
Amino Acids (2019) 51:193–204 
https://doi.org/10.1007/s00726-018-2655-y

ORIGINAL ARTICLE

Rehydration during exercise prevents the increase of homocysteine 
concentrations
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Abstract
This study aimed to assess the effect of rehydration during and after acute aerobic submaximal exercise on total homocysteine 
(tHcy) concentrations and related parameters in physically active adult males. Twenty trained males (29.4 ± 7.9 years old) 
completed four exercise tests: two without rehydration during exercise (NH1 and NH2), one with rehydration during exercise 
using water (H1) and one with rehydration during exercise using an isotonic sports drink (H2). After finishing the exercise 
tests, subjects followed a rehydration protocol for 2 h. Serum tHcy, vitamin B12, folate, creatine and creatinine were analysed 
before, after and at 2, 6 and 24 h after exercise. Data were analysed with and without correcting for haemoconcentration to 
assess the changes in tHcy related. The methylenetetrahydrofolate reductase (MTHFR) 677TT genotype was also analysed. 
THcy (uncorrected by haemoconcentration) increased significantly after exercise (P < 0.05) in the NH1 and NH2 tests [mean 
increase ± SD: 1.55 ± 0.33 (15.18%) and 1.76 ± 0.25 (17.69%) µmol/L, respectively], while no significant differences were 
found in the H1 and H2 tests [mean increase: 0.65 (6.29%) and 0.90 (8.69%) μmol/L, respectively]. The increase was partly 
due to haemoconcentration and partly due to the metabolism underlying acute exercise. THcy concentrations recovered to 
baseline after 24 h in all tests. In conclusion, adequate rehydration during acute aerobic exercise using either water or a 
sports drink maintains tHcy concentrations at baseline and for up to 2 h after exercise in physically active male adults and 
prevents further increases when compared to no rehydration.
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Introduction

Elevated total serum homocysteine (tHcy) is consistently 
considered as a powerful independent predictor of coro‑
nary heart disease, cerebrovascular disease and venous 

thrombosis (Joubert and Manore 2006). Evidence also sup‑
ports high tHcy concentrations as an independent risk fac‑
tor for atherosclerotic disease in the coronary, cerebral and 
peripheral vessels (Boushey et al. 1995); however, the debate 
has recently opened into whether Hcy is a marker or a causa‑
tive agent (Petras et al. 2014).
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Controversial data have recently been published regard‑
ing the effect of physical exercise on tHcy concentrations; 
however, several studies have consistently demonstrated an 
increase in tHcy immediately after acute aerobic exercise 
(Deminice et al. 2014, 2016; Gelecek et al. 2007; Herrmann 
et al. 2003b; Iglesias‑Gutierrez et al. 2012; Maroto‑Sanchez 
et al. 2016).

The exact mechanism through which exercise affects 
tHcy concentrations remains poorly investigated. During 
prolonged exercise, skeletal muscle increases protein and 
amino acid catabolism (Brosnan et al. 2011), which is a 
cortisol‑dependent regulation that results in the simultane‑
ous uptake of amino acids into the liver to induce glucose 
synthesis (Powers and Howley 2007). Exercise increases the 
pool of amino acids in the muscle (Van Hall et al. 1999a), 
therefore, it could also increase the protein turnover and the 
catabolism of methionine and Hcy formation (Rennie and 
Tipton 2000; Joubert and Manore 2006). This could alter 
tHcy concentrations by increasing methionine metabolism 
or by decreasing B‑vitamin availability (Joubert and Manore 
2006). Studies have also shown increased plasma and mus‑
cle free amino acids after acute exercise (Van Hall et al. 
1999b; Venta et al. 2009; Deminice et al. 2011), which can 
reduce glycogen reserves that, in turn, increase the demand 
for vitamin B‑6 and folate (Herrmann et al. 2003a) that are 
required for Hcy catabolism and removal, respectively. On 
the other hand, an increase in methyl group turnover (which 
implicates creatine synthesis) during high‑intensity exercise 
appears to be another important link between increased tHcy 
concentrations and exercise (Joubert and Manore 2006). 
Exercise clearly increases the demand for several methylated 
compounds, such as DNA, epinephrine, acetylcholine, car‑
nitine and creatine (Venta et al. 2009; Deminice et al. 2011), 
which along with Hcy are products of transmethylation reac‑
tions. On the other hand, Sotgia et al. (2007) demonstrated 
that exercise‑induced variations in Hcy concentrations were 
related to changes in the concentration of plasma creatine, 
which is an important methylated compound.

Hcy metabolism is affected by several enzyme muta‑
tions, the most prevalent of which is the methylenetetrahy‑
drofolate reductase (MTHFR) C677T polymorphism. This 
polymorphism is associated with decreased enzyme activity, 
which eventually leads to elevated Hcy concentrations. The 
relationship between the reduced activity of the MTHFR 
enzyme and increased Hcy and cardiovascular disease 
(CVD) risk has been extensively investigated (Fukuda et al. 
2014; González et al. 2016).

Prolonged exercise induces marked dehydration and 
hyperthermia if fluid losses are not replaced during exer‑
cise. The detrimental effects of dehydration on cardiovas‑
cular, thermoregulatory and metabolic functions are well 
documented (Sawka and Coyle 1999; Gonzalez‑Alonso et al. 
2008; Laitano et al. 2012). Recent research demonstrated 

that a small degree of hypohydration induced by moderate 
exercise and fluid restriction significantly impaired endothe‑
lial function (Arnaoutis et al. 2016), mechanism closely 
related to Hcy metabolism (Joubert and Manore 2006). Pre‑
vious studies provided compelling evidence that dehydration 
when exercising in the heat resulted in significant perturba‑
tions in cardiovascular function in healthy humans compared 
with euhydrated normothermic and euhydrated heat‑stressed 
individuals (Gonzalez‑Alonso et al. 2008). A proper rehy‑
dration protocol during exercise influences cardiovascular 
function, thermoregulatory function, muscle performance, 
plasma and fluid volume status and exercise performance 
(Casa et al. 2000).

Rehydration is an important factor that restores all physi‑
ological systems in the human body and is implicated in 
restoring plasma volume. Rehydration should be taken into 
account as a possible factor not only for restoring water, 
glycogen and electrolyte losses or recovering plasma volume 
but also for being potentially implicated in affecting blood 
parameters by exercise and dehydration, as is the case with 
Hcy.

No data exist regarding the effect of rehydration dur‑
ing exercise on tHcy concentrations. Several studies have 
looked at both the acute and chronic Hcy response to exer‑
cise; however, none have directly investigated the interaction 
with rehydration. Therefore, the purpose of this study was to 
assess the effects of dehydration and rehydration on the Hcy 
response to acute aerobic exercise and its related parameters 
(i.e. folate, vitamin  B12, creatine and creatinine).

Material and methods

The present study is a randomized and counterbalanced 
crossover design, were each participant acts as his own 
control.

Participants

Twenty males (mean age 29.4 ± 7.9 year) without known 
pathology, healthy and physically active (at least 3 days per 
week of aerobic exercise) were recruited at the Faculty of 
Physical Activity and Sport Sciences–INEF of the Technical 
University of Madrid (Spain).

The sample selection and study protocol were performed 
following the ethical guidelines of the Declaration of Hel‑
sinki for research involving human subjects (World Medical 
Association, 2004). Participants were informed of the nature 
and purpose of the study and signed an informed consent 
prior to conducting the tests. The protocol was approved 
by the Ethics Review Board of the Technical University of 
Madrid.
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Inclusion and exclusion criteria

Inclusion criteria were to be male, physically active (at 
least 3 days per week of aerobic exercise), non‑smoker and 
healthy (not having any of the diseases listed below).

Exclusion criteria were to have any central or peripheral 
cardiovascular risk factor, diabetes, kidney or liver problems, 
known asthmatic complications, total cholesterol > 200 mg/
dL, systolic blood pressure > 140 mmHg or diastolic blood 
pressure > 90 mmHg, smoker, alcohol intake > 22 g/day 
history of inflammation or cancer, orthopaedic limitations, 
medications that may affect metabolic and cardiovascular 
function, vegetarian diets, intake of B‑vitamins supplement 
or fortified food during the last 2 months.

Medical examination

On their first visit, subjects were required to complete a 
medical examination to ensure that there was no medical 
contraindication to them participating in the study. A basal 
electrocardiogram was performed with the  Jaeger® elec‑
trocardiograph (Erich Jaeger, Germany). In addition, body 
mass (kg) with a  Detecto® scale (Lafayette Instruments 
Company, Lafayette, Indiana, USA), and height (cm) with a 
conventional rack stadiometer (Holtain Limited, Crymych, 
UK) were registered with the standard method by the Frank‑
furt Plane position. Body composition (Body mass, water 
content, Fat mass, Lean body mass, Body Mass Index, and 
Basal Metabolism) was analysed by Bioelectrical Impedance 
Analysis (BIA) with a TANITA BC 418 MA (Tanita Corp., 
Tokyo, Japan).

During this session, subjects completed an incremental 
maximal test on a treadmill (H/P/COSMOS® 3P 4.0, H/P/

Cosmos Sports & Medical, Nussdorf‑Traunstein, Germany), 
according to the protocol described by Myers and Bellin 
(2000). Individual maximal oxygen uptake  (VO2max) of each 
subject was determined to establish the individual load at 
65% of oxygen consumption  (VO2) for each subject for the 
further tests of the study.

Randomization

Participants were randomly assigned through counterbal‑
anced drawing to complete the 2 non‑rehydration tests: NH1 
and NH2; and then, the 2 rehydration tests, H1 and H2.

The type of liquid after each test was randomized and 
counterbalanced.

Exercise protocol

All participants completed four exercise tests of 40 min at 
constant load with an intensity of 65% of their individual 
 VO2max on a treadmill as described previously (Maroto‑
Sanchez et al. 2013). Tests were performed in a hot envi‑
ronment to get the subjects dehydrated (mean temperature 
of 30 °C and 60% of mean relative humidity), controlled 
by heaters and a weather station. Two of the exercise tests 
were performed without rehydration during exercise (NH1 
and NH2) and the other two tests with rehydration during 
exercise (H1 and H2) (Fig. 1). After finishing all of the tests 
participants followed a rehydration protocol (See below 
rehydration protocol).

During exercise tests, heart rate (HR) was controlled 
using a Polar  S810® (Polar Electro, Kempele, Finland); the 
 VO2 and ventilation (VE) were measured with the gas ana‑
lyzer Jaeger Oxycon Pro (Erich Jaeger, Viasys Healthcare, 

Fig. 1  Experimental protocol
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Germany). Blood pressure (BP) was measured before and 
after each exercise test.

Rehydration protocol

Participants were weighed under the same conditions and 
wearing the same light clothing before and after each test 
to calculate the water loss through sweat during exercise. 
Participants urinated immediately before their weight was 
recorded and immediately after the exercise tests.

The following hydration protocols were used:

• Nonrehydration tests (NH1 and NH2): no rehydration
during the exercise tests followed by 2 h of controlled
rehydration after the tests were finished. Rehydration
was performed with water in the NH1 test and with an
isotonic sports drink in the NH2 test.

• Rehydration tests (H1 and H2): rehydration was per‑
formed during the exercise tests with 250 mL of water in
the H1 test and a sports drink (distributed in two doses of
125 mL in minute 15 and minute 30) in the H2 test. After
finishing the exercise tests, participants followed 2 h of
a controlled rehydration protocol with water in the H1
test and a sports drink in the H2 test. The drinking vol‑
ume during the 2‑h controlled rehydration protocol was
the same as the weight lost during exercise, which was
individually measured in each participant in each of the
four tests. The weight loss was calculated by subtracting
the initial body weight from the final body weight. The
difference in grams was considered as a volume in milli‑
litres. Half of the amount was drunk during the first hour,
and the remaining half was drunk at regular intervals
during the second hour. After the rehydration protocol,
participants were instructed to continue rehydration by
drinking 50% of the lost‑weight volume to ensure 150%
of the weight lost was replaced.

Drink composition: Table 1 shows the composition of 
the drinks.

Standardization of previous and subsequent diet 
and exercise

To standardise the results, participants were instructed not 
to perform strenuous exercise in the 24 h prior to testing and 
not to eat any food or drink coffee or caffeinated beverages 
in the 2 h before the tests. To ensure euhydration before each 
trial, subjects followed a standardised hydration protocol by 
consuming an average of 350 mL of water 2 h before testing 
in accordance with the American College of Sports Medi‑
cine (ACSM) recommendations (Sawka et al. 2007).

After 2 h of controlled rehydration, participants followed 
specific dietary guidelines for the next 24 h:

– Carbohydrates: 8 g/kg.
– Proteins: 1.5 g/kg.
– Fat: avoid intake of fat.
– Milk or dairy products: not fortified with vitamins.
– Liquids: water—24 h after tests (min 50% of total weight

lost).

Blood samples processing

Blood samples (10 mL) were collected immediately before 
exercise (pre0), immediately after exercise (post0), at 2 h, 
6 h, and 24 h after exercise tests.

The blood collection was performed by standard veni‑
puncture on vacuum Vacutainer ® tubes. Tubes were placed 
on ice immediately and after clot formation samples were 
centrifuged during 10 min at 3000 rpm. Serum was distrib‑
uted and stored at − 80 °C until processing.

Serum tHcy was determined using an enzymatic assay 
(AU400 analyser, Beckman Instruments, Ltd., Bucks, UK; 
CV ≤ 6%). Vitamin  B12 was analysed using an electrochemi‑
luminescence immnoassay (Elecsys 2010 analyser, Roche 
Diagnostics, IN, USA; CV ≤ 10%). Serum Folate was deter‑
mined using an electrochemiluminescence immunoassay 
(Elecsys 2010, Roche Diagnostics, IN, USA, CV ≤ 11%). 
Creatinine was analysed using a colorimetric analyser 
(Beckman AU400, Beckman Instruments, Ltd., Bucks, 
UK; CV ≤ 2%) and creatine was determined by capillary 

Table 1  Drink’s composition Bottled water Sport drink

Dry residue 265 mg/L
Bicarbonates 276 mg/L
Sulfates 6.9 mg/L
Chlorides 4.3 mg/L
Calcium 90.4 mg/L
Magnesium 2.7 mg/L Sodium 2.1 mg/L

Ingredients: water, sucrose, salt and flavour‑
ings, stabilizers E‑414 and E‑445, E‑133 dye, 
acidulant citric acid, sodium citrate minerals, 
potassium citrate, magnesium chloride

Energy value (values for each 100 mL): 31 kcal; 
proteins 0 g; carbohydrates 7.5 g, which sugar 
added: 7.5 g; fat 0 g, which saturated fatty 
acids: 0 g; dietary fiber 0 g; sodium 0.05 g; 
added minerals: chloride 4.7 mg; potassium 
5.3 mg; magnesium 1.6 mg
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electrophoresis using a diode array detector (P/ACE Beck‑
man, Fullerton, CA, USA) as described by Zinellu et al. 
(2006).

Serum sodium, chloride and magnesium were measured 
by indirect potentiometry technique (Beckman AU400, 
Beckman Instruments, Ltd., Bucks, UK). The rest of the 
routine biochemistry analysis was carried out with the col‑
orimetric analyser (Beckman AU400, Beckman Instruments, 
Ltd., Bucks, UK CV ≤ 6%) using standard methodologies. 
Urine osmolarity was determined by freezing point depres‑
sion with the osmometer Osmo Station OM‑6050 (Menarini 
Diagnostics, Florence, Italy, CV ≤ 1%).

For hematological parameters, a complete hematologi‑
cal analysis was performed within the first hour after blood 
collection and was obtained by an automated hematology 
analyser (Celltac E MEK‑7222 J/K, Nihon Kohden Corpo‑
ration, Tokyo, Japan) at the Laboratory of the Faculty of 
Physical Activity and Sport Sciences‑INEF, of the Technical 
University of Madrid (Laboratory number 242, Laboratory 
Network of the Region of Madrid).

The analysis of all the biochemical parameters was car‑
ried out at the Clinical laboratory of the Sports Medicine 
Center of the High Sports Council (HSC, Spain). Creatine 
was measured at the Clinical laboratory of the Faculty of 
Medicine, Department of Biomedical Sciences of University 
of Sassari (Sardinia, Italy).

Haemoconcentration corrections

To control the haemoconcentration by changes in plasma 
volume (ΔPV) during exercise and rehydration, this study 
presents data with and without corrections for concentra‑
tions, which were calculated using the Dill and Costill 
(1974) equation using haematocrit (Hct) (%) and haemo‑
globin (Hb) in g/dL.

The correction for haemoconcentration of the biochemi‑
cal parameters immediately after exercise, at 2 h, 6 h and 
24 h were as follows (Alis et al. 2015):

 where “C” and “U” sub‑indices denote “Corrected” and 
“Uncorrected” concentrations, respectively.

Genetic analysis

Whole blood (5 mL) from each participant was collected 
in ethylene‑diaminetetraacetic acid, EDTA and sent to the 
Laboratory of Pediatrics, Faculty of Medicine, University of 
Cantabria. DNA was extracted from each sample using the 

ΔPV (%) = 100 ×
[

(Hb pre∕Hb post)

×(100 − Htc post)∕(100 − Htc pre) − 1
]

,

ParameterC = ParameterU∕(1 − Δ VP(%)∕100),

“QIAamp® DNA Blood Mini Kit” from QIAGEN (Hilden, 
Germany) and the genotyping was performed afterwards. 
The DNA samples were preserved at − 20 °C.

The analysis of the MTHFR C677T (rs1801133) poly‑
morphism was done based on the PCR and RFLP techniques 
(Frosst et al. 1995).

Statistical analysis

All of the variables followed a normal distribution, there‑
fore, parametric tests were used. Standard statistical meth‑
ods were used to calculate the means and standard deviation 
(SD). Two‑way analysis of variance for repeated measures 
(ANOVA) was used to determine differences in each vari‑
able between points (Pre0, Post0, 2 h, 6 h and 24 h) and 
among tests (NH1, NH2, H1 and H2). Multiple evaluations 
were made using the Bonferroni post hoc test. The percent‑
age change was calculated within each liquid between points 
(Pre0, Post0, 2 h, 6 h and 24 h) for the tHcy variable.

Correlation analysis was made using Pearson correlation 
coefficient to check the relationship among the analysed 
variables.

All the parameters were corrected by haemoconcentration 
following the calculations described previously.

Differences in Systolic blood pressure, weight and urine 
osmolarity at pre0 and post0 were analysed using Student 
t test.

The interaction of MTHFR polymorphisms on tHcy, 
was analysed using a univariate model followed by a 
Kruskal–Wallis tests due to the small sample size in each 
genotype group.

A value of P < 0.05 was considered statistically 
significant.

SPSS v.20.0 for Windows (IBM SPSS, Version 20.0. 
Armonk, NY: IBM Corp.) was used for the statistical 
analysis.

Results

Table 2 shows the general characteristics and genotypes of 
the study cohort and the distributions of the C677T MTHFR 
genotype. Concentrations of tHcy were not different among 
the C677T MTHFR genotype groups at any sampling point 
(data not shown).

The physiological parameters registered during the tests, 
including heart rate and blood pressure stratified by the four 
exercise tests, are shown in Table 3. Urine osmolarity before 
and after the tests and weight loss are shown in Table 4. 
There were no statistical differences in osmolarity before 
and after the exercise tests. Weight loss during the exercise 
tests was significant in the four tests (P < 0.001).
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Table  5 shows the descriptive data as mean ± SD of 
plasma volume change (%) after the tests. The tHcy con‑
centrations, corrected and uncorrected for haemoconcen‑
tration at all measured points in the four tests, are shown 
in Table 6. Mean Hcy values > 10 μmol/L were observed 
after the tests at all measured points. Uncorrected serum 
tHcy concentrations were significantly increased (P < 0.05) 

after acute aerobic exercise in the NH1 and NH2 tests 
[mean increase ± SD: 1.55 ± 0.33 (15.18%) and 1.76 ± 0.25 
(17.69%) μmol/L, respectively], while no significant differ‑
ences were found in the NH1 and NH2 tests. Conversely, 
corrected tHcy concentrations increased over time from 
Pre0 and reached their maximum values at 6 h (P < 0.05), 
representing an increase of 18.90% and 21.21% for the NH1 

Table 2  Anthropometric 
characteristics and genotype of 
the studied sample

MTHFR methylene tetrahydrofolate reductase polymorphism, CC genotype without mutation, CT genotype 
heterozygous, TT genotype MTHFR C677T common mutation

Characteristics X SD

Age (year) 29.4 7.903
Height (cm) 176.0 7.163
Weight (kg) 76.1 7.854
Body mass index (BMI) 24.4 1.909
Basal metabolism (Kcal) 1960 167.7
Fat mass (kg) 11.3 4.184
% fat 8.8 3.644
Lean mass (kg) 67.3 5.842
Total body water (kg) 49.3 4.281

Polymorphism Genotype % (n)

MTHFR C677T CC 50% (10)
CT 45% (9)
TT 5% (1)

Table 3  Heart rate and blood pressure before and after the exercise tests

Pre0 before exercise, Post0 immediately after exercise, NH1 non‑hydration during exercise and water hydration after exercise, NH2 non‑hydra‑
tion during exercise and sport drink hydration after exercise, H1 water hydration during and after exercise, H2 sport drink hydration during and 
after exercise
**Significant differences between previous point within each test (P < 0.001)

NH1 NH2 H1 H2

Systolic blood pressure pre0 (mmHg) 121.11 ± 6.46 124.30 ± 5.75 116.50 ± 9.52 118.708.90
Systolic blood pressure post0 (mmHg) 139.60 ± 12.21** 131.11 ± 16.53 127.22 ± 10.60** 125.83 ± 10.67
Diastolic blood pressure pre0 (mmHg) 66.83 ± 7.22 69.15 ± 4.68 67.70 ± 7.18 70.35 ± 7.54
Diastolic blood pressure post0 (mmHg) 68.30 ± 7.79 65.05 ± 7.22 64.44 ± 5.60 65.88 ± 8.32
HR max (bpm) 174 ± 23 174 ± 16 162 ± 13 164 ± 14
HR mean (bpm) 153 ± 14 151 ± 15 140 ± 12 141 ± 13

Table 4  Weight lost and urine 
osmolarity before and after 
exercise

Pre0 before exercise, Post0 immediately after exercise, NH1 non‑hydration during exercise and water 
hydration after exercise, NH2 non‑hydration during exercise and sport drink hydration after exercise, H1 
water hydration during and after exercise, H2 sport drink hydration during and after exercise
**Significant differences between previous point within each test (P < 0.001)

NH1
(X ± SD)

NH2
(X ± SD)

H1
(X ± SD)

H2
(X ± SD)

Weight lost after tests (kg) 1.31 ± 0.37** 1.39 ± 0.29** 1.20 ± 0.32** 1.08 ± 0.34**
Osmolarity Pre0 (mosm/L) 596.2 ± 310.3 666.5 ± 309 581.4 ± 329.1 747.2 ± 240.5
Osmolarity Post0 (mosm/L) 583.9 ± 303.9 670.6 ± 294.4 516.9 ± 285 674.1 ± 269.1
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and NH2 tests, respectively. No significant changes were 
found at any of the measured points in the H1 and H2 tests. 
After the 2 h postexercise rehydration protocol, corrected 
tHcy concentrations showed a tendency to increase (NS) 
and reached their maximum values at 6 h, with a 6.20% 
and 14% increase from Pre0 for H1 and H2, respectively. At 
24 h, tHcy concentrations recovered to the baseline value in 
each of the four tests. Table 7 presents the concentrations of 
folate and vitamin  B12, and Table 8 presents the concentra‑
tions of creatinine and creatine corrected and uncorrected 
for haemoconcentration during the tests. Compared with 
baseline, vitamin  B12 values were significantly increased at 
6 h in the NH1, NH2 and H2 tests. Conversely, no signifi‑
cant differences were observed in serum folate concentra‑
tions. Serum creatine concentrations significantly increased 
at Post0 in the four tests (P < 0.01 in the NH1, NH2 and 
H2 tests, and P < 0.05 in the H1 test) and decreased at 2 h 
in the four tests (P < 0.05 in the NH1, NH2 and H2 tests). 
The highest creatine concentrations were observed at 6 h 

in the four tests (P < 0.05). No significant differences were 
observed in serum creatinine at Post0 in any of the tests. 
Moreover, creatinine also significantly increased to its maxi‑
mum values in all four tests at 6 h (P < 0.05).

Discussion

To the best of the author’s knowledge, this is the first investi‑
gation to analyse the effects of a controlled rehydration pro‑
tocol on tHcy concentrations during and after acute exercise. 
The exact mechanisms by which serum tHcy increases are 
still unknown (Deminice and Jordao 2012). Some authors 
have speculated that haemoconcentration could explain 
some of the increased tHcy after acute exercise (Herrmann 
et al. 2003b). To approximate whether haemoconcentration 
is the reason behind the tHcy increase after acute exercise, 
both corrected and uncorrected tHcy concentration data 
were analysed. Uncorrected tHcy data were significantly 
elevated immediately after exercise without rehydration 
(P < 0.05), while corrected tHcy concentrations at the same 
point showed the same tendency. This may demonstrate 
that part of the Hcy increase is due to haemoconcentration, 
while the other part is due to mechanisms involved in the 
effects of exercise. Thus, it is important to establish and 
differentiate the proper use of the methodological haemo‑
concentration corrections depending on the research aim in 
the exercise context. Research that aims to study the kinetics 
and mechanisms underlying the physiological behaviour of 
specific parameters should include haemoconcentration cor‑
rections. Conversely, research that aims to analyse an exist‑
ing risk relating to specific moments of dehydration‑induced 
haemoconcentration should not include haemoconcentration 
corrections to study the ‘real concentration’ in the blood.

Table 5  Change of plasma volume (%) after all four tests

Post0 immediately after exercise, 2 h 2 h after exercise, 6 h 6 h after 
exercise, 24  h 24  h after exercise, NH1 non‑hydration during exer‑
cise and water hydration after exercise, NH2 non‑hydration during 
exercise and sport drink hydration after exercise, H1 water hydration 
during and after exercise, H2 sport drink hydration during and after 
exercise

ΔVP (%) X ± SD

NH1 NH2 H1 H2

Post0 − 7.82 ± 5.28 − 10.77 ± 3.36 − 8.45 ± 8.79 − 9.69 ± 5.57
2 h 1.57 ± 8.17 2.86 ± 6.15 − 4.98 ± 9.27 3.53 ± 5.82
6 h 4.92 ± 10.71 4.51 ± 8.15 1.02 ± 7.17 7.25 ± 8.37
24 h 3.87 ± 9.93 0.49 ± 12.31 0.60 ± 8.47 2.75 ± 7.45

Table 6  Total homocysteine concentrations corrected (C) and uncorrected (U) by hemoconcentration

tHcy total serum homocysteine, Pre0 before exercise, Post0 immediately after exercise, 2 h 2 h after exercise, 6 h 6 h after exercise, 24 h 24 h 
after exercise, NH1 non‑hydration during exercise and water hydration after exercise, NH2 non‑hydration during exercise and sport drink hydra‑
tion after exercise, H1 water hydration during and after exercise, H2 sport drink hydration during and after exercise, C corrected by hemocon‑
centration, U uncorrected by hemoconcentration
*Significant differences from previous point within each test (P < 0.05)
**From previous point within each test (P < 0.001)
a From baseline within each test (P < 0.05)
b Differences between same point C and U

(µmol/L) NH1 NH2 H1 H2

THcy U THcy C THcy U THcy C THcy U THcy C THcy U THcy C

Pre0 10.21 ± 1.44 10.21 ± 1.44 9.95 ± 1.65 9.95 ± 1.65 10.33 ± 1.94 10.33 ± 1.94 10.36 ± 1.96 10.36 ± 1.96
Post0 11.76 ± 2.33** 10.90 ± 2.01b 11.71 ± 1.69** 10.65 ± 1.47b 10.98 ± 2.26 10.12 ± 1.89b 11.26 ± 1.72 10.41 ± 1.60b

2 h 11.29 ± 2.14 11.54 ± 2.27a 10.63 ± 1.95* 10.96 ± 2.00b 10.59 ± 2.09 10.19 ± 2.32b 9.81 ± 1.76 10.30 ± 1.94b

6 h 11.36 ± 1.89a 12.14 ± 2.60*,a,b 11.43 ± 1.95 12.06 ± 2.26a,b 10.80 ± 1.89 10.97 ± 2.03 10.78 ± 2.37 11.81 ± 2.24b

24 h 10.14 ± 1.51** 10.68 ± 2.10 10.72 ± 1.28 11.11 ± 2.43 10.29 ± 2.15 10.49 ± 2.34 10.40 ± 1.65 10.81 ± 1.45
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Table 7  Folate and vitamin  B12 concentrations corrected and uncorrected by hemoconcentration

tHcy total serum homocysteine, Pre0 before exercise, Post0 immediately after exercise, 2 h 2 h after exercise, 6 h 6 h after exercise, 24 h 24 h 
after exercise, NH1 non‑hydration during exercise and water hydration after exercise, NH2 non‑hydration during exercise and sport drink hydra‑
tion after exercise, H1 water hydration during and after exercise, H2 sport drink hydration during and after exercise, C corrected by hemocon‑
centration, U uncorrected by hemoconcentration
*Significant differences from previous point within each test (P < 0.05)
**From previous point within each test (P < 0.001)
a From baseline within each test (P < 0.05)
b Differences between same point C and U (P < 0.05)
c Differences with test NH2 at same point (P < 0.05)

(ng/mL) NH1 NH2 H1 H2

Folate U
X ± SD

Folate C
X ± SD

Folate U
X ± SD

Folate C
X ± SD

Folate U
X ± SD

Folate C
X ± SD

Folate U
X ± SD

Folate C
X ± SD

Pre0 8.89 ± 3.34 8.89 ± 3.34 9.04 ± 3.37 9.04 ± 3.37 8.85 ± 1.84 8.85 ± 1.84 8.88 ± 2.78 8.88 ± 2.78
Post0 10.40 ± 2.59 9.67b ± 2.46 10.87 ± 3.32* 9.94 ± 3.08b 10.03 ± 3.11 9.22 ± 2.69b 10.37 ± 3.44** 9.24 ± 3.11b

2 h 9.67 ± 3.21 9.85 ± 3.08 8.92 ± 2.50** 9.24 ± 2.74b 10.10 ± 2.65a,c 9.70 ± 2.84 9.69 ± 4.26 9.92 ± 4.53b

6 h 9.05 ± 2.43 9.62 ± 2.42b 9.20 ± 2.65 9.63 ± 2.62b 9.45 ± 2.13 9.55 ± 2.14 9.58 ± 2.92 10.13 ± 3.16b

24 h 9.00 ± 2.59 9.33 ± 2.30 9.17 ± 3.38 9.33 ± 3.56 8.69 ± 2.33 8.70 ± 2.53 8.96 ± 2.76 9.26 ± 3.01

(pg/mL) Vitamin  B12 U
X ± SD

Vitamin  B12 C
X ± SD

Vitamin  B12 U
X ± SD

Vitamin  B12 C
X ± SD

Vitamin  B12 U
X ± SD

Vitamin  B12 C
X ± SD

Vitamin  B12 U
X ± SD

Vitamin  B12 C
X ± SD

Pre0 458.22 ± 154.82 458.22 ± 154.82 473.65 ± 167.91 473.65 ± 167.91 465.60 ± 165.39 465.60 ± 165.39 479.62 ± 180.93 479.62 ± 180.93
Post0 522.58 ± 173.47* 484.46 ± 157.04b 513.75,b ± 174.19** 469.20 ± 159.95 510.69 ± 162.67b 472.64 ± 152.39b 561.75 ± 230.42 509.63 ± 219.32
2 h 505.07 ± 160.32 513.86 ± 149.34 475.77 ± 153.63*,b 495.30 ± 179.97 504.43 ± 181.45 486.55 ± 193.27b 498.04 ± 199.13 512.47 ± 221.13
6 h 514.51 ± 207.65 543.03 ± 184.75*,a 510.53 ± 179.61*,a 536.02 ± 181.22a 494.59 ± 173.12 498.97 ± 166.74b 514.58 ± 183.30 558.51 ± 246.12a

24 h 483.55 ± 185.20* 503.95 ± 179.40 500.04 ± 198.52 506.55 ± 187.42* 487.01 ± 165.41 507.15 ± 198.25 525.10 ± 191.28 547.30 ± 236.93a

Table 8  Creatine and creatinine concentrations corrected and uncorrected by hemoconcentration

tHcy total serum homocysteine, Pre0 before exercise, Post0 immediately after exercise, 2 h 2 h after exercise, 6 h 6 h after exercise, 24 h 24 h 
after exercise, NH1 non‑hydration during exercise and water hydration after exercise, NH2 non‑hydration during exercise and sport drink hydra‑
tion after exercise, H1 water hydration during and after exercise, H2 sport drink hydration during and after exercise, C corrected by hemocon‑
centration, U uncorrected by hemoconcentration
*Significant differences from previous point within each test (P < 0.05)
**From previous point within each test (P < 0.001)
a From baseline within each test (P < 0.05)
b Differences between same point C and U (P < 0.05)
c Differences between same point with H1 test (P < 0.05)

(mg/dL) NH1 NH2 H1 H2

Creatine U 
X ± SD

Creatine C 
X ± SD

Creatine U 
X ± SD

Creatine C 
X ± SD

Creatine U 
X ± SD

Creatine C 
X ± SD

Creatine U 
X ± SD

Creatine C 
X ± SD

Pre0 2.68 ± 1.19 2.68 ± 1.19 2.53 ± 0.91 2.53 ± .91 2.73 ± 1.13 2.73 ± 1.13 2.59 ± 1.15 2.59 ± 1.15
Post0 3.66 ± 1.35** 3.41 ± 1.30**,b 3.67 ± 1.65** 3.41 ± 1.43*,a,b 3.37 ± 1.17* 3.13 ± 1.12*,b 3.87 ± 1.70** 3.56 ± 1.63*,b

2 h 2.42 ± 0.94** 2.47* ± .97 2.61 ± 1.02* 2.70 ± 1.12*,b 2.32 ± 0.83* 2.23 ± .82* 2.54 ± 1.34** 2.70 ± 1.59*,b

6 h 4.50 ± 2.99*,a 4.76 ± 3.14*,a,b 3.91 ± 2.30a 4.12 ± 2.37a,b 3.90 ± 2.38 3.93 ± 2.39* 4.59 ± 3.58* 5.12 ± 4.03*,a,b

24 h 2.49 ± 1.00* 2.59 ± 1.01* 2.73 ± 1.12 2.92 ± 1.76 2.81 ± 1.44 2.86 ± 1.46 2.66 ± 1.18 2.78 ± 1.23

(mg/dL) Creatinine U Creatinine C Creatinine U Creatinine C Creatinine U Creatinine C Creatinine U Creatinine C

Pre0 1.13 ± 0.13 1.13 ± 0.13 1.13 ± 0.08 1.13 ± 0.08 1.08 ± 0.10 1.08 ± 0.10 1.14 ± 0.10 1.14 ± 0.10
Post0 1.27 ± 0.13** 1.18 ± 0.13b 1.26 ± 0.14** 1.13 ± 0.13b 1.20 ± 0.15* 1.11 ± 0.13b 1.24 ± 0.14* 1.14 ± 0.13b

2 h 1.16 ± 0.11** 1.19 ± 0.15 1.15 ± 0.09** 1.19 ± 0.14b 1.13 ± 0.13a 1.09 ± 0.17b 1.14 ± 0.15* 1.19 ± 0.17b

6 h 1.21 ± 0.20 1.28 ± 0.25a,b 1.18 ± 0.14 1.24 ± 0.17a,b 1.19 ± 0.15a 1.21 ± 0.16*,a 1.18 ± 0.10 1.29 ± 0.19a,b

24 h 1.11 ± 0.09 1.16 ± 0.15 1.11 ± 0.10 1.13 ± 0.18* 1.13 ± 0.10a 1.14 ± 0.15 1.13 ± 0.12 1.16 ± 0.18*
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With regards to the objectives of this study, serum tHcy 
concentrations during rehydration are discussed without the 
haemoconcentration correction. The results showed that 
rehydration during acute exercise at 65% of  VO2 max main‑
tained tHcy concentrations at baseline up to 2 h after exer‑
cise independent of the type of liquid (i.e. water or sports 
drink). Conversely, when exercise tests were performed 
without rehydration, tHcy concentrations increased signifi‑
cantly (P < 0.05) and reached values close to the cutoff point 
(> 12 μmol/L) (Castañon et al. 2007). This data suggests that 
rehydration during aerobic submaximal exercise could have 
a protective effect on increased tHcy concentrations during 
and after acute exercise.

Some experimental studies have shown increased tHcy 
after acute exercise (Herrmann et al. 2003b; Konig et al. 
2003; Real et al. 2005; Gelecek et al. 2007; Venta et al. 
2009; Bizheh and Jaafari 2011; Deminice et al. 2011, 2013; 
Iglesias‑Gutierrez et al. 2012). The results from this study 
showed higher tHcy concentrations immediately after acute 
aerobic submaximal exercise with a continued increase 
reaching maximum values at 6 h post‑exercise. At 24 h after 
exercise, tHcy concentrations recovered to baseline values. 
In line with these results, Herrmann et al. (2003b) found 
a 64% increase after a marathon race. Conversely, Konig 
et al. (2003) found higher tHcy concentrations at 1 h after 
acute exercise; however, high tHcy concentrations were also 
observed at 24 h after a triathlon competition.

The rise in Hcy after acute exercise seems to be transitory 
and tends to return to baseline levels after 24 h. Although 
the data from this study revealed an overall sample mean 
of > 10 μmol/L after acute exercise in all tests, this could 
indicate a relevant issue that should be studied carefully as 
there are no data available regarding the effects of transitory 
increased Hcy on health (Real et al. 2005). In addition, the 
observed Hcy increase induced by acute exercise was slight 
compared to that associated with pathological conditions 
such as CVD (Shi et al. 2015), chronic renal failure (Jakov‑
ljevic et al. 2015) and dementia (Kumudini et al. 2014; Shen 
and Ji 2015). Therefore, increased Hcy induced by acute 
exercise may not be considered a risk factor for cardiovas‑
cular events mediated by hyperhomocysteinaemia.

It is important to remember that this effect is different 
from the effects found in chronic exercise. Some researchers 
reported an exercise‑induced reduction in tHcy after train‑
ing (Randeva et al. 2002; Vincent et al. 2003, 2006; Choi 
et al. 2014), while other studies showed that training did 
not contribute to decreased tHcy concentrations (Boreham 
et al. 2005). Interestingly, Okura et al. (2006) found differ‑
ent responses depending on the baseline tHcy status; for 
example, increased tHcy levels were observed after train‑
ing in subjects with normal tHcy concentrations at baseline, 
while the opposite effect (i.e. decreased tHcy after training) 
was observed in subjects with hyperhomocysteinaemia at 

baseline. Molina‑López et al. (2013) and Guzel et al. (2012) 
also found increased tHcy levels after exercise training pro‑
grams. Konig et al. (2003) concluded that although acute 
exercise significantly increased tHcy, chronic endurance 
exercise was not associated with higher plasma tHcy concen‑
trations. In summary, acute exercise may induce an increase 
in tHcy levels. In contrast, no consensus exists regarding 
the training effect, as all the analysed investigations used a 
variety of exercise interventions with different intensities, 
durations and modes of exercise.

The parameters that influence tHcy concentrations and 
their implications with exercise should receive consider‑
able attention. These factors include B vitamins, such as 
folate, vitamin  B12 and vitamin  B6 blood levels, as cofac‑
tors of several enzymes involved in Hcy metabolism. The 
inverse correlations of serum vitamin  B12 and folate with 
tHcy are well established in the literature (González‑Gross 
et al. 2002); however, this interaction may be modulated by 
exercise or training. The correlation of blood vitamin  B12 
and folate with tHcy before exercise was observed in various 
studies; however, the results were less clear and sometimes 
controversial regarding exercise or training programs. The 
results showed an inverse correlation between folate and 
tHcy before exercise; however, this correlation was lost after 
exercise and hours later. In accordance with the results of 
this study, the literature shows a high variability in the cor‑
relations of folate and vitamin  B12 with tHcy concentrations 
(Maroto‑Sanchez et al. 2016).

Folate and vitamin  B12 were increased after acute exer‑
cise, the same as previously found in the study of Igle‑
sias‑Gutierrez et al. (2012). There is a general consensus 
regarding increased folate and vitamin  B12 levels after acute 
exercise, competition or training programs (Maroto‑Sanchez 
et al. 2016). In addition, some authors have speculated that 
tHcy increases because vitamin  B6 levels are too low to 
reduce Hcy and convert it to cysteine via the transsulfuration 
pathway. It should be noted that vitamin  B6 is required as a 
coenzyme for transaminases, decarboxylases and glycogen 
phosphorylate in metabolic pathways of energy production. 
Herrmann et al. (2003c) suggested that endurance athletes 
had a higher prevalence of B vitamin deficiency due to the 
high necessity of vitamin  B6 and folate not only during exer‑
cise but also during training, as vitamin  B6 is necessary to 
fuel working muscles and to repair damaged tissues (Joubert 
and Manore 2006).

Creatine is responsible for a considerable level of S‑aden‑
osylmethionine consumption in the liver for Hcy formation. 
Evidence also suggests that physical activity may alter Hcy 
metabolism by increasing protein or methyl group turno‑
ver (Gibala 2001). During high‑intensity exercise, creatine 
phosphate is required as an immediate energy source for 
muscle contraction. The increased demand for creatine syn‑
thesis is a key factor in the modulation of methyl balance and 
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one of the most important factors related to increased tHcy 
(Sotgia et al. 2007). Results from the present investigation 
showed increased levels of creatine and creatinine after exer‑
cise, which reached the highest values at 6 h after exercise. 
These data support the idea of Sotgia et al. (2007), who 
suggested that creatine demand was increased after high‑
intensity exercise as substrate utilisation and consequently 
increased the formation of tHcy. However, more studies are 
necessary to examine the activities of key enzymes in cre‑
atine synthesis after acute exercise and their association with 
tHcy concentrations.

Rehydration after exercise is a common and necessary 
routine for all athletes. As rehydration has an effect on 
restoring plasma volume, fluid losses and physiological sys‑
tems are altered by acute exercise (Cheuvront and Kenefick 
2014). The results showed that 2 h of a rehydration protocol 
with a sports drink after aerobic submaximal exercise signif‑
icantly reduced the previous increase in tHcy concentration. 
Moreover, the same tendency was also observed for water 
although without a significant difference (NS).

After 2 h of the rehydration protocol, tHcy concentrations 
continued to be higher than at baseline in both the water 
and sports drink groups. The differences between the liq‑
uids could be due to the hydration effect of the carbohydrate 
sports drink. Drinking fluids that contain carbohydrates and 
electrolytes may offer a gradual return to the predehydration 
levels and prevent any decrease in circulating sodium con‑
centration, thus better maintaining the plasma volume and 
resulting in a smaller urine fluid loss.

Some studies have highlighted the importance of avoid‑
ing a rapid increase in plasma volume and a corresponding 
reduction in sodium concentration and osmolarity during 
postexercise rehydration to ensure that diuresis does not 
occur and that the retention of ingested fluid is maximised 
(Evans et al. 2009). As rehydration with a sports drink (con‑
taining carbohydrates and electrolytes) helps to maintain 
plasma volume better than water, it is hypothesised that a 
sports drinks would be better than water at restoring elevated 
tHcy and other blood parameters that could be altered dur‑
ing exercise.

Conclusion

An adequate rehydration protocol during acute aerobic sub‑
maximal exercise with both water and a sports drink main‑
tains tHcy concentrations at baseline and up to 2 h after 
acute exercise in physically active male adults. Furthermore, 
rehydration during exercise prevents a further increase in 
tHcy concentrations at 6 h. This investigation demonstrated 
that part of the increase in tHcy levels during exercise was 
due to the haemoconcentration and that another part was due 
to the mechanisms involved in the effects of exercise. The 

effects of rehydration and exercise on tHcy concentrations 
after acute exercise require further investigation.

Limitations and strengths of the study

A few limitations of the present investigation are noteworthy. 
The small sample size means that the genetic profile can 
only be taken as a control measure. Moreover, the lack of 
strict dietary control at 6 and 24 h after the tests could com‑
plicate the interpretation of results at 6 h after exercise. We 
would also mention that transient increase of tHcy, partially 
consequent to short lasting dehydration, seems unlikely to 
become a significant indicator of a high CV risk profile. 
This seems particularly true, since the study population is 
made of physically active adult males, in the middle of their 
fourth decade of life, who do not appear to display any other 
significant CV risk factor in their cumulative profile.

Some strengths of the present investigation should also 
be mentioned. This study is the first to analyse the effects 
of a controlled rehydration protocol on total Hcy concentra‑
tions after acute aerobic submaximal exercise. It is also the 
first study to use a crossover design to analyse the effects of 
acute exercise with and without haemoconcentration cor‑
rections. Furthermore, this study will contribute to a better 
understanding of tHcy responses after acute exercise and the 
effects of hydration as an important component in restoring 
altered health‑related biomarkers (i.e. Hcy in this case) that 
have not been measured to date. MTHFR was included as a 
control variable. Moreover, the inclusion of a standardised 
protocol, the strict following of the fieldwork, the homoge‑
neity of the study sample and the control of all parameters 
during the experimental fieldwork at the laboratory must be 
mentioned.
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