Guildford, UK), and expired
volume was measured using a dry gas meter (Harkpphratus Ltd., Edenbridge, UK).
Expired gases were used to estimate fat and cadbateyutilisation and energy expenditure
(26). Final measurements of heart rate, Tcorejn]9RPE, thermal sensation, and power
output were recorded immediately before subjectapteted the time-trial. Wind speed
within the chamber was measured every 15 min ofcese as the mean value of four
measurements taken from in front, behind, and ¢oleft and right of each subject at head
height while seated on the cycle ergometer, usidgred held anemometer (Kestrel 1000,

Richard Paul Russell Ltd, Lymington, UK).

Paragraph Number 9 Blood from the KEDTA vacutainer was used to measure haematocrit,
haemoglobin, lactate and glucose. Whole blood dvas/n into micro-capillary tubes, spun
for 5 min at 14000g using a Hawksley microcentrifuge (Haematospin l488wksley,
Lancing, UK) and the separated red cell volume mvaasured using a Hawksley haematocrit
tube reader, with a coefficient of variation of @ 8r 10 repeated measurements on the same
sample. Haemoglobin was measured using an autdrhatamatology analyser (Pentra 60C
+, Horiba ABX Diagnostics, Northampton, UK), witlcaefficient of variation of 0.3% for 10
repeated measurements on the same sample standatdining 14.0 g-t haemoglobin.
Haematocrit and haemoglobin measurements were tasestimate plasma volume changes
(10). Blood glucose and blood lactate concentnativere measured using an automated

analyser (2300 Stat Plus, Yellow Spring Instrun@at, Ohio, USA), calibrated with standard

12



concentrations for glucose (0.00, and 50.00 mrildnd lactate (0.00 and 30.00 mmai)L
The coefficient of variation for 10 repeated measuents on a sample standard for blood
glucose (6.14 mmolt) and blood lactate (5.35 mmottLis 1.7% and 1.5%, respectively.
The heparinised blood was immediately centrifuged%0g for 10 minutes at 4°C, the
plasma was then separated, and stored at -80°@téaranalysis of amino acids using gas
chromatography mass spectrometry (36). The coeffiaf variation for the measurement of
individual plasma amino acids using this techniguéeucine, 8.5%; isoleucine, 9.7%; valine,
5.8%; methionine, 11.4%; threonine, 8.7%; lysin)%; the free fraction of tryptophan
unbound from albumin (free-tryptophan), 5.2%; pHalayine, 7.5% and tyrosine, 6.5%.
Haematocrit was measured in triplicate and all iemg blood analyses were measured in
duplicate. All blood parameters were corrected gtasma volume changes from baseline

measurements at Rest.

Statistical analyses

Paragraph Number 10 A computerized statistical package was used toysealll data (SPSS
version 17.0, SPSS inc., Chicago, IL). Normalstdbuted data are presented as mean = SD.
Time trial performance, urine osmolality and rafdoody mass losses were examined using
Student’s paired-test. Cohen’'sd effect size was calculated for the difference imet to
complete the time-trial. Differences in data thgibout trials were compared using a repeated
measures 2 factor (timetrial) analysis of variance (ANOVA). Where sigodnt differences
were found,post hoc analysis was carried out using Student's paire¢dsts with the
Bonferroni correction. End of time-trial values i@eanalysed separately using Student’s
pairedt-test to account for the different exercise durabetween subjects and trials. Non-

normally distributed data are presented as med&mgé¢), were analysed using Friedman’s
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tests, and where appropriamst hoc tests were carried out using Wilcoxon matchedspair

tests with the Bonferroni correction. Statistis@nificance was set &< 0.05.

Results

Time-trial performance

Paragraph Number 11 Following completion of all trials, three subjectported they felt
better or more motivated during the tyrosine timalt could not distinguish between the TYR
and PLA drinks, two subjects incorrectly thougheyhhad received PLA when they had
received TYR, and the remaining two subjects wemabie to distinguish between trials,
indicating successful drinks-blinding. The coaéfit of variation for time to complete the
time-trial between the"2 familiarisation trial and the PLA trial was 1.3%dathere was no
effect of trial order during the experimental i = 0.313). TYR did not influence the time
to complete the time-triaP(= 0.417; effect size = 0.05; 34.8 + 6.5 min in THERJ 35.2 + 8.3
min in PLA; Fig. 1A) and power output throughoug tiime-trial was similar in both trial®(

= 0.869; Fig. 1B). Subjects’ performance was epaced up to 20 min of the time-tridt €

0.061), which represented the last time-point atiwvhll subjects were still exercising.

Blood analysis

Paragraph Number 12 Plasma tyrosine concentration at Rest was simildooth trials P =
0.269; Fig. 2A), but was higher in TYR at all remag sampling timesR < 0.01), while the
concentration remained unchanged from Rest in PRA> 0.05). Plasma phenylalanine
concentration was unchanged at any time-point YR TP > 0.05) but was elevated from
Rest in PLA on completion of the time-tridP < 0.01). There was no difference between
trials in the ratio of plasma tyrosine plus phetaytine: X(free-tryptophan; valine, leucine,

isoleucine, threonine, methionine, lysine) at RBst 0.838; Fig. 2B) but the ratio was higher

14



in TYR at all other time-points(= 0.001). TYR ingestion increased this ratio ox&-fold

(P < 0.001) from Rest and remained elevated at B#rasampling times(< 0.001). In PLA,
there was a transient decline in this ratio fronstRe Pre-exercisé®(= 0.004). The plasma
concentrations of the remaining individual aminadacanalysed are provided in Table 1.
Blood glucose concentration was unaffected by dimgested P > 0.05) or exerciseP(=
0.801) and was 5.3 + 0.9 mmof-lin both trials at Post TT. At Post 60, blood et
concentration had increased from Rest in bothstr@l= 0.018), remaining elevated from
Rest at Post TTR = 0.018), but did not differ between trialB B 0.05; 3.2 (range, 3.6)
mmol-L* in TYR and 4.1 (range, 4.9) mmof:Lin PLA]. Plasma volume progressively
declined, and to a similar extent in both triatdldwing drink ingestion P < 0.05) reaching -

8.4+6.0%in TYR and -9.1 + 4.5% in PLA at endinfe-trial.

Temperature measurements

Paragraph Number 13 Exercise caused a gradual increase in Td@re (0.003) at a similar
rate in both trials = 0.131; Fig. 3A). At the end of the time-triatdre was 39.0 + 0.7°C in
TYR and 38.9 = 0.6 in PLAR = 0.474). Tskin also increased during exercide (0.012),
plateauing after 20 min of constant-load exercrs @ter 15 min of time-trial (Fig. 3B). The
drink ingested had no influence on Tskid £ 0.822) and there was no difference between
trials in Tskin at end of the time-trial (34.8 #86C in TYR and 35.0 £ 1.3°C in PLA? =

0.575).

Heart rate
Paragraph Number 14 There was a gradual increase in heart rate thraughercise (Fig. 4;
P < 0.001) which was unaffected by drink ingested=(0.314). At end of the time-trial heart

rate reached 100 £ 4% and 99 + 4% of maximum in BYR PLA, respectivelyA(= 0.729).
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Urine analysis, fluid intake and body mass losses

Paragraph Number 15 Pre-exercise urine osmolality suggested that stibjeere similarly
hydrated before both trial(= 0.571; 329 + 136 mosmol-kgin TYR and 369 + 148
mosmol-kg in PLA). After the time-trial urine osmolality wasmilar in each trial (198 + 56
mosmol-ki in TYR and 325 + 296 mosmol-kgn PLA; P = 0.218) and unchanged from pre-
exercise P = 0.202). Subjects drank similar volumes of fldidring the time-trial in both
trials (311.1 £114.4 mL in TYR and 363.0 £ 126.L. m PLA; P = 0.415). By the end of the
time-trial body mass losses, calculated from tHéemtince between pre- and post-exercise
body mass adjusted for fluid intake and urine oufpliowing initial weighing (2.9 £ 0.7%
and 3.1 + 1.1% of pre-exercise body mass in TYRRID4, respectivelyP = 0.528), and the
rate of body mass losP € 0.436; 4.0t 1.0 kg-f in TYR and 4.3 1.6 kg-f in PLA) were

similar in both trials.

Subjective ratings

Paragraph Number 16 Expressed RPE gradually increased throughout esee(€iig. 5A).
There was no difference in RPE between trials gttame-point P > 0.05). Median RPE at
end of the time-trial was 19 (range, 3) arbitranjtalin both trials P = 0.689). Thermal
sensation gradually increased throughout exeréige 6B) and was the same in TYR and
PLA throughout exercisd’(> 0.05). Median ratings at end of the time-trigrev 7 (range, 5)
arbitrary units in TYR, representing a rating betwe“Very hot, uncomfortable” and
“Extremely hot, close to limit”. Median thermalrsmtion at end of the time-trial in PLA was
similar to TYR @ = 0.276), and was 8 (range, 6) arbitrary unitsresgenting a rating of

“Extremely hot, close to limit”.
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Estimated substrate usage
Paragraph Number 17 Estimated fat® = 0.253) and carbohydrat® & 0.290) oxidation
rates and estimated energy expenditdte=(0.200) were unchanged from 30 to 50 min of

constant-load submaximal exercise, and were sinmlboth trials P > 0.05).

Discussion

Paragraph Number 18 Previous studies have examined the effect of tgoadministration
on exercise capacity in the heat in man (36, 3i),this is the first study to examine self-
paced exercise performance in the heat followingteaoral tyrosine administration. The
present results demonstrate that, contrary to ypethesis, acute administration of tyrosine
did not improve self-paced exercise performanddénheat compared to a placebo containing

an isocaloric quantity of hydrolysed whey protein.

Paragraph Number 19 It was hypothesized that additional availability tfrosine, a
nutritional catecholamine precursor, would enhasacise tolerance in the heat, as reported
in an earlier study adopting a constant-load sulimelxintensity exercise protocol (36).
Additionally, it was expected that any performaeffect of tyrosine administration would be
more pronounced during a variable intensity timaktiwhere subjects could self-pace the
exercise and thus the subjective effort, compawea tonstant-load trial. The similar power
output profiles in each time-trial in the presettdy, and therefore similar time to complete a
set amount of work irrespective of drink ingestsedggests that tyrosine has no performance
enhancing effect under the conditions of the presardy. This occurred despite a sound
neurochemical basis for a benefit of tyrosine adstiation prior to performance of a time-

trial in the heat. The clear impairment in exezgierformance carried out in warm compared
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to cooler ambient temperature (35) seems to beedaus part, by alterations in cerebral
function, caused by high brain temperature, resylin reduced voluntary activation of
muscle, increased subjective effort and a reducéd ow “drive” to exercise (21, 22).
Changes in central catecholamine activity are ioapdid in these processes due to their
intrinsic connection with increased arousal and ivatibn (4), thermoregulation (9) and
motor initiation and control (14). Additionally,hprmacological augmentation of central
catecholamine activity, via acute bupropion adntiatgn, improves simulated time-trial
performance in the heat (30°C) but not in coolenditions (18°C) (38), highlighting the
importance of cerebral catecholamine activity ie @bility to tolerate exercise with heat

stress.

Paragraph Number 20 The current protocol was employed on the basisttietombination
of exercise and heat stress would represent absuitlemanding environment such that
catecholamine neuronal sensitivity would be up-l&gd to precursor availability. The
absence of effect on exercise performance in tlesgmt study occurred despite striking
differences between the plasma amino acid profitggeen trials following drink ingestion.
The marked increase in the ratio of plasma tyroghés phenylalanine: amino acids
competing for brain uptake following tyrosine adisiration was similar in magnitude to one
study in which exercise capacity in the heat waslomged by 15%, 1 hour following
administration of 150 mg-Kgtyrosine (36). This would favour the transportwbsine into
the brain at the expense of other neutral amindsashich compete for uptake at the blood-
brain barrier (13). This plasma ratio transiemtbclined following ingestion of the placebo

mixture in the present study which would reducerbeatry of tyrosine (13).
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Paragraph Number 21 At least one other study examining tyrosine adrnai®n prior to
prolonged exercise in the heat provides supporthiridea that exercise tolerance in the heat
is enhanced following prior oral tyrosine admirasion (36). But a separate study employing
a similar tyrosine dosage and exercise protocalnted no effect (37). It is not entirely clear
why there are discrepant findings between the ptestidy and previous work reporting
benefit of tyrosine administration prior to exeecis the heat (36). This could be related to
the degree of arousal and stress induced by tferelit protocols adopted, and therefore the
degree of activation of the central catecholamiicesgstem, and the factors involved in the
regulation of tyrosine hydroxylase and catechol&synthesis described above. This may
also explain why studies examining acute tyrosiheiaistration in man prior to exercise in
temperate conditions, have largely failed to reperteficial effects on exercise capacity (32),
simulated time-trial performance performance (7)naiscle strength and anaerobic endurance
(33). While it seems apparent that, in man, egeralone in the absence of heat stress is
insufficiently demanding to up-regulate catecholanprecursor demand (7, 32), this does
not adequately explain the discrepant findings betwtwo studies adopting similar
prolonged exercise protocols in the heat and tyeosiosage (36, 37) and the underlying

reasons for this require further clarification.

Paragraph Number 22 As already mentioned, high brain catecholaminemgtivity is
associated with increased arousal and motivatiQnthdrefore an augmentation of central
catecholamine following tyrosine administration htipe expected to highlight differences in
the power output profiles during the time-trial thie subjective response to exercise. By
definition, a self-paced time-trial allows the poveitput throughout the time-trial and thus
the relative metabolic demand to be controlled frorament-to-moment. The time-trial

power output data in the present study suggestsiiigiects adopted an even-paced strategy
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throughout the first 20 min of the time-trial, repenting the last common time-point at which
all subjects were still exercising, and that plasiyr@sine availability did not affect this

pacing strategy. Some investigators suggest thatadoption of a pacing strategy is
necessary for the avoidance of catastrophic fadditee organism (31). This is hypothesized
to involve feedback and feed-forward control medsras in which the brain processes
efferent neural commands based on previous experiehsimilar situations, in order to elicit

the most appropriate power output and metabolie {a&1). The present power output data
demonstrate that even if a subconscious anticipabib the exercise power output was
adopted, tyrosine had no additional effect on tlisipared to an isocaloric quantity of whey
protein. Furthermore, the similar values for RPPE thermal sensation, throughout 60 min of
submaximal exercise and the simulated time-triagigests that the subjective interpretation
of prolonged exercise in the heat cannot be maaipdlby acutely increasing plasma tyrosine

availability.

Paragraph Number 23 Subjects were specifically administered an isodalguantity of
whey protein as a placebo to clarify whether afgatfof tyrosine administration was due to a
peripheral (or central) effect of additional subtgror energy availability. This could explain,
in part, the differing results from previous tynusistudies examining prolonged exercise in
the heat (36, 37). Estimated macronutrient oxidatates were the same in both trials during
50 min of submaximal exercise. Also, subjects weuglycemic before commencing the
constant-load exercise, the simulated time-triad @m the completion of the time-trial,
suggesting that substrate supply did not limit eiser Reports of macronutrient oxidation
rates in the heat are mixed, with some (12), butalb(21) studies reporting increased
glycogen oxidation rates compared to cooler comasti However, subjects generally reach

exhaustion during prolonged exercise in the he@lt wdequate muscle substrate and little
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muscle metabolite accumulation, suggesting thaetla@e not primary limitations under such
conditions (21, 24), at least when the heat stiesssincompensable. Blood lactate
concentrations in the present study, although &delvdollowing exercise as might be
expected, were not suggestive of muscle concemtativhich would markedly impair

performance.

Paragraph Number 24 If macronutrient and/or metabolite accumulationeveot the primary
cause of fatigue in the present study, then a tiegiguing influence of hyperthermia seems
probable. Subjects in the present study werelglagperthermic in both trials and the Tcore
values attained at the end of the time-trial ames@tent with exhaustion values in subjects of
similar fitness to the present cohort, followin@lpnged exercise in the heat (6). As cerebral
catecholamines have been implicated in heat logsegses during exercise (15), it might
therefore be expected that some difference wouldgparent in thermoregulatory responses
to exercise between trials in the present studygcehftral catecholamine activity was
augmented by tyrosine administration. The similata on Tcore, Tskin and rate of body
mass losses, irrespective of drink ingested, irsglat thermoregulatory processes were not
affected despite a plasma amino acid profile, ¥ty ingestion of the experimental mixture,

which would favour brain uptake of a direct catdahne precursor (13).

Paragraph Number 25 In summary, there was no effect of acute tyrosuhmiaistration on
simulated time-trial performance in the heat coregan a placebo containing an isocaloric
guantity of whey protein. The lack of an associati®etween increased tyrosine availability

and exercise performance suggests that, underath@itions of the present study, acutely
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increasing plasma tyrosine availability does ndétuence fatigue processes when self-paced

endurance exercise is performed with heat stress.
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FIGURE 1—Mean + SD (columns and vertical error bars) andividdal (remaining
individual lines) times to complete simulated cyglitime-trial (A) and power output during
time-trial, up to the last time point all subjewetsre exercising and value recorded at end of
time-trial (B), in tyrosine (TYR) and placebo (PL&Jals. Data are expressed as mean + SD,

(n=7).

FIGURE 2—Changes in plasma tyrosine concentration (A), tpesratio [plasma
concentration ratio of tyrosine plus phenylalanibg:tryptophan; valine, leucine, isoleucine,
threonine, methionine, lysine) (B) in tyrosine (T)&hd placebo (PLA) trials. TT, time-trial.
##Significant difference between trials, ttsigrafidy different versus Rest in TYRP (<
0.01); 8significantly different versus Rest in PL{R, < 0.05). Data are expressed as mean *

SD, = 7).

FIGURE 3—Core temperature (A) and mean weighted skin tentpera(B) responses
during 1 h rest, 60 min of constant-load submaxiexarcise and simulated cycling time-trial
(TT), up to the last time point that all subjectera exercising and value recorded at end of
TT, intyrosine (TYR) and placebo (PLA) trial§*Significantly different versus start value

in both trials, P < 0.01). Data are expressed as mean + $B,7).

FIGURE 4—Heart rate responses during 1 h rest, 60 min obtamtrload submaximal
exercise and simulated cycling time-trial (TT), topthe last time point that all subjects were
exercising and value recorded at end of TT, indym® (TYR) and placebo (PLA) trials.
**Significantly different versus start value in totrials, P < 0.01). Data are expressed as

mean = SD,i{=7).
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FIGURE 5—RPE (A) and thermal sensation ratings (B) duringné® of constant-load
submaximal cycling and simulated cycling time-t&Il’), up to the last time point that all
subjects were exercising and value recorded atoéidl, in tyrosine (TYR) and placebo
(PLA) trials. *Significantly different versus 10imrating in both trials,R < 0.05). Data are

expressed as mean + SBA7).

TABLE 1—Plasma amino acid concentrations in tyrosine (T#R) placebo (PLA) trials.
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Table

TYR PLA

Rest Pre- Post 60 Post TT Rest Pre- Post 60 Post TT
Amino acids (umol-L™)
f-Tryptophan 149 (107) 152 (28) 150 (77) 162 (127) 155 (93) 160 (49) 154 (93) 172 (77)
Valine 158 (69) 135 (51) 159 (81) 143 (73) 165 (85) 166 (53) 144 (102) 161 (108)
Leucine 146 (74) 105 (79)8 130 (89) 131 (117) 154 (128) 181 (83)# 135 (115) 166 (84)
Isoleucine 83 (42) 66 (38)8 62 (35) 73 (43) 77 (75) 97 (42)# 76 (55) 86 (29)#
Threonine 92 (46) 99 (58) 96 (44) 92 (68) 120 (45) 118 (54) 104 (51) 121 (55)
Methionine 30 (9) 27 (9) 28 (9) 34 (22) 30 (9) 30 (7)# 31 (144) 36 (15)8
Lysine 254 (115) 251 (131) 216 (98) 215 (178) 226 (161) 276 (139) 253 (147) 246 (112)
> (mmol-L™) 1.0 (0.4) 1.0 (0.3) 0.9 (0.3) 1.0 (0.3) 0.9 (0.3) 0.8 (0.3)# 0.9 (0.3) 0.8 (0.5)

Values are median (range). f-Tryptophan, free tryptophan; X, ¥(valine, leucine, isoleucine, threonine, methionine, lysine). 8significantly

different from Rest in same trial, (P < 0.05; n = 7); #Significant difference between trials, (P <0.05; n=7).
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