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Abstract:

Amino acids are thought to have a key role in the processes contributing
to overreaching development through their metabolic properties and
neuronal functions. In the present study, the effects of 10-week military
training on the concentrations of 19 amino acids were investigated.
Plasma amino acid concentrations were measured at rest from 53
healthy male conscripts on weeks 1, 4, 7 and 9 of their military service.
Conscripts were classified as overreached and non-overreached.
Overreaching classification was based on fulfilling at least 3 of 5 criteria:
greater than 5 % decrease in maximal oxygen uptake, increased Rating
Perceived Exertion (RPE) and decreased lactate-RPE ratio in submaximal
marching test, admitting feeling overloaded and both increased scores in
fatigue and decreased scores in vigor in the Profile of Mood States
Adolescents. Eight conscripts (18 %) were classified as overreached;
their glutamine-glutamate ratio and alanine and arginine levels were
significantly lower (p<0.05) and glutamate concentration significantly
higher (p<0.05) in comparison to their non-overreached counterparts.
The levels of arginine increased (p<0.05) and tryptophan (p<0.001)
decreased in both groups throughout the study. The tyrosine
concentration increased in non-overreached but, in contrast, remained at
the same level in overreached individuals (p<0.05). The results suggest
that alterations in the levels of three metabolically important amino
acids, alanine, glutamate and arginine, and the possibly neuroactive
tyrosine and tryptophan might explain some of the physical and
psychological symptoms of overreaching. The present study also
confirms the potential use of glutamine-glutamate ratio as a tool for
detecting overreaching.
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Abstract

Amino acids are thought to have a key role in the processes contributing to overreaching
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9 development through their metabolic properties and neuronal functions. In the present
study, the effects of 10-week military training on the concentrations of 19 amino acids

14 were investigated. Plasma amino acid concentrations were measured at rest from 53

16 healthy male conscripts on weeks 1, 4, 7 and 9 of their military service. Conscripts were
classified as overreached and non-overreached. Overreaching classification was based on
21 fulfilling at least 3 of 5 criteria: greater than 5 % decrease in maximal oxygen uptake,

23 increased Rating Perceived Exertion (RPE) and decreased lactate-RPE ratio in
submaximal marching test, admitting feeling overloaded and both increased scores in

28 fatigue and decreased scores in vigor in the Profile of Mood States Adolescents. Eight

30 conscripts (15 %) were classified as overreached; their glutamine-glutamate ratio and

32 alanine and arginine levels were significantly lower (p<0.05) and glutamate concentration
significantly higher (p<0.05) in comparison to their non-overreached counterparts. The
37 levels of arginine increased (p<0.05) and tryptophan (p<<0.001) decreased in both groups
39 throughout the study. The tyrosine concentration increased in non-overreached but, in
contrast, remained at the same level in overreached individuals (p<0.05). The results

44 suggest that alterations in the levels of three metabolically important amino acids,

46 alanine, glutamate and arginine, and the possibly neuroactive tyrosine and tryptophan
might explain some of the physical and psychological symptoms of overreaching. The

51 present study also confirms the potential use of glutamine-glutamate ratio as a tool for

53 detecting overreaching.
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Impact statement

The diagnosis of overtraining syndrome and overreaching poses a great challenge.
Military training aims at improving the physical performance of the conscripts, but an
excessive training load could also lead to overreaching. This study of Finnish conscripts
provides new insights into the pathophysiology of overreaching and overtraining through
amino acids concentrations. In addition to confirming the possible use of the plasma
glutamine/glutamate concentration to indicate and predict overreaching, we made a novel
finding i.e. low alanine and arginine concentrations might have a role in the performance
decrement and fatigue related to overreaching. Moreover, this study is the first to show
the possible association between amino acids with putative neuronal properties and
overreaching. Thus, the present findings might help to detect and prevent overreaching
and offer a reliable diagnostic approach in the future. In order to avoid overreaching,
military training should be planned more periodically and individually, especially during

the first four weeks of military service.
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Introduction

A primary target of basic military training (BT) programs is to develop physical fitness,
strength and endurance of the conscripts within a short time to enable them to perform
combat-specific tasks. Imbalanced excessive training and recovery, however, can lead to
overreaching (OR), a short-term decrement of performance, which may take several days
or even weeks for recovery!. A prolonged imbalance, in turn, may lead to the so-called
overtraining syndrome (OTS), a long-term decrease in performance despite continuous

training, from which recovery may take months or years!'.

Despite intensive research, the mechanism underlying the development of OTS and OR
has not yet been clarified nor have any reliable and specific biomarkers been identified.
However, both OTS and OR may also include several individually varying physiological
and psychological symptoms!. Amino acids are involved in many crucial biochemical
processes i.e. brain function and various metabolic pathways including protein turnover
and energy metabolism during exercise. Therefore, they could be associated with the
symptoms of OTS and OR. The glutamine-glutamate (Gln/Glu) ratio has been reported to
decline in overreached athletes®* whereas increased glutamate (Glu) levels in OR may
reflect excessive training stress while a decreased glutamine (Gln) level has been
associated with a deteriorated capacity of work® and an impaired immune system 346,
Nevertheless, not all studies have reported altered Glu* 4 and Gln concentrations in
overreached athletes® # ¢ nor found a link between Gln and immune depression’-%. On the
other hand, the branched chain amino acids (BCAAs) leucine, isoleucine and valine are

known to compete with tryptophan for the same carrier in the blood-brain barrier and

https://mc.manuscriptcentral.com/ebm
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furthermore, these energy yielding BCAAs are utilized when exercising. Hence, a lower
BCAA concentration has been suggested to increase tryptophan intake to the brain during
exercise. Tryptophan, is a precursor of the neurotransmitter serotonin, and therefore, its
excess could be involved in the development of centrally-mediated fatigue related to OR®
10, Thus, strenuous training evoked alterations in amino acid metabolism may trigger the

development of OR.

There is a paucity of knowledge on whether changes in the levels of amino acids can be
involved in OR. Military training provides a relevant model to study OR and OTS
because the conscripts represent a healthy homogenous age group undergoing strenuous
training programs while having a controlled diet and an active lifestyle. Moreover,
intolerance of conscripts to BT represents a major challenge to military training and
therefore the mechanisms underlying this condition need to be clarified. Therefore, the
aim of this study was to investigate the effect of military training on the concentrations of
19 plasma amino acid in overreached (OR) and non-overreached (nOR) conscripts during

the BT period and to evaluate the role of amino acids as a tool for indicating OR.

Materials and Methods

Subjects

Finnish male conscripts (N=53, age 19.6 + 0.3 years) volunteered to take part in the
study. They were a part of 60 participants who had been selected according to specific

criteria including willingness and not having any musculoskeletal and cardiorespiratory

https://mc.manuscriptcentral.com/ebm
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disorders!!. All the conscripts were informed of the study design and experiments, gave
their written informed consent and were given permission to withdraw from the study at
any point. The study was approved by the Finnish Defence Forces and the Ethical
Committees of the University of Jyviskyld and the Kainuu region of Finland. This study
was funded by the Finnish Ministry of Education, Finnish Cultural Foundation, Polar

Electro Oy and the Scientific Advisory Board for Defence.

Military training protocol

Finnish conscripts performed a standard 8-week BT period and a consequent 2 weeks of
their specialized military training in wintertime where the outdoor temperatures varied
between -30 and +1 °C. Military service included gradually increasing physical exercise
from 2 h per day to approximately 4 h at the end of the study consisting of both sports-
related endurance and strength type of physical training and military-related physical
training such as combat training and other forms of military training including shooting,
and standard military education'!. Conscripts marched to the dining rooms four times a
day (approximately 5 km in total) to consume standard military meals and performed
other daily living activities as described previously'!. The dietary intake and energy
balance have been assessed in a previous study, where the reported intake indicated that
daily carbohydrate consumption in relation to the total reported energy intake was 58 +
4% (5.2 £ 1.6 g-kg™), fat 27 £ 4% (1.1 £ 0.4 g'kg!), protein 14 +£2 % (1.3 £ 0.4 g-kg™),
and alcohol 0.3 = 0.9% (0.01 + 0.04 g-kg™")'%. During the study period, there were 4

marches with battle equipment and an overnight combat training exercise.

https://mc.manuscriptcentral.com/ebm
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Study protocol

To measure the symptoms of overtraining, conscripts performed physical and
psychological tests, which have been utilized in previous studies investigating
overtraining or training adaptation among endurance and strength athletes and soldiers,
since military training is a combination of various stressors!!. These tests involved
performance tests such as a submaximal marching test and a maximal treadmill test,
Profile of Mood States Adolescents (POMS-A) questionnaire'?, an inquiry of upper
respiratory infections (URTI), and direct question on fatigue and assessment of Rating
Perceived Exertion (RPE). Blood samples were also drawn and analyzed. The overall

study protocol is presented in Table 1.

Conscripts performed a 45-minute-submaximal marching test with battle equipment on
an outdoor track at the speed of their 70 % maximal workload to determine their general
aerobic performance in a military environment. This was calculated by using the
American College of Sports Medicine estimation formula for maximal oxygen uptake
(VOomay) in running and taking into account the 20-kg combat gear!4. The marching test
was chosen since it represented the daily routine well and was available for a large group
of soldiers. RPE was assessed 3 times, every 15 minutes using a 6-to 20-point scale, and
their averaged value was utilized in the further analyses. The maximal treadmill test for
evaluating VO,pay, in turn, included a specific warming up, walking and running at pre-
determined velocities, and a gradually increasing speed and inclination of the treadmill

until the point of exhaustion'4. RPE was measured just before each increase in the

https://mc.manuscriptcentral.com/ebm
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workload. Blood lactate was determined 1 min after the completion of the exercise from
fingertip blood using a lactate analyzer (LactatePro, Arkray, Japan).Lactate-RPE ratio
being determined subsequently. Pulmonary ventilation and respiratory gas exchange data
were measured by a breath-by-breath method (Jaeger Oxygen Pro, VIASYS Healthcare
GmbH, Hoechberg, Germany). Heart rate was recorded at 5-s intervals (Polar810i1, Polar
Electro Oy, Kempele, Finland). The maximal treadmill tests and submaximal tests were
performed four times in total (Table 1). The exercise protocol remained the same during

the entire study.

Physical activity

The subjects reported their physical activity during one month before military service by
a self-administered short version of international physical activity questionnaire (IPAQ)
covering the previous seven days'>. IPAQ outcome and physical activity were reported as
minutes per week calculated in five different categories 1) Light PA: daily minutes x days
per week with walking x 3.3 MET 2) Moderate PA: daily minutes x days per week with
moderate-intensity physical activity x 4.0 MET 3) Vigorous PA: daily minutes x days per
week with physical, vigorous activity x 8.0 MET 4) Moderate to vigorous PA (ModVig
PA): Moderate PA + Vigorous PA. 5) Total PA: Light PA + Moderate PA + Vigorous

PA.

POMS-A questionnaire

On weeks 1, 2,4, 7, 8 and 9, the conscripts filled in a POMS-A questionnaire for

evaluating their mood state by answering questions about it over the past week as well as

https://mc.manuscriptcentral.com/ebm
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the current day by using a scale from 1 to 5, (1 refers to not at all and 5 extremely). Points
were summed up and mood scores determined for each conscript. Conscripts were also

directly asked “Do you feel mentally or physically overloaded?” on weeks 7, 8 and 9.

Inquiry about URTIs and sickness-related absences

Conscripts filled in a form enquiring about the symptoms of URTIs at baseline and on
weeks 4, 6, 7, 8 and 9. Their responses were rated from 0 to 5 and a maximum sum of
points was 55 on each survey week. Points were added up, and cumulative sums for
weeks 2, 4, 7, 8 and 9 were created to represent the total burden of URTIs per week.
Sickness-related absences were defined as an attendance / not-attendance in service,
because of illnesses or injuries examined by physician, and as previously reported'!, the
average number of sickness absences was 3 days; the main reason for sickness absence
was URTI (71 %) while musculoskeletal disorders (13 %) and other disorders (13 %)
were the second most common reasons with digestion disorders accounting for the
remainder of the sick leaves. In this study, sickness absence days were added up and

divided into tertiles (from 0 to 2 days, from 3 to 6 days, and from 7 to 18 days).

Anthropometric measurements and fitness level

Body composition measurements of body mass (BM), fat free mass (FFM), fat mass
(FM) and percentage of body fat (F%) were determined using an eight-point bioelectrical
impedance (Inbody 720, Biospace Co. Ltd, Seoul, Korea). For each subject, the
measurements were performed between 6 a.m. and 7 a.m. after an overnight fast and after

voiding, with no exercise for 12 hours before the test. Conscripts wore T-shirts and

https://mc.manuscriptcentral.com/ebm
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trousers during the measurements. Height was measured by using a wall-mounted

stadiometer and rounded to the nearest 0.5 cm.

Blood samples

Blood samples were drawn from an antecubital vein after an overnight fast (10 hours)
each time in the seated position, between 6:30 and 7:30 a.m. The first sample was taken
on day 7, followed by measurements on weeks 4, 7 and 9. Fingertip lactate samples were
taken before and after the submaximal exercise between 9 and 12 a.m. after standard food
ingestion as described in the previous study!!. After protein precipitation, the
concentrations of free amino acids in plasma were determined by reversed phase high
performance liquid chromatography (RPHPLC). The HPLC system included a
Quaternary Gradient Pump unit, PU-2089 Plus, an Intelligent AutosamplerAS-2057 Plus,
Intelligent Fluoresence Detector, FP-2020 by Jasco, and data processing software Jasco
Chrompass as previously described. Briefly, plasma samples were extracted with
acetonitrile and derivatized to form fluorescent o-phthalaldehyde conjugates. Individual
amino acids were separated on a reversed phase Zorbax C18 column (3.0 mm x 150 mm
x 3.5 um, Agilent Technologies, Santa Clara, CA) and detected at wavelengths 338 nm

for excitation and 455 nm for emission!®.

Overreaching classification

Conscripts were classified as overreached (OR) and non-overreached (nOR) according to
five criteria from which they had to fulfill at least three in order to be classified as OR to

ensure the most accurate classification. Since there are no exact diagnostic tools to

https://mc.manuscriptcentral.com/ebm
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identify either OR or OTS and the symptoms may vary among individuals, the OR
criteria were chosen based on the literature regarding accepted physiological changes in
OR athletes or soldiers. According to the literature, the most typical symptoms related to
OR are performance decline with a reported increase in perceived exertion!’-20, fatigue'-
19,21 and mood changes! 2% 23 and these signs were taken into consideration in the
classification. Table 2 presents the descriptive data between the nOR and OR conscripts

on week 1 of the present study.

Criterion 1 was a decreased VO, ranging from greater than 5 %!'? of the lowest value
on week 1 or 5 to the lowest value on week 7 or 9. Criterion 2 was an increase greater
than 1.0 in mean RPE during the sub-maximal marching test!”-!? from the lowest value on
week 1 or 4 until weeks 7 and 9. Criterion 3 was a decrease greater than 0.27 mmol in the
lactate-RPE ratio. Two times the standard deviation was set as a threshold since it was
clearly different compared to the values from healthy athletes, and the literature
illustrates similar changes in OR athletes?*. Criterion 4 was feeling mentally or physically
overloaded on weeks 7, 8 and 9. Criterion 5 was a decrease greater than 1.0 in vigor in
POMS-A from the highest score on weeks 1, 2 or 4 until weeks 7, 8 and 9 and an increase
greater than 1.0 in fatigue from the lowest score on week 1, 2 or 4 until weeks 7, 8 and 9.
Both criteria had to be valid and the change had to remain during the following weeks
until the end of the 10-week study period. In order to avoid the possible impact of
individual mental stress caused by the change to a military environment, the baseline
value was taken from the lowest value in the early weeks. Only vigor and fatigue were

considered in our study since they have been reported to clearly change in overreached

https://mc.manuscriptcentral.com/ebm
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conditions while the other negative moods have increased or presented no change* 1% 25
26 We did not take into account URTISs as a criterion of OR since the military
environment poses a high risk for even otherwise healthy adults to develop respiratory
illnesses 2728, and possible epidemics in wintertime could lead to an overestimation of

OR among conscripts.

Statistical analysis

Statistical analyses were performed using IBM Statistics SPSS 20. To determine the
possible differences in the descriptive statistics on week 1 between the OR and nOR, an
independent sample T-test was performed if normality was evident. Total physical
activity, height, fat mass and Body Mass Index (BMI) were not normally distributed and,
therefore, Mann-Whitney U test was used. Pearson’s > was performed to evaluate
possible differences between the groups in the fitness level and in the three-point scale of
sickness absences. Possible differences in the scores of the URTI inquiry between nOR
and OR were tested by Mann-Whitney U test as data was skewed. Generalized linear
mixed model was used to identify significant differences, for the effect of training
between the groups and training x group interactions. The least significance difference
(LSD) post hoc test was used to examine the differences between the groups on a specific
week if a main effect of group on any specific amino acid was detected. In order to fulfill
the assumption of normally distributed residuals, glutamate was log transformed. The

estimates of the mixed model (E) are reported. Significance was set at p<0.05.

https://mc.manuscriptcentral.com/ebm
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Results

Out of a total of 53 conscripts, 8 (15 %) were classified as OR with the remaining 45
designated as nOR. Criterion 1 was met by 47 % of the conscripts, while criteria 2, 3, 4, 5
were met by 16 %, 20 %, 49 % and 18 %, respectively. There were no statistical
differences in anthropometric measurements nor in the level of activity between nOR and
OR at the beginning of the study (Table 2). The response rate for URTI inquiry was 100
%, 96%, 87 %, 68 % and 51 %, on weeks 2, 4, 7, 8 and 9, respectively. All conscripts
reported URTI symptoms during BT. There was no significant difference in the
symptoms of URTI between the groups apart from week 8 when the OR individuals had a
significantly higher cumulative score in the URTI inquiry (p<0.05). Sickness absence
data was available for 98 % of the conscripts; 38 % of the conscripts had sickness
absence of 0 to 2 days, 34 % of 3 to 6 days and 26 % of 7 to 18 days. When compared to
nOR, OR conscripts also had significantly more sickness absence days in the subscale 7-
18 days (p<0.05). There was a main effect of group for Gln/Glu ratio, and levels of Gln,
alanine and arginine (p<0.05) (Figure 1). Compared to nOR, GIn/Glu, and the levels of
alanine and arginine were significantly lower in OR (E -10.1+4.3, -119.1+49.1, -
65.0+25.0, respectively) during the entire 10-week study period (p<0.05) (Figure 1).
Moreover, the Glu concentration was higher (E 0.2+0.1, p<0.05) in OR than in nOR
during the first four weeks of military training (Figure 1). The arginine level also
increased in both groups (E 4.6£2.5) (p<0.05). There were no significant changes in the
amounts of Gln or BCAAs among nOR and OR individuals over the study period. The
tyrosine concentration exhibited a group x training interaction with no change in OR but

an increase in nOR (E 1.4+0.6, p<0.05) on weeks 4, 7 and 9 compared to the

https://mc.manuscriptcentral.com/ebm
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measurement at day 7. Tryptophan levels decreased (E -1.2+0.4, p<0.001) throughout the
study period in both groups. Otherwise, there were no significant changes in the

concentrations of the other amino acids (Table 3).

Discussion

As far as we are aware, the present study is the first to have evaluated the role of 19
amino acids in overreaching. The present study provides further evidence that the
Gln/Glu ratio is a reliable tool for evaluating overreaching, mainly due to significant
increase in Glu in OR. One notable new finding was the result that alanine, arginine and
tyrosine might be involved in overreaching. In addition, military training, which includes
not only endurance and strength-type of training but also other stressors like sleep
deprivation, negative energy balance, as well as stressful environmental factors like
working, living and sleeping outdoors and, occasionally, a restricted social life, seems to

have an impact on tryptophan and arginine concentrations.

As there are no specific diagnostic criteria for OR and the existing classifications have
not been clinically validated, we created a 5-scale categorization based on the literature
regarding typical findings on overreaching and overtraining. It is, however, recognized
that several markers may indicate OR!. Therefore, in an attempt to ensure the most
accurate classification, we required that at least three of five criteria had to be valid in

order for an individual to be classified as OR. The selected criteria values were clearly

https://mc.manuscriptcentral.com/ebm
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outside the normal range and represented the following changes in OR. Criterion 1,
decrease in VO,ax, Which is the most important and most widely applied parameter as a
critical criterion of overtraining, and criterion 4, feelings of being mentally or physically
overloaded, were fulfilled by almost every second conscript while the rest of the fulfilled
criteria represented approximately a prevalence of OR (15 %) among conscripts. Since all
conscripts had reported symptoms of URTI, the observed decrease in VO;,,x in nOR
might be an effect of mild or recent URTI. As military training consists of specified
training programs combined with environmental stressors, conscripts are under pressure
to learn new combat training skills and feelings of fatigue are subjective, almost half of
the conscripts might have felt themselves mentally or physically overloaded, although

classical OR might not have been present.

Interestingly, we also observed differences in the levels of alanine, in the GIn/Glu ratio,
as well as in arginine and Glu levels between the groups on the 7™ day of military
training when OR was expected to be present. However, the OR conscripts had reported
higher but non-significant, physical activity levels compared to nOR before starting their
military service. Although the VO, ..« level slightly differed between groups, an elevated
physical activity level (even if statistically non-significantly) might be a predisposing
factor for developing OR later during BT and might have an impact on the results
measured during the 15 week. Alterations in amino acid profiles may represent early
biochemical changes related to the onset of OR, although OR was not yet clinically

evident. On the other hand, an altered amino acid profile might further aggravate OR

https://mc.manuscriptcentral.com/ebm
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through the impacts of these changes in amino acid levels on several metabolic, neuronal

and hormonal pathways which will be discussed in the following paragraphs.

Previously, several studies have suggested that a lower GIn/Glu ratio may be a promising
marker for overreaching due to either lower Gln or higher Glu 2*. Smith and Norris®> even
proposed overreaching to occur when Gln/Glu would be less than 3.58 but higher ratios
were observed in the present study. The differences might be due to the different
analytical methods, since in our study, amino acids were analyzed by HPLC while a
colorimetric assay was used in the study of Smith and Norris’. Nevertheless, also in the
present study, the Gln/Glu ratio was significantly reduced in OR thus confirming the

results from previous studies that the GIn/Glu ratio may be beneficial for evaluating OR.

In some studies, the Gln concentration has been observed to decrease in overreached
athletes 8 2% 30 and this has been proposed to reflect a response to the training volume?,
representing a negative effect of exercise stress?’, which may also result in overload
training-induced impairment of the immune system. Monocytes and lymphocytes require
Gln for their activity and, therefore a lower Gln concentration could explain the more
common URTIs in OR 631-32, We also detected that the OR conscripts had more
symptoms of URTI by week 8 than their nOR counterparts. The difference disappeared
on the 91" week; however, the response rate also declined which may have affected the
results. Nevertheless, we did not observe any difference of Gln levels between OR and
nOR which is in agreement with other studies®“. Therefore, we did not find any

association of low glutamine levels with URTIs in OR. However, URTIs may have
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contributed to the development of OR and exposed the OR conscripts to a higher

likelihood of sickness absence compared with nOR.

Consistent with our results, earlier studies have reported a significant increase in Glu
levels in OR humans* 3 and rats3? due to excessive training stress. Therefore, as there was
no difference in Gln levels between nOR and OR, this indicates that the lower Gln/Glu
ratio in OR is probably due to increased Glu levels although marginal and insignificant
changes in Gln may alter this ratio. The increase in Glu concentration may precede OTS
rather than being specific for OTS since in the present study there was no difference
between OR and nOR in the post hoc tests on the week 7 and 9. In support of this
proposal, Coutts et al.? reported that Glu levels tended to increase in response to intensive
training but did not detect a significant difference between OR and nOR. In addition, our
findings agree with Smith and Norris® suggesting that the Glu level could potentially be
used to evaluate an individual’s tolerance to training and risk of OR. Thus, our study
indicates that the ability to cope with training load was mostly impaired in the first four

weeks of basic military training period.

There is little in the current literature regarding the effect of training on the plasma
arginine concentrations. However, exercise stimulates the production of nitric oxide?4,
while arginine has an important role as its precursor 3> 36, A recent study demonstrated
that aerobic exercise training decreased arginine concentrations but increased nitric oxide
generation in a heterogeneous population of subjects3’. In contrast to this observation, we

found that military training increased arginine levels in both the OR and nOR groups.

https://mc.manuscriptcentral.com/ebm
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Thus, the possible underlying mechanism may not be related solely to the nitric oxide
metabolism. The conflicting results may also be due to the characteristics of the subjects
and the different type and intensity of the training program as military training is a
combination of strength and endurance training, which might differentially affect the
arginine levels. Moreover, arginine also has multiple functions in the body and an
increased arginine concentration may be associated with several exercise adaptations
including the synthesis of creatine’®, enhanced ammonia removal during exercising®® and

increased growth hormone secretion*” and release*!.

Furthermore, we detected a difference in the arginine concentrations between nOR and
OR. Arginine is a conditionally essential amino acid and under stressful conditions,
including serious illnesses and intensive physical activity, there is elevated utilization of
arginine for physiological processes*>43. Thus, the increased utilization rate of arginine
might be a possible response to stressful conditions and this could account for the
difference in OR, even though a training response was detected in both groups. Arginine
metabolism might be involved in the development of OR and contribute to some of the

symptoms via metabolic pathways.

Interestingly, we found a reduced alanine concentration in OR. Alanine has a central role
in energy metabolism during exercise through its role in the glucose-alanine cycle, which
is a crucial step of gluconeogenesis in the liver**. In support of this mechanism, previous
studies have reported that the plasma alanine concentration increases in response to acute

exercise*-4¢ but decreases if it is prolonged*’. Nevertheless, since alanine is closely
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related to energy metabolism and we found a decreased alanine concentration in OR, it is
possible to postulate that OR is linked with an increased gluconeogenic demand.
Furthermore, there is a consensus that OR represents a maladaptation of the
hypothalamic-pituitary-adrenal axis (HPA)! indicating that there might be a
hypersensitivity of the pituitary subsequently followed by insensitivity and a blunted
hormone response*® 4% Thus, in the early stages of OR, there might be elevated cortisol
and catecholamine responses as a result of abnormalities in the HPA axis, leading to
increased gluconeogenesis which can also be connected with the lower alanine levels. In
addition, we previously reported a non-significant negative energy balance among the
present conscripts'?, which can be a consequence of strenuous military training with
high-energy expenditure and the lack of sleep and nutritional deprivation. Energy
deficiency is a known risk factor for OR! and might be associated with alterations in

alanine levels.

According the central fatigue theory, the changes in tryptophan, which is a precursor of
serotonin, could explain the exhaustion related to OR through increased serotonin
synthesis in the brain. It is known that free tryptophan competes with BCAAs for the
same carrier to pass through the blood-brain barrier and, on the other hand, with fatty
acids for albumin. Thus exercise-induced energy metabolism has been suggested to favor
the transport of free tryptophan to the brain as the utilization of BCAAs and fatty acids
increases. This, in turn, could elevate the rate of serotonin synthesis in the brain, leading
to a feeling of fatigue which is a characteristic symptom of OR? 1030, In fact, both

mechanisms would lead to increased unbound tryptophan concentrations in the plasma. In
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contrast, we did not observe any significant increase in tryptophan in OR nor any

significant changes in the levels of BCAAs. Thus, tryptophan does not seem to be a

oNOYTULT D WN =

sensitive marker for the early changes of OR.

Although we did not observe any increase in tryptophan levels in OR, we found that its
15 levels did decline in both groups throughout the training. Acute exercise has been

17 reported to decrease the tryptophan levels in trained athletes®!- 32, However, as far as we
are aware, there are only two studies, which have investigated the effect of chronic

22 exercise on tryptophan levels among healthy subjects? or athletes>*. Melancon et. al

24 found that plasma tryptophan availability was elevated by 30 and 60 minutes of acute
exercise after 16-week aerobic exercise training among 60 aged men>3. However, free

29 tryptophan availability measured during the bouts of acute exercise was attenuated

31 following training. The researchers suggested this occurred possibly due to a lower

33 serotonergic and sympathetic response due to regular exercising>?. Thus, a similar
process might explain the decreased tryptophan levels in our study. Additionally, a

38 randomized double-blinded placebo-controlled trial of a probiotic among trained athletes
40 found that tryptophan levels were lower after 12 weeks of normal winter training in the
placebo group. The placebo group also experienced more upper respiratory infections

45 than the probiotic group indicating that tryptophan may have a possible role in the

47 regulation of immune system, although confounding factors could not be ruled out in that
trial>*. Endurance training has also been reported to cause adaptations to the kynurenine
5o pathway and in the activity of indoleamine 2,3-dioxygenase, which is the enzyme

54 responsible for the breakdown of tryptophan’. Activation of kynurenine pathway and
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decreased tryptophan levels were also reported during acute exercise?. Therefore, the
reduction in the tryptophan levels observed in the present study could also be a result of
intense training activating the kynurenine pathway and might contribute to the high

prevalence of symptoms of URTI among conscripts.

Tyrosine is a precursor of the neurotransmitter dopamine, which takes part in excitatory
neurotransmission in the reward-motivation system of the brain and has an important role
in motivation, reward, memory and attention®. A reduction of the dopamine
concentration in the brain as a result of prolonged exercise has been suggested to be
linked with the onset of central fatigue based on the studies conducted with rats3’->° or
humans®- 6!, Already in the 1990s, Davis and Bailey>® proposed the central fatigue theory
of BCAAs and serotonin, and postulated that a high serotonin-dopamine ratio could be
related to impaired physical performance, tiredness and onset of fatigue whereas a low
ratio was associated with improved performance as a consequence of maintenance of
motivation and arousal through dopaminergic neuronal pathways. Furthermore, previous
studies have also shown that long-term exercise modifies the activity of the dopaminergic
system in patients with Parkinson disease®>%4. Thus, the observed increase in tyrosine
levels throughout training in nOR might be a physiological response to the alterations of
neuronal pathways in the dopaminergic system whereas in OR, the exercise-induced
plasticity might be disrupted due to pathophysiological changes in brain neurotransmitter

levels which also lead to a sensation of fatigue.

https://mc.manuscriptcentral.com/ebm



Page 23 of 36

oNOYTULT D WN =

Experimental Biology and Medicine

Tyrosine is also a precursor of the neurotransmitter noradrenaline, which plays a role in
learning and memory, attention, arousal, anxiety and pain®. Studies performed with
noradrenaline reuptake inhibitors have demonstrated that the noradrenergic system
decreases performance rather than improves it in humans®-%, Although the earlier studies
have not reported any improvement in physical performance after tyrosine
supplementation®®-73, some trials suggest that ingestion of tyrosine can enhance working
memory, cognitive tasks and tolerance to stress under stressed situations, such as military
operations’ 7> or sleep deprivation’® 77, through adrenergic pathways. Consequently, our
findings of no change in tyrosine in OR, in contrast to an increase in nOR throughout
training, may reflect a maladaptation to the increased exercise stress. The increased
tyrosine levels in nOR, in turn, might also represent a physiological adaptation in the
conscripts to the challenges posed by stressful military conditions resulting in better

cognitive functioning.

The determination of OR and OTS is challenging and, therefore, our findings should be
considered with caution. Due to logistic reasons, we were unable to take the baseline
blood samples on day 1 with the first samples being taken on day 7, which might slightly
affect the present results. Furthermore, OR is a consequence of complex set of stressors
and individually altered symptoms are also affected by other factors including
environmental and social circumstances, which makes it challenging to detect even using
a variety of criteria. Furthermore, amino acids form a complex metabolic network which

might be changed not only on strenuous exercise but also by many other factors such as
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nutrition, therefore the possible clarification of the mechanism behind the

pathophysiology of OR and OTS still remains unclear.

Conclusion

In conclusion, the present study indicates that two metabolically active amino acids,
alanine and arginine, might be predisposing factors for OR due to early observed
decrease in their levels in OR. In addition, changes in the levels of the neuronal
precursors, tryptophan and tyrosine, might be involved in the pathophysiology of OR
although it does seem that tryptophan might not be a sensitive marker for early changes
of OR. Moreover, an increase in the arginine concentration in response to military
training may be indicative of a positive training adaptation. The results of our study also
confirm the possible use of the GIn/Glu ratio as a tool for evaluating OR due to
significant increase in the Glu concentration which may reflect the exercise induced
fatigue and OR. However, further investigations will be needed with a determination of
other biochemical parameters, which might allow a clear interpretation of the changes in
the levels of the amino acids. Moreover, because approximately 15 % of conscripts were
classified as OR, more attention should be paid to the individual response to military
training, for example to have more tolerable training intensities, especially during the first

four weeks of BT.
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Figure legend

Figure 1. Mean + SD concentration at rest for significantly changed amino acids i.e.
glutamine-glutamate ratio (GIn/Glu) and levels of glutamate (Glu), arginine, alanine,
tyrosine and tryptophan in non-overreached (nOR) and overreached (OR) conscripts at
weeks 1, 4, 7 and 9 of the military service. Significant difference between groups
*p<0.05. Significant change due to exercise #p<0.05, ###p<0.001. Group x training

interaction +p<0.05.
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Table 1. Research protocol during the first 10 weeks of the military training.

Experimental Biology and Medicine

Week

1 4 5 6 7 10
VOjmax test X X X
Submaximal X X X
marching test
POMS X X X
Questionnaire X
Inquiry about X X X X
symptoms of
URTI
Blood X X X
samples
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Table 2. The descriptive statistics of non-OR and OR conscripts at week 1.

Non-overreached Overreached P*

oNOYTULT D WN =

10 *Total Physical activity 3607 + 3403 7808 + 11026 0.40

12 (MET min-wk-")

VO,max (mL-kg-""min') 43.0+6.5 45.0+£9.4 0.57

19 Height (cm) 177.6 £ 6.7 176.6 + 6.1 0.583

Body mass (kg) 779 +12.9 76.9 £18.3 0.85

26 BMI (kg/m?) 247438 24.5+4.4 0.70

Fatmass (kg) 15.1+83 17.1+£11.6 0.95

33 Fatfreemass (kg) 62.8+8.5 59.8+7.7 0.36

Body fat percentage 18.7+1.1 20.6 £ 3.1 0.65

40 *Total PA: Light PA + Moderate PA + Vigorous PA reported by international physical activity questionnaire
41 (IPAQ).
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Table 3. Descriptive statistics of non-significantly changed amino acids at rest (nmol/ml) among nOR and

OR conscripts during the first 9 weeks of the military service.

Week 1 Week 4 Week 7 Week 9 P*
Mean + SD Mean + SD Mean + SD Mean + SD
Asparagine nOR 85.8+253 82.4+254 88.2+25.6 86.5+26.8 0.27
OR 66.1 £19.3 60.4+21.8 65.2+20.9 69.4+16.0
Aspartate nOR 41+£22 4.0=+1.7 40+1.9 47+1.7 0.073
OR 6.0+3.7 48+24 47 +1.7 6.1+3.0
Glutamine nOR 641.8+72.7 622.8 + 80.7 675.8 + 80.8 646.1 + 86.7 0.12
OR 588.0+52.6 559.0+76.7 637.3+94.2 600.7 +39.8
Glycine nOR 257.5+92.8 250.2 + 83.7 264.7 + 88.8 271.8+£105.7 0.19
OR 240.6 £19.3 220.7 £35.0 254.8+53.4 294.5 + 62.1
Histidine nOR 73.2+10.3 73.1+79 72.7+8.9 71.4+10.2 0.44
OR 76.1 £4.8 72.8+13.3 729+ 13.9 749+73
Isoleucine nOR 55.5+8.9 54.2 £8.0 53.6 £8.1 54.9+9.6 0.094
OR 59.2+9.8 60.4+10.6 55.8+9.2 52.9+6.5
Leusine nOR 151.5+21.7 150.7+21.9 153.0+18.0 154.5+23.0 0.36
OR 158.0+13.5 152.8 £ 18.1 153.5+23.9 145.1+21.6
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Lysine nOR 146.9 +23.9 134.3+25.6 151.9+24.4 148.4+29.9 0.65
OR 146.6 + 24.8 122.4+35.5 144.6 + 44.6 150.2 +35.7

Methionine nOR  29.0+3.9 259+4.6 29.7+43 284 +£5.8 0.59
OR 28.7+3.4 21.3+3.2 28.6+3.9 246 +3.2

Phenylalanine nOR 59.6+7.8 574+72 60.5+ 6.4 62.3+8.7 0.61
OR 60.3+2.7 52.0+£5.8 60.1+7.1 54.4+£8.6

Serine nOR 80.7+15.9 77.6 £16.5 83.9+16.9 81.9 +£20.1 0.79
OR 84.9+13.8 749 +12.0 80.2+£12.2 86.6 £15.5

Taurine nOR  37.1+738 362+74 33.8+6.7 60.7+9.1 0.91
OR 39.0£11.2 34.7 £8.6 33.9+£5.8 37.8+99

Treonine nOR 594 +8.0 55.6+£10.7 60.8+11.8 58.8+£12.4 0.33
OR 56.2+94 50.2+7.3 523 £12.3 56.8£13.0

Valine nOR  2179+349 216.0+355 213.2+262  2262+404 0.83
OR 218.7+183  217.8+£34.8  205.7+257 214.7+149

Note: The data is presented in the form of mean + SD.
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