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Ingestion of sodium citrate suppresses
aldosterone level in blood at rest and during
exercise

Vahur Ööpik, Saima Timpmann, Anthony C. Hackney, Kadri Kadak,
Luule Medijainen, and Kalle Karelson

Abstract: The purpose of this study was to determine if the ingestion of sodium citrate (CIT) alters blood levels of fluid
and electrolyte regulatory hormones at rest and during exercise. Using a randomized, double-blinded, crossover design,
13 young, male well-trained runners performed continuous incremental running tests to volitional exhaustion on a treadmill
2 h after ingestion of 0.5 g�kg–1 body mass of CIT or placebo (PLC) in 1000 mL of solution. These trials were separated
by 2 weeks. Baseline (before ingestion) aldosterone concentration did not differ between the 2 trials; however, it was
36.5% (p = 0.003) lower in the CIT trial compared with the PLC trial before the running test (i.e., after ingestion). The ex-
tent of the running-induced increase in aldosterone was 33% (p = 0.009) smaller in the CIT trial. There were no between-
trial differences in the levels of adrenocorticotropic hormone, N-terminal pro-B-type natriuretic peptide, or renin activity at
any stage of the study. However, a greater relative increase in plasma volume (mean ± SD, 6.41% ± 3.78% vs. 4.08% ±
3.33%; p = 0.042) was observed after administering the CIT compared with the PLC drink. Serum Na+ concentration in-
creased (by 3.1 ± 1.2 mmol�L–1; p < 0.0001) after ingestion of the CIT but not the PLC drink. A higher Na+ level was ob-
served in the CIT trial than in the PLC trial (142.4 ± 1.6 vs. 139.3 ± 1.4 mmol�L–1, p = 0.00001) after completion of the
run. In conclusion, pre-exercise ingestion of CIT induces a decrease in serum aldosterone concentration in the resting con-
dition and a blunting of the aldosterone response during incremental running exercise to volitional exhaustion. The ob-
served effect of CIT on the serum aldosterone level may be mediated by an acute increase in plasma volume and serum
Na+ concentration alterations.

Key words: buffer ingestion, fluid regulatory hormones, ergogenic aid.

Résumé : Cette étude se propose de vérifier si la consommation de citrate de sodium (CIT) modifie les taux des hormones
responsables de l’équilibre hydrique et des électrolytes, au repos et à l’effort. Treize jeunes hommes bien entraı̂nés à la
course participent à un test d’effort progressif continu sur tapis roulant, jusqu’à épuisement, et ce, 2 h après avoir
consommé 0,5 g�kg–1 de masse corporelle de CIT ou d’un placebo (PLC) dissous dans 1000 mL d’une solution. La straté-
gie de recherche consiste en un plan expérimental contrebalancé à double insu. Les deux essais sont réalisés à deux semai-
nes d’intervalle. D’un essai à l’autre, la concentration d’aldostérone de référence avant la consommation de la boisson ne
diffère pas; par contre, elle diminue de 36,5 % (p = 0,003) après la consommation de la boisson dans la condition CIT
comparativement à la condition PLC avant le début du test. Dans la condition CIT, l’augmentation de la concentration
d’aldostérone suscitée par la course est 33 % plus faible (p = 0,009). D’une condition à l’autre et à toutes les étapes de
l’étude, on n’observe aucune différence des concentrations de l’hormone adrénocorticotrope, du fragment N-terminal du
peptide natriurétique pro-B et de l’activité de la rénine. Cependant, on observe une plus grande augmentation du volume
plasmatique relatif après la consommation du CIT comparativement à la consommation du PLC : moyenne ± écart-type,
6,41 ± 3,78 % comparativement à 4,08 ± 3,33 %; p = 0,042. La concentration sérique de Na+ augmente de 3,1 ±
1,2 mmol�L–1 (p < 0,0001) après la consommation du CIT, mais n’augmente pas après la consommation du PLC. Après la
fin de la course, on observe une plus grande concentration de Na+ dans la condition CIT que dans la condition PLC :
142,4 ± 1,6 mmol�L–1 comparativement à 139,3 ± 1,4 mmol�L–1 (p = 0,00001). En conclusion, la consommation de CIT
avant le début de l’exercice physique suscite une diminution de la concentration sérique d’aldostérone au repos et une atté-
nuation de la réponse de l’aldostérone au cours du test d’effort progressif jusqu’à épuisement. L’effet noté du CIT sur la
concentration sérique d’aldostérone est probablement dû à l’augmentation rapide du volume plasmatique et à la modifica-
tion du taux sérique de Na+.

Mots-clés : consommation d’un tampon, hormones de l’équilibre hydrique, facteur ergogène.
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[Traduit par la Rédaction]

_______________________________________________________________________________________

Introduction
Ingestion of sodium bicarbonate or sodium citrate (CIT)

has been shown to increase blood pH and HCO3
– concentra-

tion and to improve performance in different types of exer-
cise (Requena et al. 2005; Burke et al. 2006). Data from
many previous studies (Potteiger et al. 1996a; McNaughton
et al. 1999; Bishop et al. 2004) suggest that the ergogenic
effect of alkalinizing agents is based on a facilitated efflux
of intracellular lactate and hydrogen ions (H+) from con-
tracting muscle cells during high-intensity exercise. How-
ever, an elevated intracellular lactate and H+ concentration
is certainly not the sole explanation for fatigue and reduc-
tion in exercise performance (Cairns 2006). Likewise, the
metabolic consequences of sodium bicarbonate or CIT in-
gestion are not limited to increased extracellular buffering
capacity. Street et al. (2005), for example, demonstrated
that CIT ingestion in comparison with placebo (PLC) re-
duced interstitial K+ accumulation during intense exercise.
Lower interstitial K+ concentration has been suggested to be
associated with increased performance (Nielsen et al. 2004).
In addition, both sodium bicarbonate (Lindinger et al. 2000)
and CIT (Ööpik et al. 2004, 2008) ingestion in an amount
that may be considered to be of ergogenic benefit increases
plasma volume in young men and women. Pre-exercise
acute plasma volume expansion has been shown to enhance
endurance exercise performance in untrained men under
temperate conditions (Greenleaf et al. 1997), as well as in
moderately trained male subjects exercising in the heat
(Sims et al. 2007).

Information is scarce about the potential effects of sodium
bicarbonate or CIT ingestion on hormones. Bouissou et al.
(1988) demonstrated that alkalosis induced by the ingestion
of sodium bicarbonate remarkably reduced the blood epi-
nephrine response to cycling exercise at 375 W until exhaus-
tion in highly trained athletes. However, Marx et al. (2002)
did not find any effect of orally induced alkalosis on the
plasma epinephrine response to high-intensity cycle exercise
in untrained men.

CIT ingestion increases plasma volume in trained male
(Ööpik et al. 2004) and female (Ööpik et al. 2008) runners.
Grant et al. (1996) demonstrated that iso-osmotic acute
plasma volume expansion induced by intravenous infusion
of 6% dextran solution suppressed the aldosterone response
during prolonged cycle exercise. In addition, CIT dissociates
into the ions of Na+ and citrate– rapidly after ingestion
(Devlin 1997) and may therefore induce an increase in se-
rum Na+ concentration, because most of the sodium ab-
sorbed from the intestinal tract remains in extracellular
fluids (Lindinger et al. 1999). We are not aware of the effect
of CIT on the K+ level; however, another buffering sodium
salt (NaHCO3) has been shown to induce a decrease in
plasma K+ concentration (Lindinger et al. 1999). Changes in
both serum Na+ and K+ concentrations can have an impact
on the blood levels of fluid and electrolyte regulatory hor-
mones (Shier et al. 1996).

Hence, available data suggest that ingestion of CIT indu-

ces expansion of plasma volume, and may cause an increase
in serum Na+ and a decrease in K+ concentration. However,
to our knowledge, the potential effect of CIT ingestion on
the blood levels of fluid and electrolyte regulatory hormones
at rest and (or) during exercise has never been investigated.
Therefore, the main purpose of this study was to determine
the effect of pre-exercise ingestion of an amount of CIT,
which may be considered to be of ergogenic benefit, on
blood renin activity, as well as on the concentrations of
adrenocorticotropic hormone (ACTH), aldosterone, and
N-terminal pro-B-type natriuretic peptide (NT-proBNP) at
rest and during incremental endurance exercise in young
male runners.

Materials and methods

Subjects
Thirteen young male well-trained middle- and long-

distance runners participated in the study, the protocol of
which was approved by the Ethics Committee of the Univer-
sity of Tartu (Tartu, Estonia). The subjects gave their writ-
ten informed consent and were screened by a questionnaire
for pre-existing medical conditions that would contraindicate
their involvement in the study. Their mean ± SD age, body
mass, height, and maximal oxygen uptake ( _VO2 max) at the
beginning of the study were 21.8 ± 2.9 years, 71.5 ±
5.6 kg, 181.2 ± 5.3 cm, and 69.9 ± 5.2 mL�kg–1�min–1, re-
spectively. They had been involved in different sporting ac-
tivities for 9.6 ± 2.3 years, including systematic running
training for 5.2 ± 2.5 years.

Study protocol
All subjects visited the laboratory 3 times. On each occa-

sion, the subjects performed a continuous incremental run-
ning test to volitional fatigue on a treadmill. The first
laboratory visit involved a maximal aerobic power test to
determine _VO2 max, and in the remaining 2 experimental vis-
its (i.e., trials), subjects completed their exercise bouts after
the ingestion of either CIT (CIT trial) or sodium chloride as
PLC (PLC trial). The latter 2 trials were separated by 2 full
weeks of recovery. The 2 diet supplement manipulations,
CIT and PLC, were administered in a counterbalanced,
crossover, randomly assigned, double-blind design. Addi-
tionally, the subjects were instructed to abstain from
vigorous exercise the day before each exercise trial and
were advised to follow their habitual eating pattern through-
out the study period. On each exercise trial day and the day
preceding their visit to the laboratory, subjects kept detailed
physical activity and food diaries in which they recorded all
food and fluid intake. To ensure the mass of food consumed
was recorded correctly, each participant was provided with a
weighing scale and a questionnaire to record the type and
quantity of food eaten. Analysis of the food diaries was per-
formed using the Micro-Nutrica 2.0 software developed in
Finland and adapted for use in Estonia at the Food Process-
ing Institute of the Tallinn University of Technology (Tal-
linn, Estonia). This analysis provided information on the
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calories, proteins, fats, carbohydrates, and water consumed
by the subjects. The information obtained from the diaries
completed before the first visit to the laboratory was used
to remind the athletes of the pattern of physical activity and
eating they were to follow before their next trial day. These
measures were undertaken to ensure a stable nutritional and
training status of the subjects throughout the study period.

The _VO2 max of the subjects was measured using an incre-
mental exercise test protocol performed on a treadmill (Run-
race HC 1400, Technogym, Gambettola, Italy). The protocol
involved a 5-min warm-up at a speed of 8 km�h–1, and then
a starting speed was set at 10 km�h–1. The running speed
was increased by 2 km�h–1 every 3 min until 14 km�h–1 was
reached, after which it was increased by 1 km�h–1 every
3 min until the subjects could no longer maintain the run-
ning speed. Expired respiratory gas was sampled and ana-
lyzed continuously using a computerized calorimetry system
(True Max 2400, Parvo Medics, East Sandy, Utah). The cal-
orimeter system analyzers were calibrated before each sub-
ject was tested. The criteria used to confirm that an
individual’s _V O2 max had been reached were the achieve-
ment of a plateau in O2 uptake with an increase in work
rate and an R value greater than 1.1 (Hoffman 2002).

In the remaining 2 experimental trials, the subjects re-
ported to the laboratory following a normal breakfast, and
the exact same exercise test protocol as above was used
without the expired gas analysis. In the CIT trial, the sub-
jects ingested 500 mL of fluid containing CIT (0.5 g�kg–1

body mass). The dose of CIT ingested by the subjects in
this study is considered to be effective as an ergogenic aid
according to Requena et al. (2005). CIT was dissolved in
250 mL mineral water with a low mineral content (Ca2+,
80–120 mg�L–1; Mg2+, 20–35 mg�L–1; Na++ K+, 15–
25 mg�L–1; HCO3

–, 390–430 mg�L–1; SO4
2–, 10–15 mg�L–1;

Cl–, 15–25 mg�L–1; pH, 7.4–7.7) and mixed with 250 mL or-
ange juice. In the PLC trial, 500 mL solution containing
1.0% of sodium chloride in a similar mineral water and or-
ange juice mix was used. The procedure for the administra-
tion of the solutions in the CIT and PLC trials was identical:
1-half of the volume (250 mL) was consumed 2 h before
and the other half 1.5 h before the exercise trial run. Imme-
diately after the ingestion of each portion of the solution, the
subjects were encouraged to drink 250 mL of mineral water
to wash the taste of the solution from their mouths and min-
imize the likelihood of gastrointestinal disorders. Thus, the
total amount of fluid ingested before the test run was
1000 mL.

The subjects were asked to report to the researchers any
gastrointestinal distress experienced during the experimental
trials. Body mass was measured just before administering
the solution (baseline), as well as immediately before start-
ing and after finishing the run. The subjects were allowed
to use the toilet between the first and second body mass
measurement and they were instructed to collect any urine
passed so that the urine volume could be determined. The
subjects did not consume any food or other beverages after
drinking the treatment solution throughout the testing proce-
dure in both trials. They performed a 5-min prerace warm-
up at a speed of 8 km�h–1 before undertaking each of the
test runs. During the test runs, the subjects received verbal
encouragement from researchers to continue exercising as

long as possible. Heart rate was recorded continuously dur-
ing the runs using the cardiotester Polar PE 3000 (Polar
Electro OY, Kempele, Finland).

Biochemical analyses
Blood samples were drawn from an arm vein (vena inter-

media cubiti) of the subjects. The first blood sample was
drawn before administering the solutions (baseline), the sec-
ond before each test run (after the standardized warm-up),
and the third 5 min after the end of the test run. Venous
blood was collected into 7.0 mL sterile Vacutainer tubes
(Becton Dickenson & Co., Franklin Lakes, N.J.) as well as
into Vacutainer tubes containing EDTA (4.5 mL).

The venous blood from the EDTA tube was used for the
measurement of hemoglobin concentration (Dr. Lange cuv-
ette test LKM 143; miniphotometer LP 20 Plus, Dr. Lange,
Düsseldorf, Germany) and packed cell volume (by spun
hematocrit). The values obtained were used to calculate
changes in plasma volume (Dill and Costill 1974).

The remaining venous blood samples were immediately
cooled by placing the Vacutainer tubes into ice water. The
tubes were later (within 1 h) centrifuged at 2000g, and the
separated plasma and serum were stored at –25 8C until
analysis. The plasma samples were used for the measure-
ment of ACTH concentration (by chemoluminescence im-
munoassay, IMMULITE 2000, Siemens Medical Solution
Diagnostics, Los Angeles, Calif.) and renin activity (by ra-
dioimmunoassay, DiaSorin, Saluggia, Italy) using the Wal-
lac 1470 WIZARD Gamma Counter (Wallac OY, Turku,
Finland). The concentration of aldosterone in serum was
measured by the radioimmunoassay method (Siemens Medi-
cal Solution Diagnostics) using the Wallac 1470 WIZARD
Gamma Counter. The level of electrolytes (Na+, K+, Cl–)
was measured from the samples of serum using Cobras Inte-
gra 800 from Roche Diagnostics GmbH (Mannheim, Ger-
many). The concentration of NT-proBNP was measured in
serum by means of a commercial electrochemiluminescence
immunoassay kit using analyzer Elecsys 2010 from Roche
Diagnostics GmbH. The hormone NT-proBNP was meas-
ured as a surrogate for atrial natriuretic peptide (ANP) be-
cause it has similar physiologic actions but a substantially
longer biological half-life (Cauliez et al. 2005).

Statistical analysis
Conventional statistical analysis was used to calculate the

mean and SD for each parameter investigated. The distribu-
tion pattern of the data was tested using the 1-sample
Kolmogorov–Smirnov test. A 1-way analysis of variance for
repeated measures was applied to identify differences
between treatments. The Student’s dependent t test was
used to locate differences between the means. Significance
was set at p < 0.05.

Results

Analysis of nutritional data revealed no differences in the
energy intake of the subjects during the day preceding the
trials or on the exercise trial day in any treatment condi-
tions. Also, no significant differences in protein, fat, carbo-
hydrate, or water intake were identified between the
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2 treatment conditions during the study period. The energy
and nutrient intake of the subjects is shown in Table 1.

There were no between-treatment differences in the total
body mass of the subjects in any stage of the study (Table 2).
However, during the period between the consumption of the
drink and the initiation of test runs, the body mass of the
subjects rose by 0.6 kg in the CIT trial and by 0.3 kg in the
PLC trial (p = 0.02). As a result, the subjects in the CIT trial
started the test run, on average, 0.2 kg heavier than those in
the PLC trial, but this difference in body mass was not stat-

istically significant (p = 0.342). The decrease in body mass
during the run did not differ (p = 0.607) between the 2 trials
(0.8 kg in the PLC trial and 0.9 kg in the CIT trial)
(Table 2).

The volume of urine passed by the subjects between the
first and second body mass measurement was different be-
tween the 2 trials: 449 ± 245 mL in the PLC trial and
185 ± 38 mL in the CIT trial (p = 0.003).

The packed cell volume and hemoglobin concentration
before the test run were significantly lower than the values
measured prior to administering the drink in both trials
(Table 3). The calculated relative increase in plasma volume

Table 1. Quantities of dietary protein, fat, carbohydrate, and
water consumed by the subjects (N = 13).

Treatment

Day and diet component Placebo Sodium citrate
Preceding day

Energy (kcal�d–1) 2945±719 2797±609
Protein (g�d–1) 116.9±27.6 107.7±26.6
Fat (g�d–1) 105.6±42.9 102.7±33.8
Carbohydrate (g�d–1) 364.1±127.5 350.6±81.1
Water (g�d–1) 2819±778 2614±1019

Test day breakfast
Energy (kcal) 647±197 645±182
Protein (g) 20.8±7.2 21.5±6.0
Fat (g) 19.7±12.6 16.0±7.6
Carbohydrate (g) 94.4±37.9 101.5±42.5
Water (g) 573±216 555±226

Note: Values are presented as means ± SD.

Table 2. Body mass (kg) of the subjects (N = 13).

Treatment Baseline Before run After run
Placebo 71.4±6.4 71.7±6.3* 70.9±6.3*,{

Sodium citrate 71.3±6.3 71.9±6.2* 71.0±6.1*,{

Note: Values are presented as means ± SD.
*Significantly different from baseline value (p < 0.05).
{Significantly different from before test run value (p < 0.05).

Table 3. Packed cell volume, hemoglobin concentration, and
relative changes in plasma volume (N = 13).

Treatment

Blood parameter Placebo Citrate

Packed cell volume (%)
Baseline 44.8±2.3 45.2±1.9
Before test run 44.0±2.5* 43.2±1.7*,{

After test run 45.4±2.1{ 44.5±2.1{,{

Hemoglobin (g�100 mL–1)
Baseline 15.5±0.9 15.6±1.0
Before test run 15.1±1.0* 15.2±0.9*
After test run 15.5±1.0{ 15.6±1.0{

Changes in plasma volume (%)
Baseline ? before test run 4.08±3.33 6.41±3.78{

Before test run ? after test run –4.76±5.46 –4.79±3.75

Note: Values presented as means ± SD.
*Significantly different from baseline value (p < 0.05).
{Significantly different from before test run value (p < 0.05).
{Significantly different from placebo treatment (p < 0.05).

Table 4. Sodium (Na+), potassium (K+), and chlor-
ide (Cl–) concentration in serum (N = 13).

Treatment

Electrolyte Placebo Citrate
Na+ (mmol�L–1)

Baseline 138.9±1.2 138.4±1.9
Before test run 138.2±1.1 141.5±1.7*,{

After test run 139.3±1.4{ 142.4±1.6*,{

K+ (mmol�L–1)
Baseline 4.3±0.3 4.3±0.2
Before test run 4.4±0.3* 3.9±0.2*,{

After test run 3.8±0.4*,{ 3.4±0.3*,{,{

Cl– (mmol�L–1)
Baseline 102.0±1.5 101.2±1.7
Before test run 101.9±1.4 99.1±2.1*,{

After test run 103.0±1.4*,{ 99.8±2.6*,{

Note: Values presented as means ± SD.
*Significantly different from baseline value (p < 0.05).
{Significantly different from before test run value (p <

0.05).
{Significantly different from placebo treatment (p < 0.05).

Fig. 1. Serum aldosterone concentration under placebo (PLC) and
sodium citrate (CIT) treatment (mean ± SD; N = 13). The values
measured before and after the test run are presented as corrected for
the individual changes in plasma volume. Significantly different
(p < 0.05): *, from baseline value; {, from before run value; {,
from placebo treatment.
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during the period between administering the solution and
starting the run was 4.08 ± 3.33% in the PLC trial and
6.41 ± 3.78% in the CIT trial (p = 0.042). The packed cell
volume and hemoglobin concentration increased signifi-
cantly as a result of the run in both trials. Furthermore, the
decrease in plasma volume during the run did not differ be-
tween the trials (p = 0.982) (Table 3).

No differences were observed in the serum Na+, K+, and
Cl– concentrations between the trials prior to administering
the solutions (Table 4). A significant elevation in serum
Na+ concentration was observed (by 3.1 ± 1.2 mmol�L–1;

p < 0.0001) as a result of ingesting the CIT but not the
PLC drink. The values of Na+ concentration measured in se-
rum before and after the test run were significantly higher in
the CIT trial than in the PLC trial (p = 0.00001). The ad-
ministration of the PLC and CIT drinks caused a significant
rise (p = 0.012) or fall (p = 0.006), respectively, in serum K+

concentration (Table 4). A serum K+ concentration in the
CIT trial lower than in the PLC trial was observed before,
as well as after, the test run (p = 0.0001 and p = 0.0002,
respectively). The ingestion of the PLC drink did not cause
any change in serum Cl– concentration; however, the admin-
istration of the CIT drink caused a significant decline (p =
0.00001) (Table 4). Furthermore, the Cl– concentration in
the CIT trial was significantly lower than in the PLC trial
before the test run (p = 0.0002) and stayed lower afterwards
(p = 0.001).

Serum aldosterone concentration did not differ before ad-
ministering the PLC or CIT drink, but a significant differ-
ence was observed between samples taken before the test
run (251.4 ± 74.2 pmol�L–1 in the PLC trial and 159.6 ±
37.9 pmol�L–1 in the CIT trial; p = 0.003) (Fig. 1). A signifi-
cant increase in aldosterone level was observed as a result of
the test runs in both trials, but the extent of the increase was
greater in the PLC trial (393.0 ± 186.7 pmol�L–1) than in the
CIT trial (263.5 ± 147.4 pmol�L–1; p = 0.009).

The concentration of plasma ACTH was not affected by
the ingestion of the PLC or the CIT drink, but there was a
significant increase in ACTH concentration as a result of
the test run in both trials (by 22.5 ± 10.4 pmol�L–1 in the
PLC trial and by 18.4 ± 10.4 pmol�L–1 in the CIT trial; p <
0.0001) (Fig. 2).

No differences in plasma renin activity were observed be-
tween trials at any stage of the study. However, ingestion of
the PLC drink as well as the CIT drink caused a significant

Fig. 2. Plasma adrenocorticotropic hormone (ACTH) concentration
under placebo (PLC) and sodium citrate (CIT) treatment (mean ±
SD; N = 13). The values measured before and after the test run are
presented as corrected for the individual changes in plasma volume.
Significantly different (p < 0.05): *, from baseline value; {, from
before run value.

Fig. 3. Plasma renin activity under placebo (PLC) and sodium ci-
trate (CIT) treatment (mean ± SD; N = 13). Significantly different
(p < 0.05): *, from baseline value; {, from before run value.

Fig. 4. Serum N-terminal pro-B-type natriuretic peptide
(NT-proBNP) concentration under placebo (PLC) and sodium ci-
trate (CIT) treatment (mean ± SD; N = 13). The values measured
before and after the test run are presented as corrected for the indi-
vidual changes in plasma volume. Significantly different (p < 0.05):
*, from baseline value; {, from before run value.
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decrease in plasma renin activity (by 0.40 ±
0.34 ng�mL–1�h–1, p = 0.001; and by 0.41 ± 0.30 ng�mL–1�h–1,
p = 0.0004, respectively) (Fig. 3). Subsequently, a signifi-
cant increase in plasma renin activity was observed as a re-
sult of the test run in both trials (by 3.47 ± 1.51 ng�mL–1�h–1,
p < 0.001 in the PLC trial; and by 2.62 ± 1.62 ng�mL–1�h–1,
p = 0.0001 in the CIT trial).

No differences were observed in the concentration of se-
rum NT-proBNP between trials at any stage of the study
(Fig. 4). There was, however, an elevated concentration of
NT-proBNP in response to the test run in both the PLC (by
7.0 pg�mL–1, p = 0.0001) and the CIT (by 7.9 pg�mL–1, p =
0.002) trial, as compared with both measurements before the
test run (i.e., before and after ingestion).

There was no effect of CIT ingestion on the physical per-
formance of the subjects (i.e., no difference between treat-
ments was observed in performance time to exhaustion
(1465 ± 155 s vs. 1448 ± 146 s in the PLC and CIT trial,
respectively, p = 0.445), in the distance covered (5771 ±
816 m vs. 5678 ± 774 m, p = 0.437), or in the maximal run-
ning speed (19.1 ± 0.9 km�h–1 v.s 18.9 ± 0.9 km�h–1, p =
0.436)). Specifically, only 4 of the 13 subjects achieved a
longer performance time to exhaustion in the CIT trial,
whereas 9 were better in the PLC trial.

Heart rate values measured at the beginning and during
the first 10 min of the test run were significantly higher after
consuming the CIT drink, but there was no between-trial
difference in heart rate in the second half of the test run
(Table 5).

Discussion
The most notable hormonal effects induced by CIT inges-

tion were a decrease in serum aldosterone concentration in
resting conditions and a blunting of the aldosterone response
during incremental running exercise to volitional exhaustion.
Plasma renin activity decreased after ingestion of both the
PLC and the CIT drinks and increased during the test run
with no significant differences between the 2 trials. Plasma
ACTH and serum NT-proBNP (a surrogate for ANP) con-
centrations were not affected by ingestion of the PLC or
CIT drink, although an increase was evident in these param-
eters during the test run with no significant differences be-
tween the 2 trials.

Renin is a key component of the endocrine cascade of re-
nin-angiotensin-aldosterone and it stimulates aldosterone se-
cretion in the adrenal cortex (Borer 2003). An additional
stimulating effect on aldosterone secretion, especially at
high exercise intensities, is exerted by ACTH (Borer 2003).
Contrary to that, ANP, acting on the juxtaglomerular appara-
tus, inhibits renin secretion and subsequent angiotensin II
formation. Moreover, ANP may block both basal and

angiotensin II-stimulated aldosterone secretion in the adrenal
cortex (Borer 2003). Plasma ACTH concentration and renin
activity were lower after the test run in the CIT trial in
comparison with the PLC trial, but the difference was not
statistically significant. Moreover, the concentration of
NT-proBNP (our ANP surrogate) in serum was similar in
the CIT and PLC trials before, as well as after, the test run.
Consequently, these hormonal factors could not fully explain
the between-trial differences identified in the serum aldos-
terone concentration.

Grant et al. (1996) observed a pronounced blunting of the
aldosterone response during a prolonged standardized cycle
exercise (2 h at an intensity equivalent to approximately
46% peak aerobic power) after acute pre-exercise expansion
of plasma volume, in comparison with the control condition
(i.e., the same workload with no pre-exercise plasma volume
expansion). The percentage magnitude of the reduction in
plasma volume observed during the 2-h cycling was inde-
pendent of the pre-exercise changes in plasma volume. Sim-
ilarly, in the present study, the calculated relative increase in
plasma volume during the period between administering the
PLC or CIT drink and starting the test run was greater in the
CIT trial, whereas the decrease in plasma volume during the
run was the same in the 2 trials. Hence, in light of the find-
ings of Grant et al. (1996), our results suggest that CIT in-
gestion may suppress the aldosterone response during
incremental running exercise to volitional exhaustion at least
partly because of acute expansion of plasma volume.

Grant et al. (1996) studied healthy but untrained (mean
peak _VO2 45.4 mL�kg–1�min–1) young men (mean age
21 years). Our subjects were endurance-trained runners
(mean _V O2 max 69.9 mL�kg–1�min–1) of the same age (mean
age 21.8 years). Endurance training induces chronic expan-
sion of plasma volume that occurs rapidly over the first few
days once beginning a regular training program (Convertino
1991). Absolute plasma volume was not measured in our
subjects. Nevertheless, taking into account their trained sta-
tus, it is likely that with respect to this particular parameter
they exceeded the normal values of untrained persons of the
same age. Consequently, the results of Grant et al. (1996),
together with those of the present study, suggest that the ef-
fect of acute expansion of plasma volume on aldosterone re-
sponse during endurance exercise may be independent of the
chronic effect of training on plasma volume.

In the study by Grant et al. (1996), the suppressive effect
of acute plasma volume expansion on aldosterone was re-
stricted to the exercise itself and did not occur at rest before
exercise. In the present study, a decrease in plasma aldoster-
one concentration was evident before the start of the exer-
cise (i.e., in the resting condition). Hence, other factors, in
addition to the acute plasma volume expansion, may have

Table 5. Heart rate (beats�min–1) during the run (N = 13).

Time

Treatment Start 5 min 10 min 15 min 20 min Finish
Placebo 95±17 137±10 163±8 175±7 182±7 189±6
Citrate 104±11* 145±9* 167±8* 177±7 184±7 190±6

Note: Values presented as means ± SD.
*Significantly different from placebo treatment (p < 0.05).
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been involved in the regulation of the plasma aldosterone
level in our subjects. Grant et al. (1996) induced iso-osmotic
expansion of plasma volume by intravenous infusion of 6%
dextran solution dissolved in isotonic saline, whereas the
CIT solution was administered orally in our subjects. Most
of the sodium absorbed from the intestinal tract remains in
extracellular fluids (Lindinger et al. 1999) and could there-
fore be expected to have an impact on serum electrolyte
concentration. Indeed, in our subjects, an elevation in serum
Na+ concentration was observed as a result of ingesting the
CIT but not the PLC drink. The concentration of Na+ in se-
rum was higher in the CIT trial than in the PLC trial before,
as well as after, the test run. Moreover, ingestion of the CIT
drink caused a fall in serum K+ concentration, whereas after
administering the PLC drink, there was a small but signifi-
cant increase in serum K+ level. The lower serum K+ con-
centration in the CIT trial compared with the PLC trial was
observed before, as well as after, the test run. A similar de-
crease in plasma K+ concentration was observed by Lin-
dinger et al. (1999) as a result of administering another
alkalinizing sodium salt, NaHCO3. The cells that secrete al-
dosterone respond directly to changes in the composition of
blood. An increase in serum K+ strongly stimulates these
cells, whereas a decrease in serum Na+ only slightly stimu-
lates the cells (Shier et al. 1996). Hence, the changes ob-
served in the serum concentrations of K+ and Na+ in our
subjects suggest that there was a decrease in the stimulus to
secrete aldosterone after ingestion of the CIT drink in com-
parison with both the baseline condition and after ingestion
of the PLC drink. This reduced drive to secrete aldosterone
could explain the suppression of the concentration of this
hormone in the resting condition before our subjects exer-
cised. Moreover, the between-trial differences in the serum
concentrations of K+ and Na+ were also maintained after
the test run, and this could have been an additional reason,
besides the acute plasma volume expansion, for the blunted
aldosterone response observed during exercise in the CIT
trial.

A potential limitation of this study is the absence of vaso-
pressin (AVP) as a hormonal measurement. Technical limi-
tations prevented the analysis of this hormone. Inclusion of
AVP would have provided a more complete water balance
hormonal profile. However, studies point to AVP changing
in a fashion identical to that of aldosterone and renin activ-
ity in response to acute fluid manipulations such as in the
present study (Nakamitsu et al. 1994). Furthermore, cortico-
tropin-releasing hormone, which stimulates ACTH release,
and AVP responses are highly related (Reichlin 1992);
Coiro et al. (2005) reported the correlation between AVP
and ACTH to be as high as 0.94 under certain circumstan-
ces. Thus, this strongly suggests that the tendency towards
the mean reductions we observed in aldosterone and ATCH
concentration and in renin activity within the CIT trial most
likely would have occurred for AVP as well (see
Figs. 1 to 3; after-run hormonal means in the CIT trial track
were lower than in the PLC trial).

Greater relative increases in plasma volume and body
mass, together with a reduction in the volume of urine
passed by the subjects during the period between the con-
sumption of the drink and the initiation of the test run, sug-
gest that there was significantly greater fluid retention with

the CIT ingestion compared with the PLC ingestion. It re-
mains to be determined in further studies how long the
CIT-induced elevated water status is maintained under the
influence of suppressed blood aldosterone (and AVP) levels.

The reason for the higher heart rate observed in our sub-
jects before and during the first 10 min of the test run in the
CIT trial compared with the PLC trial remains obscure.
However, a recent review paper concluded that, essentially,
the cardiorespiratory response to exercise generally tends to
be similar in both the alkalotic condition and the PLC;
nevertheless, it was also reported that in some exercise stud-
ies, the ingestion of CIT resulted in higher heart rates in re-
lation to those found in control conditions (Requena et al.
2005).

The dose of CIT used in the present study (500 mg�kg–1)
has been demonstrated to improve endurance performance in
running (Shave et al. 2001; Ööpik et al. 2003) and cycling
(Potteiger et al. 1996a) exercise, although the results of
other studies do not confirm any beneficial effect of the
same dose of this substance on endurance performance (Pot-
teiger et al. 1996b; Schabort et al. 2000; Ööpik et al. 2004).
The reasons for this discrepancy in the findings and for the
absence of any ergogenic effect of CIT ingestion in the sub-
jects of the present study remain uncertain, and further re-
search is needed to resolve this ambiguity among studies.
Possibly, the gastrointestinal distress induced by CIT inges-
tion, as observed in 12 subjects in the present study, may re-
duce any performance-enhancing effect of this substance.

Conclusion
Pre-exercise ingestion of CIT, which may be considered

to be of ergogenic benefit, induces a decrease in serum al-
dosterone concentration in a resting condition and a blunting
of the aldosterone response to incremental running exercise
to volitional exhaustion in young, male, well-trained mid-
dle-distance and long-distance runners. The effect of CIT
on the serum aldosterone level may be mediated by an acute
increase in plasma volume and serum Na+ concentration al-
terations following its ingestion.

Acknowledgements
This study was funded by the target-financed theme

no. 1787 from the Ministry of Education and Research of
the Republic of Estonia and by grant no. 5324 from the Es-
tonian Science Foundation.

References
Bishop, D., Edge, J., Davis, C., and Goodman, C. 2004. Induced

metabolic alkalosis affects muscle metabolism and repeated-
sprint ability. Med. Sci. Sports Exerc. 36(5): 807–813. doi:10.
1249/01.MSS.0000126392.20025.17. PMID:15126714.

Borer, K.T. 2003. Exercise endocrinology. Human Kinetics, Cham-
paign, Ill. pp. 65–76.

Bouissou, P., Defer, G., Guezennec, C.Y., Estrade, P.Y., and
Serrurier, B. 1988. Metabolic and blood catecholamine re-
sponses to exercise during alkalosis. Med. Sci. Sports Exerc.
20(3): 228–232. doi:10.1249/00005768-198806000-00003.
PMID:3386500.

Burke, L., Cort, M., Cox, G., Crawford, R., Desbrow, B., Farthing,
L., et al. 2006. Supplements and sports foods. In Clinical sports

284 Appl. Physiol. Nutr. Metab. Vol. 35, 2010

Published by NRC Research Press



nutrition. Edited by L. Burke and V. Deakin. McGraw-Hill, Syd-
ney, Australia. pp. 485–579.

Cairns, S.P. 2006. Lactic acid and exercise performance: culprit or
friend? Sports Med. 36(4): 279–291. doi:10.2165/00007256-
200636040-00001. PMID:16573355.

Cauliez, B., Berthe, M.C., and Lavoinne, A. 2005. Brain natriuretic
peptide: physiological, biological and clinical aspects. Ann.
Biol. Clin. (Paris), 63(1): 15–25. [In French.] PMID:15689309.

Coiro, V., Saccani-Jotti, G., Minelli, R., Melani, A., Milli, B.,
Manfredi, G., et al. 2005. Adrenocorticotropin/cortisol and argi-
nine-vasopressin secretory patterns in response to ghrelin in nor-
mal men. Neuroendocrinology, 81(2): 103–106. doi:10.1159/
000085541. PMID:15860925.

Convertino, V.A. 1991. Blood volume: its adaptation to endurance
training. Med. Sci. Sports Exerc. 23(12): 1338–1348. PMID:
1798375.

Devlin, T.M. 1997. Textbook of biochemistry with clinical correla-
tions. John Wiley & Sons, New York, N.Y.

Dill, D.B., and Costill, D.L. 1974. Calculation of percentage
changes in volumes of blood, plasma, and red cells in dehydra-
tion. J. Appl. Physiol. 37(2): 247–248. PMID:4850854.

Grant, S.M., Green, H.J., Phillips, S.M., Enns, D.L., and Sutton,
J.R. 1996. Fluid and electrolyte hormonal responses to exercise
and acute plasma volume expansion. J. Appl. Physiol. 81(6):
2386–2392. PMID:9018483.

Greenleaf, J.E., Looft-Wilson, R., Wisherd, J.L., McKenzie, M.A.,
Jensen, C.D., and Whittam, J.H. 1997. Pre-exercise hypervole-
mia and cycle ergometer endurance in men. Biol. Sport, 14(2):
103–114. PMID:11540419.

Hoffman, J. 2002 Physiological aspects of sport training and per-
formance. Human Kinetics, Champaign, Ill. pp. 169–184.

Lindinger, M.I., Franklin, T.W., Lands, L.C., Pedersen, P.K.,
Welsh, D.G., and Heigenhauser, G.J. 1999. Role of skeletal
muscle in plasma ion and acid-base regulation after NaHCO3

and KHCO3 loading in humans. Am. J. Physiol. 276(1 Pt 2):
R32–R43. PMID:9887175.

Lindinger, M.I., Franklin, T.W., Lands, L.C., Pedersen, P.K.,
Welsh, D.G., and Heigenhauser, G.J. 2000. NaHCO3 and
KHCO3 ingestion rapidly increases renal electrolyte excretion in
humans. J. Appl. Physiol. 88(2): 540–550. PMID:10658021.

Marx, J.O., Gordon, S.E., Vos, N.H., Nindl, B.C., Gómez, A.L.,
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