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Abstract The aim of this study was to identify the rela-
tionship between metabolic effort, muscular damage/activ-
ity indices, and urinary amino acids profile over the course
of a strenuous prolonged endurance activity, as a cycling
stage race is, in order to identify possible fatigue mark-
ers. Nine professional cyclists belonging to a single team,
competing in the Giro d’Italia cycling stage race, were
anthropometrically characterized and sampled for blood
and urine the day before the race started, and on days 12
and 23 of the race. Diet was kept the same over the race,
and power output and energy expenditure were recorded.
Sera were assayed for muscle markers (lactate dehydro-
genase, aspartate aminotransferase, and creatine kinase
activities, and blood urea nitrogen), and creatinine, all cor-
rected for plasma volume changes. Urines were profiled
for amino acid concentrations, normalized on creatinine
excretion. Renal function, in terms of glomerular filtration
rate, was monitored by MDRD equation corrected on body
surface area. Creatine kinase activity and blood urea were
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increased during the race as did serum creatinine while kid-
ney function remained stable. Among the amino acids, tau-
rine, glycine, cysteine, leucine, carnosine, 1-methyl histi-
dine, and 3-methyl histidine showed a net decreased, while
homocysteine was increased. Taurine and the dipeptide car-
nosine (B-alanyl-L-histidine) were significantly correlated
with the muscle activity markers and the indices of effort.
In conclusion, the metabolic profile is modified strikingly
due to the effort. Urinary taurine and carnosine seem use-
ful tools to evaluate the muscle damage and possibly the
fatigue status on a long-term basis.

Keywords Urinary amino acids - Fatigue - Cycling stage
race - Muscular activity - Endurance

Introduction

The ability to maintain or even increase the physiological
performance throughout consecutive competitions is cru-
cial in determining the outcome of the competition itself.
However, it is often observed, in different competitive sport
disciplines, a decline in physical, as well as in mental, per-
formances in the later stages of the event (Ra et al. 2014).
This could be particularly true in competitions developed
throughout consecutive days, as cycling stage races are
(Corsetti et al. 2012). The study of the underlying biologi-
cal mechanisms of fatigue along with the search for bio-
chemical indexes of fatigue has stimulated the efforts of
many research groups. However, these aspects have not yet
been fully elucidated (Halson 2014).

Although central and psychological fatigue sensing is
surely a key determinant of the performance outcome, an
important role is covered by the fatigue due to subpatho-
logical muscle injuries consequent to muscle overuse
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(Nedelec et al. 2012). Indeed, strong muscle fiber activity is
associated with muscle injury and muscle overuse induces
protein catabolism and, consequently, the muscle fiber con-
tent is released in blood (Colombini et al. 2012b; Grasso
et al. 2015). Of the different cellular components releasable
into the circulation, following muscle fiber damage, pro-
teins, peptides, and amino acids (aa) are among the most
represented (Nagasawa et al. 1998; Tiao et al. 1997).

Plasma aa concentration changes during exercise
mainly depend on type, intensity, and duration of exercise
(Meeusen 2014). Indeed, while following short-term exer-
cise, there is an increase in most aa, prolonged exercise
causes an overall decrease in aa concentrations. This lat-
ter evidence is directly related to the central fatigue: some
aa are precursors of neurotransmitters and their reduced
availability is associated with fatigue sensation (Blom-
strand 2001). Moreover, aa metabolism, release of both aa
and their catabolites in the circulation, and their reuptake
by other tissues are parts of complex metabolic pathways
aimed in maintaining the energetic homeostasis (i.e., ala-
nine cycle, urea cycle, tricarboxylic acid cycle) (DeBerar-
dinis and Cheng 2010).

Kidneys play a key role in the homeostasis of body
amino acid pools through synthesis, degradation, filtration,
reabsorption, and urinary excretion of aa and peptides. For
example, the kidney is the main actor in glutamine and pro-
line disposal from blood, as well as for the in situ synthesis
of serine, tyrosine, and arginine (Garibotto et al. 2010). In
the kidney, aa (50-70 g/day) are efficiently recovered from
the primary filtrate: 95-99 % of all aa are resorbed in the
proximal convoluted tubule and proximal straight tubule.
This is a well-conserved key role of the kidney proximal
tubule. Additionally, kidney metabolism of aa participates
in the whole body disposition of these compounds (Gari-
botto et al. 2010; Makrides et al. 2014; Pinto et al. 2013).

The aim of the present study was to investigate the pos-
sible existence of relationships between metabolic effort,
muscular damage/activity indices, and urinary aa profile
over the course of a strenuous prolonged endurance activ-
ity, in order to identify easy assessable fatigue-associated
markers. Indeed, to our knowledge, only a few researches
studied exercise-associated changes in aa profile, indepen-
dently from the sample matrix, and they mainly focused on
modifications consequent to single exercise bouts.

Materials and methods
Subjects
Nine professional cyclists belonging to the Liquigas-

Cannondale team, competing in the 95th edition of Giro
d’Italia 2012, were recruited and over the whole race, from
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May 5th to May 27th. Out of the 198 participating athletes,
the cyclists recruited were ranked between the Sth and the
117th position. The race covered 3503.8 km over 21 stages,
with only 2 days of rest. Table 1 illustrates the main fea-
tures of the race.

The athletes’ age ranges 24.6-34.5 years. Weight and
height, on fasting conditions, and body mass index (BMI)
were calculated as weight/(height)?; anthropometric param-
eters are summarized in Table 2.

In the context of the no-needle policy, none of the ath-
letes took drugs or supplements influencing the iron metab-
olism; although admitted the only administration of non-
steroidal anti-inflammatory drugs and antibiotics, when
needed, none of the recruited subject was treated.

Blood and urine were collected the day before the race
started (70) then on days 12 (T'1) and 23 (72) of the race
(Table 1). On 70, athletes underwent to 3 h of light train-
ing at 55 % VO,max, including a short bout (30 min) of
medium-high subthreshold work at 60 % VO,max.

Table 1 Main features of Giro d’Italia 2012

Day/stage  Length (km)  Height difference (m)  Kind of stage
—1/0* - - -
1/1 8.7 50 TT
2/2 206 261 F
3/3 190 842 F
4/R - - -
5/4 332 230 TT
6/5 209 466 F
7/6 210 4497 MM
8/7 205 4759 MM
9/8 229 5458 MM
10/9 166 1182 F
11/10 186 2261 MM
12/11* 255 2172 F
13/12 155 4249 MM
14/13 121 1800 F
15/14 206 4273 HM
16/15 169 5187 HM
17/R - - -
18/16 173 1450 MM
19/17 186 8595 HM
20/18 149 1391 F
21/19 198 8441 HM
22/20 219 9491 HM
23/21% 30 58 TT

The table indicates the day of the stage (R rest day), the length (in
km), the difference in level (in m), and the kind of each stage (7T
time trial, F' flat, MM medium mountain, HM high mountain)

* The day of urine collection
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Table 2 Anthropometrical

e Sampling 70 T1 2

description of the study

population Height (m) 1.82 (1.71-1.87)
Weight (kg) 67.9 (63.5-77.8) 67.4 (64.0-78.2) 67.3 (61.8-76.3)
BMI (kg/m?) 21.43 (19.82-22.71)  21.27 (19.96-22.60) 21.55 (19.29-22.05)
Mean PO/m (W/kg) 0 3.04 (2.84-3.15)* 3.31 (3.11-3.50)**
Accumulated PO/m (W/kg) 0 36.54 (34.07-37.86)* 26.45 (24.87-28.03)* *
Mean NEE (kcal) 0 3496 (3294-4250)* 3989 (3682-4737)* *
Accumulated NEE (kcal) 0 41,953 (39,533-50,996)* 31,915 (29,459-37,892)* #

Table reports the data about height, weight, body mass index (BMI), mean and accumulated power output
corrected for body mass (PO/m), and net energy expenditure (NEE), over the race

Data are shown as median (range)

* A value significantly different from 70, while the # a value significantly different from T'1 (p < 0.001)

The protocol was approved by the reference IRB (ASL
Milano 1), and the participants before giving a written con-
sent were informed about the nature of the study.

Diet regimen

Based on the expected requirements, diet was approved
by the team physician with the following composition:
6000 kcal per day, 45 % carbohydrates, 36 % proteins, and
19 % lipids. The team physician was responsible for check-
ing the adherence of the participant to the diet regimen.

Power output and net energy expenditure derivation

The individual power output was measured, for each
stage, using the PowerMeter™ (SRM GmbH, liilich, D,
EU) power sensor integrated into the bike pedal (sensitiv-
ity £ 2 %) and normalized on body weight. The total net
energy expenditure (kcal), for each stage, was derived from
the power output (Grasso et al. 2015).

Blood and urine samples

Union Cycliste Internationale (UCT) (UCI 2012) and World
Anti-Doping Agency (WADA) (WADA 2011), as well as
academic guidelines for pre-analytical warnings (Banfi and
Dolci 2003) about collection and transport of specimens,
were followed. Blood and urine samples were transported
in sealed boxes at 4 °C and analyzed within the 36 h, as
ruled out by WADA (WADA 2011). Evacuated tubes (BD
SSTII™ Advance, BD Vacutainer® Systems, Becton—Dick-
inson, Franklin Lakes, NJ, USA) and EDTA spray-coated
tubes (BD K,EDTA3.5 mL tubes) were used for analyte
measurement. After drawing, tubes were inverted 10 times
and stored in a sealed box at 4 °C. Following arrival in the
laboratory, sera were separated by centrifugation (1300x g,

10 min, 4 °C) and immediately analyzed, while K, EDTA-
anticoagulated blood was homogenized for 15 min prior
to being analyzed, as recommended by WADA (WADA
2011). The urine collections, in sterile boxes, were per-
formed in a standard way, on midstream, immediately
before blood samplings.

Muscle activity and kidney function

Lactate dehydrogenase (LDH), aspartate aminotransferase
(AST), and creatine kinase (CK) activities, and blood urea
nitrogen (BUN), and creatinine (sCr) concentrations were
measured in serum on ADVIA® 1200 Chemistry System.
The reported total imprecision was <2.8 %, while the intra-
assay CV % was <1.8 %.

Hemoglobin concentration ([Hb]) and hematocrit (Ht)
were measured on a Sysmex XE 2100 (Sysmex, Kobe,
Japan), with an imprecision of <2 %. They were used to
determine the plasma volume shift, and thus to correct the
blood parameters, as already described (Grasso et al. 2015).

During the study, the analyzers were regularly calibrated
and checked following internal and external quality control
schemes.

Renal function was checked by the means of the MDRD
equation for the estimation of glomerular filtration rate
(eGFR) (Colombini et al. 2012a):

eGFR (mL/min/l 73 m2>
= 186 - [sCr(jmol/L) - 0.011312] "4
. [age] """ - [1.212 if black] - [0.742 if female]

Being the eGFR set on a theoretical body surface area
(BSA) of 1.73 m? the eGFR, calculated for each sub-
ject at each time point, has been corrected for the relative
real BSA by the means of the equation by Haycock and
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Schwarz as recommended by the British Nuclear Medicine
Society (Lamb et al. 2005):

BSA (m2> = {weight (kg)°-5378} - [height (cm)0'3964] .0.024265

Thus, corrected eGFR was calculated as follows:
eGFRoormected = eGFRaatetata - ( 1.73/BSA )
Amino acid analysis

The concentrations of the following aa were measured in
urine: creatinine (uCr), taurine (Tau), threonine (Thr), ser-
ine (Ser), asparagine (Asn), glutamate (Glu), glutamine
(GIn), proline (Pro), glycine (Gly), alanine (Ala), citrul-
line (Cit), alpha-aminobutirric acid (AABA), valine (Val),
cysteine (Cys), methionine (Met), cystathionine, isoleucine
(Ile), leucine (Leu), tyrosine (Tyr), phenylalanine (Phe),
homocysteine (Hey), gamma-aminobutirric acid (GABA),
ornithine (Orn), lysine (Lys), 1-methylhistidine (1-MH),
histidine (His), 3-methylhistidine (3-MH), arginine (Arg),
and the dipeptide carnosine (Carn).

Free aa concentrations were determined by a Biochrom
30plus Amino Analyzer (Biochrom Ltd., Cambridge, UK,
EU), a cation-exchange chromatography system (Mondino
et al. 1972). In brief, aa were purified mixing the plasma
samples 1:1 v/v with 10 % sulfosalicylic acid (Sigma
Aldrich Corp., St. Louis, MO, USA) containing the internal
standard norleucine 500 pwmol/L (Sigma Aldrich Corp.) and
adding 2 volumes of Lithium Citrate Loading Buffer pH
2.20 (Mondino et al. 1972). After strong agitation and cool-
ing at 4 °C for 5 min, the mixtures were centrifuged 8 min
at 14,000 rpm. Supernatants were filtered by syringe filter
PVDF membranes (Carlo Erba Reagenti S.r.l., Rodano, I,
EU) and 100 p.LL were the operative injection volumes. Post-
column derivatization with ninhydrin allowed the detection
of aa at the wavelength of 570 nm, while 440 nm for Pro.
Standard Lithium Citrate buffers with pH 2.80, 3.00, 3.15,
3.50, and 3.55 and ninhydrin reagents utilized during sepa-
ration were provided ready to use by Biochrom Ltd.

One hundred-twenty five wumol/L aa standard solution was
prepared by mixing physiological basis with acids and neu-
trals and internal standard solution (Sigma Aldrich Corp.).

Data analysis was performed by EZChrome software
(Agilent Technologies, Santa Clara, CA, USA). Areas of
the peaks were used to determine aa concentrations and
they were expressed in terms of pmol/L.

Statistical analysis
Data about urinary aa concentrations are presented cor-

rected on creatinine excretion. Statistical analysis was
performed with GraphPad Prism v6.0 software (GraphPad
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Software Inc., La Jolla, CA, USA). Based on the guidelines
from Simundic (Simundic 2012), due to the small sample
size, all the data have been presented and treated as not
normally distributed. Thus, in the descriptive analysis, all
values are expressed as median (range). Friedman’s test,
with Dunn’s post hoc analysis, was applied to compare data
over time. Correlation analysis was based on the two-tailed
Spearman’s test, which was also used to analyze the corre-
lation between the patterns of these parameters across time
points. The level of significance was set at p < 0.05.

Results
Anthropometry and physical effort

Weight and BMI were not significantly modified through-
out the race, while the efforts spent over the two half of
the race differed. Particularly, while both the mean PO/m
and the mean NEE were significantly increased, the PO/m
and NEE accumulated over the first half were significantly
greater than those accumulated in the second part (p < 0.01
for all comparisons). Data are summarized in Table 2.

Muscle activity and kidney function

Data about LDH, AST, and CK activities, corrected on
plasma volume changes, in this population have been previ-
ously published (Grasso et al. 2015). Briefly, consequently
to hemodilution, the only CK was significantly increased
over the race. These data are reported in Table 3.

BUN (Fig. 1) was significantly increased from 18.6 (15.3—
26.3) at 70, to 21.5 (19.0-29.2) at T1 (p < 0.001) and 25.2
(21.2-37.2) to T2 (p < 0.001 vs. 70 and p = 0.019 vs. T'1).

Despite a significant increase in sCr between 71 and 72
(»p = 0.015), kidney function, in terms of eGFR, did not
show any significant change neither raw nor corrected on
BSA (Table 4).

Table 3 Summary of the muscle activity changes over the race

70 T1 12

PV (%) -
LDH (U/L) 210 (200-263)
AST (U/L) 29 (2042)

CK(U/L) 194 (142-429)

12.0 (0.81-20.79)  11.5 (4.9-20.0)
211 (153-325)%#% 227 (173-340)%#*

46 (2778 54 (33-242)%%+
342 (209-871)**% 482 (209-885)%**

All values are corrected for plasma volume changes
Values are expressed as median (range)

Asterisk indicates a value significantly different compared to 70
(*** p <0.001)

PV plasma volume change (compared to 70), LDH lactate dehydroge-
nase, AST aspartate aminotransferase, CK creatine kinase
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Fig. 1 Blood urea nitrogen over the race. The scattered dot plot
shows the single-subject BUN (black squares) and the median BUN
(black line) at each time point, corrected on plasma volume change,
and the p value of the paired comparisons

Urinary amino acids concentration

Beside the significant increase in uCr (Fig. 2), clearly
reflecting the parallel increase in sCr, there were decreases
in Tau, from 70 to 71 and 72, in Gly, from 70 to 72, in Cys,
from 70 to 72 and from 7’1 to 72, Leu, from 71 to 72, and
in Lys from 70 to T1 and 72. Carn was reduced of one-tenth
from the value recorded at 70 and 71 to 72. 1-MH showed
a one-third increase from 70 to T'1 and then decreased to a
one-third of the basal value at 72, while 3-MH decreased
constantly, with the significance reach in comparison 70
vs. T2. Among the tested aa, only Hey showed a net sig-
nificant increase from 70 to 71 and 72. The summary of the
changes in urinary concentrations of the entire aa panel is
illustrated in Fig. 3.

Among the significant correlation found (Table 5), here
we outline that Tau modifications over the race are good to
strongly inversely related to BUN, mean and accumulated
PO, and mean accumulated NEE. Ala shows a direct cor-
relation with both AST and BUN. Carn was directly related
with BUN and mean PO and NEE, while Hey was fairly
correlated with mean PO and NEE. The correlation sum-
mary is reported in Table 5.

uCr
p= 0.002
200
p=0.005
p=0.021 1
150 oLl
= "m S —
g 100 u - m=
£ —— .
H n ]
50 Ch =
| ]
0
T0 T T2

Fig. 2 Urinary creatinine concentrations over the race. The scattered
dot plot shows the single-subject uCr concentrations (black squares)
and the median uCr (black line) at each time point and the p value of
the paired comparisons

Discussion

In the present study, we show that over 3 weeks of con-
tinuous endurance performance, along with an increase in
CK, BUN, and uCr, the urinary profile of aa is substantially
modified as a direct consequence of the metabolic effort.
Particularly, urinary concentrations of Tau, Gly, Cys, 1-,
3-MH are decreased, while those of Carn are increased,
despite a unchanged kidney function (Colombini et al.
2012a, b).

The strong muscular effort, marked by the steep increase
in CK serum activity (Colombini et al. 2012b) and in BUN
(Mashiko et al. 2004), and the metabolic effort, indexed
by PO and NEE, show correlations, with the urinary aa
concentrations.

Fatigue could be considered a symptom for muscular
overuse and damage (Nedelec et al. 2012) and it represents
an important determinant of the performance outcome.
The availability of a tool, e.g., a marker, able to mark, or
even to predict, the fatigue could be helpful in the moni-
toring of athletes during training and competitions. On the
other hand, the matrix in which this ideal markers should

Table 4 Kidney function
monitoring over the race

70 T1 T2

BSA (m?)

sCr (umol/L)

eGFR (mL/min/1.72 m?)
eGFR correcTEp (ML/min/m?)

1.83 (1.77-2.00)
74.58 (63.39-137.20)
112.6 (57.26-247.60
103.3 (49.5-122.0)

1.82 (1.75-1.99)

83.06 (58.19-108.50)

102.0 (75.0-157.3)
96.7 (70.3-150.6)

1.82 (1.73-1.98)

116.20 (50.90-188.70)"
69.5 (39.7-171.7)
66.5 (34.6-170.5)

BSA body surface area, sCr serum creatinine concentration, eGFR estimated glomerular filtration rate,
eGFR correcrep €GFR normalized on BSA

# A significant difference of the value compared to T1 (* p < 0.05)
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«Fig.3 Urinary concentrations of the tested amino acids over the
race. The scattered dot plot shows the single-subject urinary amino
acids concentrations, corrected on uCr, (black squares) and their
median concentrations (black line) at each time point and the p value
of the paired comparisons

be tested might be easily collected (i.e., not invasive sam-
pling), in order to allow serial measurements, and easily
assayable. Noteworthy, changes of these putative mark-
ers should be carefully interpreted. Indeed, these changes,
other than the acute consequence of the exercise, also rep-
resent the specific result of an adaptation to homeostatic
demands (Sanchis-Gomar and Lippi 2014).

Possible markers in fatigue monitoring could be repre-
sented by aa. Indeed, as stated above, heavy muscle activity
is associated with muscle fiber injury. This is translated in
muscle protein catabolism and, consequently, in the release
of the protein catabolic products into the bloodstream
(Colombini et al. 2012b; Grasso et al. 2015; Nagasawa
et al. 1998; Tiao et al. 1997). As previously shown, changes
in aa concentration in blood depend on exercise type,
intensity, and duration with short-term exercise increasing
concentrations of most aa and prolonged exercise causing
a general decrease in aa concentration with a direct corre-
lation with central fatigue (Blomstrand 2001). This latter
phenomenon is linked to the fact that some aa are precur-
sors of neurotransmitters (Blomstrand 2001).

Urine is, surely, a preferable matrix for monitoring tools
testing, since for most analytes, the kidney physiology is
well known. Indeed, for what concern aa, the amount
released in urine represents a very small fraction of the cir-
culating one but it reflects the situation in plasma, since the
current knowledge suggests that physical activity has no
effects on intra-renal aa metabolism (Garibotto et al. 2010;
Makrides et al. 2014; Pinto et al. 2013).

We and other authors have previously used/proposed
other testing matrices to assay metabolites related to meta-
bolic efforts and fatigue in athletes. Particularly, an emerg-
ing matrix is represented by saliva which is somehow
easier accessible than urine (Grasso et al. 2015; Ra et al.
2014). Recently, Ra and colleagues have tested, among
other metabolites, salivary aa, pointing out their possible
usefulness in monitoring fatigue (Ra et al. 2014).

Although very interesting as a sample matrix compared
to urine, saliva use is still limited by the few knowledge
about the saliva physiology, availability of saliva-specific
assays, and the number of conditions affecting the ultrafil-
tration of the different metabolites in saliva (Gatti and De
Palo 2011; Pfaffe et al. 2011).

In the present study, despite the stability of most of the
aa tested, the recorded variation is of great importance in
terms of metabolic response to the effort.

Carnosine, which is increased over the race, is a cyto-
plasmic dipeptide synthesized from B-alanine and histidine
present at highest concentrations in skeletal muscles (Sale
et al. 2013) where its main function is to activate myo-
sin ATPase, along with its role as an intramuscular buffer
(10-20 % of the total buffering capacity in type I and II
muscle fibers) and reactive oxygen species (ROS) scaven-
ger (Sale et al. 2013; Tiedje et al. 2010). Although there
are several evidences about its involvement in olfaction,
neuroprotection, and neurogenesis, there is no full support,
instead, to the role of Carn as neurotransmitter (Bonfanti
et al. 1999). To our knowledge, there are no published stud-
ies investigating the changes in plasma or urine concentra-
tions of Carn following exercise. However, in equines, it
has been demonstrated that, while acute exercise does not
induce muscular Carn loss, a raise in its plasma concen-
trations follows exercise-induced muscle damage (Harris
et al. 2012). Thus, whether the role as a putative marker of
fatigue should be demonstrated, it is clear that its increase
during a performance, such as represents a sign of muscu-
lar damage.

Taurine is a sulfur-containing aa (2-aminoethane sul-
fonic acid) abundant in several cell types and tissues,
although it is highly present in skeletal and myocardial
muscles. Characteristically, it is not incorporated into pro-
teins but it directly intervenes in many and essential cell
processes (development, signaling, membrane stability,
Ca”—dependent contraction, oxidants scavenger, mem-
brane depolarization) as well as in whole body homeostasis
(glucose tolerance, insulin sensitivity) (Spriet and Whitfield
2015). Rodents studies demonstrated the essential role of
Tau in contractile function of the skeletal muscle; however,
human studies did not supported these findings (Spriet and
Whitfield 2015). Metabolomics analysis of saliva in soc-
cer players, after 3 consecutive days of matches, showed
an increase in Tau (Ra et al. 2014). These data are in line
with the trend previously observed by Cuisinier and col-
leagues who found a tendency to increase (without achiev-
ing the significance) for urinary Tau immediately and after
24 h after a marathon (Cuisinier et al. 2001). This aa-like
compound is released in blood from contracting muscles
in order to scavenge ROS (Ortenblad et al. 2003). In our
long-term observation, instead, urinary Tau concentra-
tions are reduced of two-third at the end of the race and,
interestingly, the high inter-individual variability observed
at baseline is considerably reduced after 12 days and even
more at 23 days indicating a tendency of the intervention
(the physical effort) to make homogenous the homeostatic
response. This decline could be intended as a depletion of
body Tau which could mark an impairment of skeletal mus-
cle function as demonstrated by the correlation with muscle
activity/damage markers we tested but, on the other hand,
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Table 5 Correlation matrix

LDH CK AST BUN aPO/m mPO/m aNEE mNEE
uCr* r=0.17 r=0.52 r=0.28 r=0.39 r=0.371 r=0.52 r=0.44 r=0.59
p =0.390 p = 0.005 p=0.161 p = 0.042 p =0.057 p = 0.006 p =0.022 p =0.001
Tau* r=—0.04 r=-031 r=-0.32 r=-0.54 r=-0.56 r=-0.64 r=-0.56 r=—0.62
p =0.830 p=0.120 p =0.100 p = 0.004 p = 0.002 p <0.001 p = 0.002 p <0.001
Tre r=-041 r=-044 r=-0.24 r=—0.15 r=—0.15 r=—0.15 r=-—0.21 r=-0.22
p=0.032 p =0.022 p =0.225 p=0.454 p=0.452 p =0.449 p=0.289 p =0.280
Ser r=0 r=-—0.19 r=047 r=041 r=20.16 r=0.24 r=20.10 r=20.16
p =0.985 p =0.346 p =0.013 p=0.033 p=0413 p =0.237 p=0.611 p=0416
Asn r=—0.17 r=-0.23 r=0.13 r=0.22 r=0.15 r=20.19 r=0.12 r=0.15
p=0.392 p=0.241 p=0.523 p=0.268 p=0428 p=0.331 p =0.549 p =0.460
Glu r=-0.36 r=—0.060 r=—0.18 r=0.14 r=0.28 r=0.28 r=0.23 r=0.23
p =0.063 p =0.765 p=0.364 p = 0.496 p=0.154 p=0.154 p =0.237 p =0.245
Gln r=-0.17 r=-—0.25 r=0.01 r=-0.12 r=—0.03 r=0.01 r=-0.07 r=—0.03
p =0.407 p=0.216 p =0.940 p =0.544 p =0.868 p=0.971 p=0.743 p =0.876
Pro n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Gly* r=-0.19 r=-0.39 r=-0.19 r=-0.44 r=-—0.33 r=-0.36 r=-0.36 r=-0.40
p=0.341 p =0.044 p=0.332 p =0.020 p =0.0943 p =0.064 p =0.061 p =0.040
Ala r=-0.01 r=—0.07 r=0.46 r=0.40 r=0.25 r=0.32 r=0.22 r=0.27
p =0.956 p=0.733 p =0.016 p = 0.037 p =0.200 p=0.103 p=0271 p=0.168
Cit r=—0.16 r=-—0.26 r=0.24 r=043 r=20.24 r=20.26 r=20.20 r=0.20
p=0431 p=0.187 p=0218 p =0.025 p=0.222 p=0.197 p=0.319 p=0.304
AABA r=-—0.20 r=—0.07 r=—0.13 r=—0.09 r=20.10 r=0.05 r=0.05 r=0
p=0.310 p=0.742 p=0.518 p =0.653 p=0.615 p=0.788 p=0.788 p=0.994
Val r=-—0.33 r=-045 r=—0.34 r=—0.34 r=-0.34 r=-0.38 r=-0.40 r=-044
p =0.096 p=0.017 p=0.079 p = 0.085 p =0.082 p = 0.050 p =0.038 p =0.021
Cys* r=—0.09 r=—0.31 r=—0.22 r=—-0.29 r=—0.31 r=-042 r=—0.37 r=-048
p =0.661 p=0.117 p=0.274 p=0.138 p=0.119 p =0.029 p = 0.059 p=0.011
Met r=—0.18 r=—0.28 r=—025 r=-045 r=—0.11 r=—0.20 r=—0.15 r=—0.25
p =0.366 p=0.161 p=0.198 p=0.017 p =0.594 p=0.317 p =0439 p =0.208
Cystathionine r=0.11 r=—0.13 r=0.02 r=0.20 r=—0.06 r=—0.15 r=—0.03 r=—0.11
p =0.596 p=0.530 p=0.919 p=0.317 p =0.765 p = 0.466 p=0.872 p=0.575
Ile r=0.07 r=10.39 r=—0.03 r=0.04 r=0.25 r=0.23 r=0.27 r=20.23
p=0.733 p = 0.045 p =0.882 p = 0.856 p =0.203 p =0.252 p=0.179 p =0.240
Leu* r=—0.05 r=—0.21 r=-0.07 r=—0.02 r=—0.04 r=—0.11 r=—0.11 r=—0.12
p=0.794 p=0.284 p=0.726 p=0.923 p=0.852 p=0.572 p =0.598 p =0.350
Tyr r=—0.10 r=-0.14 r=0.03 r=—0.12 r=-0.01 r=—0.02 r=—0.07 r=—0.08
p=0.613 p =0.492 p =0.881 p =0.564 p =0.945 p=0.910 p=0.725 p=0.673
Phe r=0.01 r=0.05 r=0.33 r=0.29 r=0.38 r=0.43 r=0.33 r=0.37
p =0.964 p =0.796 p =0.092 p=0.141 p=0.051 p =0.024 p =0.095 p =0.056
Hey r=-0.23 r=—0.01 r=—0.03 r=0.07 r=10.39 r=0.38 r=10.39 r=0.38
0.244 0.948 0.863 0.718 0.045 0.053 0.042 0.053
GABA r=—0.07 r=0.05 r=-0.17 r=-0.12 r=0.23 r=0.17 r=0.17 r=0.11
p=0.744 p =0.801 p =0.403 p=0.534 p =0.257 p =0.408 p=0.397 p =0.587
Orn r=—0.115 r=0.02 r=—0.05 r=—0.05 r=—0.10 r=—0.07 r=—0.09 r=—0.06
p =0.568 p =0.933 p=0.785 p=0.792 p=0.628 p =0.740 p =0.644 p=0.779
Lys* r=—0.195 r=-042 r=-0.31 r=-0.17 r=-—0.46 r=-0.57 r=-0.50 r=—0.60

p=0329 p=0.030 p=0.119 p=0395  p=0.016 p=0002 p=0008 p=0.001
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Table 5 continued

LDH CK AST BUN aPO/m mPO/m aNEE mNEE
1-MH* r=—0.11 r=-0.26 r=-014  r=0.13 r=0.03 r=-0.17  r=0.02 r=—0.18
p=0.587 p=0.194 p=0472  p=0505  p=0881 p=0403  p=0936  p=0.360
His r=—0.18 r=-032 r=0.02 r=0.04 r=—0.06 r=-012 r=-012 r=-0.19
p=0.359 p=0.105 p=0901 p=087  p=0769 p=0534  p=0558  p=0353
3—MH* r=—0.10 r=—037 r=-010 r=0.3 r=—027 r=-034 r=-032 r=-038
p=0.621 p=0.054 p=0623 p=0513  p=0.165 p=0084  p=0106  p=0.051
Carn r=0.08 r=032 r=0.34 r=0.39 r=0.34 r=043 r=0235 r=043
p=0.682 p=0.107 p=0081 p=0044  p=0079 p=002  p=0070  p=0.026
Arg r=0.13 r=0.18 r=10.20 r=023 r=022 r=0.22 r=022 r=0.22
p=0.527 p=0371 p=0305 p=0242  p=0278 p=0263 p=0263  p=0260

The table shows the correlation between urinary concentrations of the tested aa and the muscle activity markers and the indexes of physical

efforts

Each cell reports the Spearman’s r coefficient and the two-tailed p value

Correlations highlighted in bold are statistically significant (p < 0.05. r < £0.25)

n.d. not determinable

it could also be linked to an impairment of the psychologi-
cal feelings of athletes, since Tau is involved in the endoge-
nous anti-depressant cerebral loops (lio et al. 2012). In this
view, urinary Tau can be a possible marker for both muscle
and central fatigue.

Although significant, changes in glycine, in our study,
are very limited. Gly is highly present in collagen mol-
ecules and it is also a precursor of porphyrins and purines.
Moreover, a role of Gly as antioxidant, within the folate
recycle, is known (Amelio et al. 2014). Thus, despite, the
lack of knowledge about its metabolism in physical exer-
cise, if excluded is role as excitatory neurotransmitter (Har-
vey and Yee 2013), the slight decline we observed could be
ascribed to the effort. The same situation, for what its con-
cern behavior over the race and the link to the ROS scav-
enging, can be depicted for cysteine.

While no information are available about the metabolism
of 1-methyl histidine in exercise, urinary 3-methyl histidine
is considered a direct index of muscle protein breakdown
(Nagasawa et al. 1998; Tiao et al. 1997). We observed a
decrease in 3-MH, throughout our observation, but it not
correlates with any of the muscle activity/damage mark-
ers. Based on the previous data, the modifications in 3-MH
we have recorded could mark a shift of protein metabolism
toward anabolism to satisfy the really high requirements,
despite a generalized muscular damage.

Diet is one of the main determinants of plasma, and thus
urinary, concentrations of aa. Modifications in dietary regi-
men cause changes in the circulating aa profile (Forslund
et al. 2000). In the present context, however, the nutrient
intake through diet has been kept, practically, unchanged
along the race and the adhesion to diet has been strikingly

checked. Thus, the modifications observed during the study
are due to the physical activity performed.

In conclusion, with the present study, we have shown that
following a long-term endurance activity, in highly selected
and homogenous professional athletes, the metabolic pro-
file is modified strikingly due to the effort. The evaluation
of muscular activity and damage throughout the classical
muscle markers, and particularly CK, cannot explain the
overall integrated homeostatic response of the muscle. Here
we have shown that due to their physiological roles, the
monitoring of both taurine and carnosine, and particularly
in urine as an easily accessible matrix for serial evaluation,
represents a useful tool to evaluate the muscle damage and
possibly the fatigue status on a long-term basis.
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