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ABSTRACT
Muscle fatigue is defined as the loss in force of power production in response to a muscle
contraction and, during exercise, this results in the inability to sustain exercise at a given
intensity. Although exercise-induced muscle fatigue is a complex and multifactorial
phenomenon, it is accepted that hydrogen cation (H+) accumulation in skeletal muscle during
intense exercise, which causes a reduction in the intramuscular pH, disrupts muscle energetics
and muscle contraction and is a major cause of peripheral fatigue. The resultant increase in H+
within the skeletal muscle can negatively impact performance, particularly in those highintensity events lasting between 1 and 10 min. The body has several intracellular and
extracellular buffering systems that maintain pH homeostasis, although these may be exceeded
during exercise. Nutritional interventions that might increase intracellular or extracellular
buffering capacity could delay H+ accumulation and ultimately fatigue. Beta-alanine, sodium
bicarbonate, sodium citrate and calcium and sodium lactate are all buffering supplements with
the capacity to increase intracellular or extracellular buffering capacity. Each of these
supplements has been shown to improved exercise capacity and performance on numerous
occasions, although several factors may modify their efficacy. The most promising of these are
chronic supplementation with beta-alanine (to increase intramuscular buffering via an increase
in muscle carnosine content) and acute supplementation with sodium bicarbonate (to increase
extracellular buffering via an increase in circulating bicarbonate), which have been shown to
be particularly effective for high-intensity exercise lasting 1-10 min in duration.

INTRODUCTION
Muscle fatigue is the loss in force or power production in response to muscle contraction (61).
During exercise, this results in the inability to sustain exercise at a given intensity. It is widely
accepted that exercise-induced muscle fatigue is a complex, multifactorial phenomenon caused
by several mechanisms that can vary according to exercise type, intensity and duration. Both
central (i.e., arising in the central nervous system) and peripheral (i.e., arising in skeletal muscle
or the neuromuscular junction) events have been implicated in fatigue development (61).

Contracting the muscle at a high rate significantly increases the demand for adenosine-5'triphosphate (ATP) turnover in order to meet the increased energy demand and maintain the
rate of muscle contraction. Resynthesis of ATP is supported by the hydrolysis of
phosphorylcreatine, glycolysis, and oxidative phosphorylation in mitochondria provided there
is sufficient oxygen available. During high-intensity exercise, however, the rate of ATP
hydrolysis can exceed the rate of ATP resynthesis provided by aerobic means, meaning that
the shortfall in ATP must be met by the hydrolysis of phosphorylcreatine and anaerobic
glycolysis (53). Meeting these energy demands comes at a cost, with anaerobic glycolysis being
the primary metabolic process responsible for hydrogen cation (H+) production in skeletal
muscle and thus a reduction in the intramuscular pH, which is suggested to disrupt muscle
energetics and muscle contraction (118). Specifically, intramuscular acidosis can inhibit the
activity of key enzymes of energy metabolism, in particular phosphofructokinase, a keyregulator of glycolysis (120) and can inhibit the resynthesis of phosphorylcreatine (97).
Acidosis can also disrupt skeletal muscle contractility, by reducing the sensitivity of the
calcium-binding site of troponin to the Ca2+ ions (30, 118), and can directly interfere with
actomyosin interactions by inhibiting the transition from the low‐ to the high‐force state of the
actin‐myosin cross‐bridge (25, 119). Since acidosis rapidly builds up during high-intensity
exercise, it is assumed that it plays a major causative role in peripheral fatigue during this type
of exercise (64).
Any strategy capable of delaying the increase in intramuscular H+ concentration that
accompanies high-intensity exercise has the potential to delay the onset of fatigue and is, thus,
potentially ergogenic. The regulation of acid-base balance in the body is supported by several
physiological mechanisms, including the actions of chemical and metabolic buffers that can
alter the H+ concentration in seconds, pulmonary ventilation that can excrete H+ over the course
of min and the action of the kidneys that can excrete H+ over the longer-term. We will focus

on the chemical and metabolic buffers in the intracellular (i.e., muscle) and extracellular (i.e.,
blood) environments that support the control of intramuscular pH during exercise. In the
following sections, we will focus on nutritional interventions that might have the potential to
increase intracellular or extracellular buffering capacity, which could delay H+ accumulation
and fatigue.

BIOCHEMISTRY OF PH, FATIGUE AND INTRA/EXTRACELLULAR BUFFERING
Fundamental concepts
Hydrogen is the simplest element in nature, formed by a single positively charged proton and
a single negatively charged electron. Single hydrogen atoms are, however, not common on
earth, since they naturally combine with other elements to form molecules, such as the diatomic
gas form of hydrogen (H2) or water (H2O). Water is essential for virtually all known forms of
life, since all biochemical reactions require an aqueous medium to occur. Due to its molecular
arrangement, in particular the hydrogen side of the molecule being positively charged and the
oxygen side of the molecule being negatively charged, water becomes a polar molecule, with
a high dielectric constant and it easily forms hydrogen bonds. These characteristics make water
an excellent solvent, as the electric charges interact with numerous elements and molecules.

Water causes polar molecules to dissociate in ions, which are then dissolved to form a solution.
In pure water, the only ions present are H+ and OH-, both in equal concentration. Since the
concentration of positively and negatively charged ions are equal, pure water is neutral.
Secondly, their concentrations are remarkably low. Thirdly, water neutrality is seen only when
the concentration of both H+ and OH- is 10-7 M. Finally, the product of H+ and OHconcentration in pure water is 10-14.

Since the concentration of ions in pure water is very low, it is convenient to use negative log;
this avoids working with several decimal places. By calculating the negative log of the
concentration of H+ in pure water, we obtain pH, where “p” stands for the negative log of the
hydrogen cation concentration in water. pH, therefore, is a measure of the hydrogen cation
concentration in an aqueous solution, being expressed in a negative logarithmic scale. From
the series of equations used above, we calculate that the pH of pure water is 7. Because H+
concentration is equal to the concentration of OH-, pOH is also 7. For that reason, 7 is the pH
value that represents neutrality of an aqueous solution. When H+ concentration increases, the
solution becomes acidic, its pH decreases and its OH- concentration decreases because of Le
Chatelier’s principle. Conversely, when OH- concentration increases, the solution becomes
alkaline (i.e., pH increases) and its H+ concentration decreases.

According to the Brønsted-Lowry definition of acids and bases, the term acid refers to a
substance that can donate protons (i.e., H+), whilst the term base refers to a substance that is
able to accept protons. Acids and bases tend to ionise in water, although the level of ionisation

depends upon the pH of the solution and the dissociation constant of the acid (Ka) or the base
(Kb). Strong acids and bases completely dissociate in aqueous solutions, whereas weak acids
and bases only partially dissociate. The dissociation of an acid (HA) can be expressed in the
following simplified reaction:
HA ↔ H+ + A-

To identify the strength of the acid or, in other words, its ability to dissociate and donate
protons, it is necessary to calculate the dissociation constant of the acid (Ka) using the formula:
𝐾𝑎 =

[𝐻 + ] × [𝐴− ]
[HA]

Since stronger acids tend to dissociate more than the weaker ones, the stronger the acid the
higher its Ka value. Likewise, the weaker the acid, the lower its Ka value. Because the Ka
values can differ by several orders of magnitude between weak and strong acids, it is
convenient to work with their negative logarithms, thereby obtaining the pKa of an acid. Hence,
the pKa of an acid represents the negative log of its dissociation constant, as exemplified in
Table 1.

<<< Table 1 here >>>

From the dissociation equation above, one can calculate their log on both sides of the equation,
as follows:
𝐾𝑎 =

[𝐻 + ] × [𝐴− ]
[HA]

[𝐻 + ] × [𝐴− ]
log𝐾𝑎 =log (
)
[HA]

By splitting the log terms, we obtain:
log𝐾𝑎 = log[𝐻 + ] + log (

[𝐴− ]
)
[HA]

If all terms are multiplied by -1, this give us:
[𝐴− ]
−log𝐾𝑎 = −log[𝐻 + ] − log (
)
[HA]

Replacing the negative logs with their respective “p” terms, we obtain:
p𝐾𝑎 = 𝑝𝐻 − log (

[𝐴− ]
)
[HA]

𝑝𝐻 = p𝐾𝑎 + log (

[𝐴− ]
)
[HA]

Or:

This is the Henderson-Hasselbalch equation and it is important since it relates pH, pKa and the
percentage of dissociation of an acid (or a base). From this equation, for example, we can see
that an acid is 50% in its undissociated form and 50% in its dissociated form when the pH of
the medium is equal to its pKa. Thus, the pKa of an acid can also be interpreted as the pH of
the solution at which this acid will be 50% dissociated and 50% undissociated.

Physiological pH buffering systems
Since H+ and OH- ions are highly reactive, any shift in pH neutrality, either to the acid or the
alkali side, can have a profound impact on key physiological processes, such as enzyme activity
and protein structure and function. Most cells and physiological systems operate with their pH
tightly regulated and close to neutrality. Such a fine tune of pH is achieved thanks to several
buffering systems that prevent abrupt changes in pH, as would occur when small amounts of
acid or alkali are added to an aqueous solution with no buffering systems (Figure 1, Panel A).
In a buffered system, the addition of acid will not cause such a sudden drop in pH, at least
within certain pH limits (Figure 1, Panel B).

<<< Figure 1 here >>>
Figure 1. Schematic representation of titration curves of pure water (panel A) and a buffered aqueous
solution (panel B). In pure water, where there is no buffering system, the addition of small amounts of acid
results in a large reduction in pH, whilst in a buffered system, there is a zone where the addition of large
amounts of acid does not result in a reduced pH. The zone of effectiveness refers to the pH range around
the pKa of that particular buffer, thereby varying according to the buffering agent.

In most animals, both intracellular and extracellular pH are tightly regulated, although the
physiological pH range varies slightly between blood and the intracellular medium. In blood,
the pH is slightly alkaline (~7.4) whereas in the intracellular medium, pH is typically close to

neutrality (~7.0), although this may vary within cellular compartments or between cell types.
As such, the buffering systems operating within the blood are different from those operating
inside cells. In blood, the most important buffering system is bicarbonate (HCO3-), which
works in equilibrium with carbonic acid (H2CO3), as depicted in the simplified reaction below.
HCO3- + H+ ↔ H2CO3 ↔ CO2 + H2O
When there is an increase in H+ concentration in blood (i.e., acidosis), the reaction is shifted to
the right, meaning that the neutralisation of H+ by HCO3- increases, thereby increasing the
formation of CO2 and reducing HCO3- concentration. The resulting CO2 then stimulates an
increase in ventilation, through which CO2 is eliminated. This condition is known as metabolic
acidosis and occurs during high-intensity exercise. Alternatively, when there is an increase in
CO2 concentration, the reaction H2CO3 ↔ CO2 + H2O is shifted to the right, thereby reducing
the concentration of H2CO3 in relation to the HCO3-. This condition is known as respiratory
alkalosis, and it is easily observable when an individual hyperventilates. Another way to induce
blood alkalosis is through an increase in HCO3- concentration, a condition known as metabolic
alkalosis and inducible via the ingestion of nutritional supplements, as discussed in this chapter.

Inside cells, the equilibrium between the protonated and non-protonated forms of dihydrogen
phosphate (H2PO4-) is one system that can prevent changes in intracellular pH when the acid
or alkali load increases, as shown in the reaction below. Another important buffer operating
inside cells is the protein system. This system relies on the ability of the amino acid residues
to ionise and accept or donate H+ within the physiological pH range. Because all amino acids
have an acid group (COOH↔COO-) and a base group (NH2↔NH3+) that have very low and
high pKa’s (~2 and ~10), they cannot effectively buffer pH changes within the physiological
pH range; therefore, the buffering activity of an amino acid is dependent upon two
characteristics of its side-chain: 1) whether it is ionisable and 2) whether its pKa is close to the
physiological pH. As shown in Table 2, histidine is the sole amino acid that can effectively
work as a pH buffer in the intracellular medium where pH is close to neutrality. The pKa of
amino acids can change when they bind to and interact with other amino acids. Carnosine, a
dipeptide formed by histidine and β-alanine, is a good example, as the pKa of histidine changes
from 6.0 to 6.9 when it is bound with β-alanine. This has important implications for pH
regulation during exercise.

<<< Table 2 here; Source: (15) >>>

The body has several intracellular and extracellular physiological buffers that can accept or
release H+ to prevent pH changes. This is particularly important during high-intensity exercise,
which causes an accumulation of H+ that can lead to fatigue and negatively impact
performance. In muscle, physicochemical buffers such as organic and inorganic phosphates,
bicarbonate anions and histidine containing dipeptides (e.g., carnosine) are the primary
mediators of pH homeostasis, while H+ are also actively and passively transported out of the
muscle into the blood mediated by transport systems. Therefore, a nutritional intervention
designed to increase buffering capacity may thus be of benefit to exercise performance. The
following sections will detail the available evidence on nutritional supplements that have the
potential to increase intracellular or extracellular buffering capacity.

BETA-ALANINE SUPPLEMENTATION
Carnosine (comprising β-alanine and L-histidine) is abundant in skeletal muscle, and is
purported to have many therapeutic (3) and ergogenic (99) properties. Potential mechanisms
through which these influences occur include the reduction of reactive oxygen or nitrogen
species (13), anti-glycation (51) and the regulation of calcium transients and sensitivity (35).
While it is possible that some, or all, of these functions contribute toward carnosine’s ergogenic
and therapeutic properties, the strongest line of evidence supports an important role for
carnosine as an intracellular physicochemical buffer (28). This action is possible because the
pKa of carnosine (and more specifically of its imidazole ring; 6.83 (7)) renders it ideally placed
to act as a pH buffer across the pH transit range of the intramuscular environment, which has
been reported to reduce from approximately 7.1 at rest to between 6.5 and 6.1 following
exhaustive high-intensity exercise (88, 98).

The contribution of carnosine toward intracellular buffering capacity is dependent upon its
content and, as such, it is desirable for individuals with a high requirement for intracellular
buffering (e.g., athletes who regularly undertake high-intensity exercise) to augment their
supply (Figure 2). Beta-alanine is the rate-limiting amino acid for carnosine synthesis (45), and
supplementation with this amino acid increases carnosine content (104) and is ergogenic in
certain situations (102). These properties have led to its application as one of the most widelyused sports supplements available today, and justifies its inclusion as one of 5 effective sportsupplements indicated for use by various international organisations, including the
International Olympic Committee (68).

<<< Figure 2 here >>>
Figure 2. Overview of beta-alanine supplementation to increase muscle buffering capacity during highintensity exercise.

Supplementation strategies
The first study to demonstrate that beta-alanine supplementation could increase muscle
carnosine content reported that beta-alanine ingestion of 3.2–5.2 g.day-1 (mean) for 4 weeks
(equating to 89.6–145.6 g total beta-alanine) led to muscle carnosine increases of
approximately 40–65% (45). Further independent studies have since confirmed these findings
across a range of doses (1.6–6.4 g·day-1), durations (2-24 weeks) and analysis techniques
(HPLC and 1H-MRS) (4, 9, 12, 49, 104).

It seems that the main determinant of carnosine content in response to supplementation is the
total amount ingested. Church et al. (19) reported equivalent increases in muscle carnosine
when 168 g of carnosine was ingested, either as 12 g.day-1 for 2 weeks or as 6 g.day-1 for 4
weeks. Similarly, Stellingwerff et al. (116) reported a two-fold greater increase in muscle
carnosine content when participants ingested 3.2 as opposed to 1.6 g.day-1 for 4 weeks. The
upper limit of carnosine content attainable via beta-alanine supplementation is currently
unknown. The longest trial conducted to date supplemented 6.4 g.day-1 beta-alanine for 24
weeks, with muscle carnosine content measurements taken every 4 weeks throughout the
investigation (104). The greatest increases were shown in the first 4-8 weeks of
supplementation, although muscle carnosine content continued to increase throughout the 24
weeks, with some individuals continuing to show increases at the final 24-week collection
point, demonstrating that they may not yet have reached saturation.

Effects on exercise performance
Hill and colleagues (49) first showed that a beta-alanine induced increase in muscle carnosine
could improve high-intensity exercise capacity. Since then, numerous studies have investigated
the influence of beta-alanine supplementation on a wide range of exercise tests and
performance parameters. Meta-analytical data showed a significant main effect of beta-alanine
supplementation on exercise outcomes (0.18; 95% CI 0.08–0.28) (102). Importantly, the
authors also conducted a meta-regression to identify whether different factors – including
exercise duration; type (capacity-based tests conducted to exhaustion, or performance-based
tests that used a set task); mode (whole body or isolated limb) and mode 2 (intermittent or
continuous) – influenced this main effect. In line with an important role of muscle carnosine in
delaying fatigue due to increased intracellular buffering capacity, the meta-regression indicated
that beta-alanine supplementation exerted its greatest influence in capacity-based tests lasting
30 s to 10 min. In contrast, shorter (0–30 s) and longer (>10 min) tests were unlikely to be
improved by beta-alanine supplementation, probably because pH changes have a smaller
contribution to fatigue in very short, or more prolonged, exercise tests. The effect of betaalanine was smaller for trained compared to non-trained individuals, although Painelli et al.
(87) directly compared the efficacy of beta-alanine supplementation on training status
comparing a trained and non-trained population and showed it to be equally effective in both
groups. Importantly, any small gains may translate into worthwhile improvements in applied
settings (i.e., competition) for competitive athletes.

The influence of beta-alanine supplementation on performance in intermittent tasks such as
repeated sprint ability and resistance exercise has been widely studied; acidosis is likely to
contribute, at least in part, to performance in these activities (115, 122). Theoretically, it makes
sense that beta-alanine supplementation would be most efficacious toward the latter stages of
repeated, intense efforts, when acidosis may negatively impact continued ATP regeneration
and directly hinder muscle contractile properties (37). Repeated sprint ability is important for
a wide range of intermittent team sports, such as football, hockey, rugby and basketball. Longer
duration repeated efforts, such as repeated upper- (123) and lower- (87) body Wingates or
YoYo performance (108) are more amenable to beta-alanine supplementation than are shorter
duration repeated efforts (32, 52, 105, 106, 121).

The effects of beta-alanine supplementation on strength and resistance-based exercise
outcomes are equivocal. Hoffman et al. (52) showed improved repeated isotonic endurance
performance with beta-alanine, although no such effect on similar exercise outcomes has been
shown by others (5, 6). Mixed results have also been reported on the effects of beta-alanine on
isometric hold endurance, with studies showing an improvement (6, 100) or no influence (27,
55). Such isometric holds result in reduced blood flow to the muscle and generate a hypoxic
environment, increasing reliance upon anaerobic metabolism. The muscle essentially functions
as a closed unit during these holds, meaning that the ability to remove H+ is also limited, further
exacerbating the ability of the muscle to regulate pH. Insufficient evidence is currently
available to make a clear conclusion on the influence of beta-alanine supplementation on
strength and resistance exercise outcomes.

The evidence described above is based upon isolated beta-alanine supplementation protocols
for acute exercise, but perhaps of equal importance to the athlete is the potential for an
enhanced ability to perform high-intensity exercise to contribute to a higher training intensity,
which would augment training adaptations. A number of studies have investigated the influence
of beta-alanine supplementation alongside a high intensity interval training (HIIT) programme
and the majority of these showed no added effect of beta-alanine supplementation with training
when compared to training alone (20, 113, 126). An important point to consider here, however,
is that beta-alanine supplementation typically takes at least 2-3 weeks to show measurable
muscle carnosine increases (116), and the aforementioned investigations lasted 6 weeks,
meaning that these would have been less likely to show benefits of beta-alanine

supplementation from the outset. Supporting this, Smith et al. (114) reported comparable
exercise improvements following HIIT with beta-alanine and placebo for the first 3 weeks of
the training protocol, but superior influences in the beta-alanine group after 6 weeks. Similarly,
Bellinger and Minihan (8) pre-supplemented a group of cyclists with 6.4 g·day-1 of beta-alanine
for 4 weeks prior to a 5-week sprint training program and showed a beneficial influence of
supplementation and training. Thus, beta-alanine supplementation could well have the capacity
to improve exercise training outcomes, but supplementation prior to the implementation of the
training programme is obviously required to ensure these benefits are achieved.

Side-effects
The longest supplementation study to date showed that 24-weeks of supplementation at 6.4
g·day-1 did not change clinical markers of health in healthy individuals (103). The available
evidence indicates that beta-alanine supplementation (within the doses and durations that have
been scientifically investigated) is safe (29). The primary side-effect experienced is
paraesthesia, which has been described as an uncomfortable prickly sensation on the skin.
Paraesthesia most likely occurs due to the binding of beta-alanine to the peripheral neuronal
receptor MrgprD (66). Although many individuals consider it an unpleasant sensation, there is
no evidence to indicate that it is harmful. The occurrence and intensity of paraesthesia is doserelated and closely relates to the time and peak of blood beta-alanine concentration (45).
Accordingly, strategies to slow the time or extent of peak blood beta-alanine, such as splitting
the desired dose throughout the day (45) or using a slow-release capsule (26) have been
reported to effectively reduce the occurrence or intensity of paraesthesia symptoms.

Animal studies show that beta-alanine supplementation may reduce intracellular taurine
content, because the increase in beta-alanine availability increases competition for their shared
transporter, TauT. Despite this, 24-weeks of 6.4 g·day-1 beta-alanine did not affect the taurine
pool in muscle (103). A recent systematic risk assessment of beta-alanine supplementation
meta-analysed all available data and showed no effect of beta-alanine supplementation on
muscle taurine content in humans (29). The discrepant findings between humans and animals
likely relates to the very large difference in dosing protocols used, with animal studies typically
employing doses that are 38–56-fold larger than those used in human studies. Another
theoretical concern of beta-alanine supplementation that has been raised is that it may reduce
intracellular free histidine content (12), given that histidine is also required to synthesise
carnosine. But, the same meta-analysis of human data indicates that this is not the case, and

that beta-alanine supplementation (within doses investigated) does not reduce free histidine
content. As such, the available evidence indicates that beta-alanine supplementation is a safe
ergogenic aid.

SODIUM BICARBONATE SUPPLEMENTATION
Normal resting blood bicarbonate concentrations range between 23-27 mmol·L-1 (67). Sodium
bicarbonate is a buffering agent capable of inducing alkalosis via increases in blood pH and
bicarbonate (21, 60). This aids in the maintenance of muscle acid-base balance during exercise,
increasing the efflux of H+ from the contracting muscle (59), forming carbonic acid and
allowing further buffering by the respiratory system (Figure 3). Sodium bicarbonate is another
supplement included as one of the 5 sport-supplements that have sufficient evidence to support
their use by the International Olympic Committee (68).

<<< Figure 3 here >>>
Figure 3. Overview of supplementation with extracellular buffers (sodium bicarbonate, sodium citrate,
calcium lactate and sodium lactate) to increase extracellular buffering capacity during high-intensity
exercise.

Supplementation strategies
Available evidence suggests that, to gain a potential or almost certain improvement in exercise
performance, an increase in blood bicarbonate concentration in excess of +5 and +6 mmol·L-1
from baseline is required (17). Acute ingestion of 0.3 g·kg-1 body mass (BM), the most
commonly ingested dose, is sufficient in increasing absolute blood bicarbonate concentrations
to these levels (40, 56, 72). Doses above 0.3 g·kg-1BM have demonstrated no additional
performance benefits despite greater increases in bicarbonate (72) while a 0.1 g·kg-1BM dose
is insufficient in raising circulating blood bicarbonate concentrations >6 mmol·L-1 (56) and
appears not to improve exercise outcomes (72). Individual variability in blood bicarbonate
responses following 0.2 g·kg−1BM (56) could explain why the exercise benefits with this dose
are contrasting (21, 60, 72, 96). The maximal absolute increases in circulating bicarbonate
following ingestion of 0.2 and 0.3 g·kg-1BM are reported as being similar (44), and have
comparable exercise effects. This suggests that it is useful to time supplement ingestion so that
exercise coincides with peak alkalosis in order to optimise sodium bicarbonate supplementation
at lower doses. Further work is necessary to clarify these claims.

It appears logical to suggest that the greatest ergogenic effect following sodium bicarbonate
ingestion would occur at peak alkalosis. The most commonly employed ingestion strategy is
to consume sodium bicarbonate at a standardised timepoint, 60-180 min prior to exercise (33,
92, 94, 112) albeit these data have been challenged (18, 44, 56, 111). Consumption of 0.3
g·kg−1BM of sodium bicarbonate results in peak blood bicarbonate concentration between 10
(75) and 180 min (56) following ingestion. Therefore, rather than following generalised
approaches, individualised sodium bicarbonate ingestion strategies designed to align peak
alkalosis with the onset of exercise performance may be more effective. Individualised
strategies have demonstrated high repeatability for time-to-peak blood bicarbonate and pH
responses (43). Individuals adopting this approach are, however, required to have prior
knowledge of blood bicarbonate responses together with the flexibility to manipulate the
timeframe leading up to performance. This may be difficult for athletes engaged in repeated
events throughout the day or those that have strict schedules. More recent data suggests,
however, that individualising supplementation to a solitary peak timepoint is unnecessary, and
that there is a long-lasting ergogenic window of opportunity with sodium bicarbonate lasting
approximately 3 h from 60-min post-ingestion (23). Those with a short timeframe to
supplement prior to exercise should consider ingesting a lower dose, since 0.1-0.3 g·kg−1BM
showed similar blood bicarbonate responses in the initial 30 min post-ingestion (56). Serial
sodium bicarbonate ingestion across several days is also a purported method by which to
maintain chronically elevated blood bicarbonate levels (71). This serial dosing strategy can
lead to exercise improvements (34, 82), although not all studies show this strategy to be
effective (58). Individuals should experiment with different supplementation strategies to
determine which one works best for them, although 0.3 g·kg-1BM ingested 60-180 min before
exercise appears to be beneficial under most circumstances.

Effects on exercise performance
To gain an ergogenic effect following sodium bicarbonate ingestion, both the duration and the
intensity of the exercise should be considered. Sodium bicarbonate increases buffering
capacity; therefore, performance benefits are only likely to be reported when exercise is limited
by increases in H+ accumulation. High-intensity exercise of short duration, such as those lasting
10-30 s, have demonstrated no improvements following sodium bicarbonate ingestion (73),
while most studies report no improvements during endurance exercise (39, 81, 117). A 1-10
min exercise duration is the most likely to be improved by sodium bicarbonate (40, 72, 73),

although exercise intensity likely also plays an important role (48). Repeated sprint exercise,
common during team sports, has been shown to be limited by H+ buffering capacity (93).
Intermittent protocols such as these (i.e., repeated sprint exercise) do appear particularly
susceptible to improvements with sodium bicarbonate supplementation (10, 11, 63, 75).
Similar to beta-alanine, the ergogenic effects of sodium bicarbonate appear reduced in trained
individuals (90), but its application in a competitive setting may lead to worthwhile changes in
performance.

The effect of sodium bicarbonate between individuals appears variable, with some individuals
improving performance while others do not, despite similar increases in blood variables (107).
Within-individual blood responses following ingestion of sodium bicarbonate appear
consistent, although consistency of the ergogenic effect on exercise performance is disputed
(40, 42). This, however, may be due to the contrasting nature of the populations employed;
inconsistent exercise results have been shown with non-trained (40), but not trained (42),
individuals. There is the possibility that inconsistent exercise results are due to variable blood
responses between individuals, particularly in response to ingestion at a standardised timepoint
prior to exercise, since not all individuals may have experienced sufficient alkalosis to
influence performance. This has led to studies employing time-to-peak bicarbonate protocols
to coincide exercise with the greatest changes in circulating bicarbonate. The only two studies
to date that have employed this tactic have shown positive results (44, 75), although further
work is necessary to elucidate whether this approach elicits greater and more consistent gains
for exercise performance and capacity.

Most sodium bicarbonate research has focused upon acute ingestion to improve exercise
performance, although a few studies have explored the influence of serial ingestion in
conjunction with high-intensity interval training with conflicting results. Evidence has shown
greater beneficial effects of combined training with supplementation than training alone on
aerobic and anaerobic measures (36, 57, 127), although not all agree (31). There is a growing
body of evidence that sodium bicarbonate may be effective for exercise performed in extreme
environments, such as hypoxia (24, 41, 106) and the heat (80). These extreme environmental
conditions result in greater than normal lactate and H+ accumulation and are, thus, likely to be
extremely susceptible to increased buffering capacity; suggesting a further avenue for research.

Side-effects

Upon entering the stomach, the bicarbonate neutralises large quantities of the H+ present within
the stomach’s gastric juices producing carbon dioxide, which can cause abdominal pain,
flatulence, nausea, diarrhoea and vomiting (14). The intensity and duration of these symptoms
are intrinsically linked to the dose ingested, with greater discomfort experienced with
increasing doses (72). It is important to determine the impact these side-effects may have, since
they have the potential to influence an individual’s performance and potentially the overall
outcome of the investigation. Saunders et al. (107) only showed improvements in high-intensity
cycling capacity when individuals suffering from gastrointestinal distress were removed from
the analysis. Several strategies have been developed to avoid these side-effects, including splitdose strategies (101, 107), multiday consumption (71, 79) or carbohydrate ingestion alongside
supplementation (17). Strategies that minimise bicarbonate losses in the stomach have been
suggested to be a viable method to minimise side-effects (22); this may include delayed-release
(50) or enteric coated (14) capsules, although research on this topic is currently underexplored.
It is also important to note that frequent or chronic sodium bicarbonate supplementation will
lead to a chronically increased sodium load for the body, which could impact kidney function,
although no study has determined this directly.

SODIUM CITRATE
Research into the use of sodium citrate as an ergogenic aid began over 30 years ago (89). It
acts as an alkalising agent, since the utilisation of protons during the oxidation of citrate
indirectly generates bicarbonate, leading to an increased buffering capacity in a similar manner
to sodium bicarbonate (64). Following initial positive findings, subsequent studies suggested
sodium citrate had low efficacy and it received less attention than comparable buffering agents
such as sodium bicarbonate. There has been a resurgence in its popularity due to a series of
recent findings and the possibility that sodium citrate carries a lower incidence of GI-related
side-effects than sodium bicarbonate (124).

Supplementation Strategies
Sodium citrate is supplemented in powder or capsule form and ingested acutely prior to
exercise. Two key factors that may alter its efficacy are the timing and relative dose of
supplementation, which should be structured to elicit the greatest alkalotic effect at the onset
of exercise. Ingestion consistently leads to an increase in plasma bicarbonate, with several
studies showing an increase in excess of the theoretical potential (≥5 mmol·L-1) and certain (≥6
mmol·L-1) ergogenic thresholds (46). McNaughton (74) first showed a dose-response to

sodium citrate supplementation for intakes ranging from 0.1 to 0.5 g·kg-1BM; ninety min postingestion, exercise performance, blood pH and bicarbonate were greatest with the highest 0.5
g·kg-1BM dose. The two lowest doses, 0.1 and 0.2 g·kg-1BM, did not result in an ergogenic
effect. As a consequence of these data, most studies have adopted 0.3 g·kg-1BM or 0.5 g·kg1

BM as the experimental treatment dose (70, 83, 84, 110).

Urwin and colleagues (124) investigated the time course of blood response following higher
doses of sodium citrate, although results confirmed 0.5 g·kg-1BM as the most effective; 0.7
g·kg-1BM and 0.9 g·kg-1BM led to worse side-effects without further changes in blood pH or
bicarbonate. Their results did, however, suggest that the standardised ingestion time used in
most studies (i.e., 90 min pre-exercise) may be sub-optimal. Blood alkalosis peaked between
180- and 215-min post-ingestion, suggesting that sodium citrate should be taken a minimum
of 180 min pre-exercise. This recent evidence may explain some of the equivocal findings in
the research (86), since the greatest chance of an improvement in exercise performance is likely
to come from supplementation strategies that maximise increases in blood pH and bicarbonate
prior to exercise.

Effects on Exercise Performance
Parry-Billings and MacLaren (89) showed that sodium citrate had no effect on anaerobic power
and capacity, with McNaughton (74) being the first to show a beneficial effect of sodium citrate
supplementation on total work and peak power output during a maximal one-minute cycle
ergometer sprint. The degree of performance enhancement increased with each ascending dose
and increase in blood alkalosis (74). A subsequent study supported the use of sodium citrate
supplementation to enhance performance for maximal tasks lasting from two to four min, but
not for tasks ≤30 seconds in duration (70), consistent with its role as an extracellular pH buffer.
Despite these favourable results, meta-analytical data of sodium citrate supplementation
showed evidence to be equivocal (16). Pooled data from 13 studies showed an unclear effect
on performance (0.0±1.3% change in mean power), which was not modified by sex, athletic
status, or the supplement dose. The lack of effect occurred despite a similar temporal response
of blood pH and bicarbonate to that of sodium bicarbonate supplementation. When
standardised to an equimolar dose, sodium citrate appears less effective than sodium
bicarbonate at improving exercise performance: 1% vs. 6.3% improvement in high-intensity
running to exhaustion (125).

These findings question the efficacy and mechanism of action of sodium citrate. A possible
explanation is that an inhibitory effect of increased intracellular citrate counteracts the increase
in extracellular buffering capacity (62). Citrate can allosterically inhibit the rate-limiting
glycolytic enzyme, phosphofructokinase, and thus reduce adenosine triphosphate production.
A further issue could be the timing of ingestion, since most studies included in the metaanalysis supplemented sodium citrate 90- to 120-min prior to exercise (16). As discussed, this
may be a sub-optimal strategy as it does not allow for peak blood alkalosis and coincides with
greater side-effects (124). Thus, improvements in exercise performance may be more apparent
with a longer period between sodium citrate ingestion and the start of the task, but this remains
to be experimentally confirmed.

Side-effects
There is a perceived lower risk of GI discomfort compared to sodium bicarbonate (91, 95),
although side-effects still occur with sodium citrate. The most common symptoms include
stomach cramps, bloating, nausea, vomiting, urge to defecate, diarrhoea, thirst and headache
(84, 109, 110); essentially the same side-effects as sodium bicarbonate. Early studies reported
no side effects from sodium citrate doses ranging from 0.1 to 0.5 g·kg-1BM (62, 74, 89),
although these investigations failed to adequately record the incidence and severity of side
effects, meaning that mild symptoms went unnoticed. Later studies reported side-effects with
doses of 0.5 g·kg-1BM (83, 84, 110), but GI distress was not experienced by volunteers in all
studies (125). Symptom prevalence and severity increase in a dose-dependent manner for
intakes of 0.5, 0.7 and 0.9 g·kg-1BM (124). Key moderators of these effects appear to be the
volume of fluid supplied with the supplement and the time permitted to consume the fluid;
concentrated solutions with a higher osmolality are more likely to result in GI distress (65).
Higher doses potentiate these symptoms (124) and lower or staggered doses may reduce
symptom prevalence and/or severity (74). Side effects may also have an ergolytic effect on
exercise, particularly if sodium citrate is ingested 60 to 90 min pre-exercise, which means that
individuals would perform exercise at the moment of the highest risk of GI distress and without
reaching peak blood alkalosis (124).

SODIUM AND CALCIUM LACTATE
Lactate supplementation has been purported as a strategy for increasing extracellular buffering
capacity. Following ingestion of sodium or calcium lactate, the lactate is absorbed in the
intestine, preferentially in the jejunum (47), entering the blood stream and increased blood

lactate concentration. The lactate can subsequently be oxidised or used as a metabolic substrate
in gluconeogenesis (69, 76), processes that consume a H+, subsequently altering acid-base
balance. The increased lactate can also be taken up by the tissue for oxidation (54), or by
hepatocytes for conversion into glucose (1). The transport of lactate into tissues is facilitated
by the monocarboxylate transporters 1 and 4, which co-transport with H+ in a 1:1 ratio (59),
thereby resulting in a net loss of H+ in blood, increasing blood pH and sparing blood
bicarbonate, which may be useful during high-intensity exercise.

Supplementation strategies
Lactate is commonly provided in doses between 120 and 300 mg·kg-1BM; one study employed
a dose as low as ~14 mg·kg-1BM (81), although they showed no changes in blood variables,
suggesting that this low dose is incapable of increasing buffering capacity, and increases in
circulating bicarbonate and blood pH were modest at best. Mean bicarbonate increases of
approximately +3 mmol·L−1 have been shown after ingesting 250 ml of an 80% polylactate
solution (38) and 120 mg·kg-1BM in gelatine capsules (78); this is approximately half the
increase usually shown with a 0.3 g·kg-1BM dose of sodium bicarbonate (46). De Salles
Painelli et al. (85) aimed to determine the optimal lactate dose and timing for peak increases in
blood pH and bicarbonate using a low (150 mg·kg−1BM) and high (300 mg·kg−1BM) dose of
calcium lactate. Both doses only resulted in increased bicarbonate concentrations of around +2
mmol·L−1, with similarly small increases in pH, and peak values occurred 60-90 min following
supplement ingestion. Morris et al. (77) showed increases of approximately +2.5 mmol·L-1 70min post ingestion of 120 and 300 mg·kg−1BM. Five days of calcium lactate supplementation
at 500 mg·kg-1·day-1 did not result in blood alkalosis, suggesting that a chronic supplementation
strategy is inefficient for increasing buffering capacity (82). Acute lactate doses of between
120 and 300 mg·kg-1BM 60-90 min prior to exercise appear most likely to increase buffering
capacity, albeit more modestly than sodium bicarbonate or sodium citrate.

Effects on exercise performance
Morris et al. (78) showed a 17% improvement in exercise tolerance during a high-intensity
cycling capacity test to exhaustion at 100% of maximal power output with 120 mg·kg−1BM
calcium lactate; the same group showed improvements (+14 and +26%) in the same highintensity exercise test following two doses of 120 and 300 mg·kg−1BM of calcium lactate (77).
These impressive gains are not consistent within the literature, with further studies failing to
show any efficacy of this supplement (81, 82). Methodological differences may explain the

lack of an effect of lactate on performance in these studies, such as a very low dose unlikely to
increase buffering capacity (81) and chronic supplementation which resulted in no increases in
circulating bicarbonate (82). However, performance during the 3-bout upper-body Wingate test
was not improved with either 150 or 300 mg·kg−1BM of acute calcium lactate ingestion (85).
Since this exercise test is susceptible to changes in buffering capacity with sodium bicarbonate
and beta-alanine (2, 123), these findings cast doubt on the efficacy of lactate as an ergogenic
aid. One study compared the efficacy of sodium lactate with sodium bicarbonate and sodium
citrate in male endurance runners. A 400 mg·kg-1BM dose of sodium lactate 90-min prior to a
run to exhaustion (at maximum effort to elicit fatigue in 1–2 min) improved performance by
1.7%, which was higher than the improvement shown with sodium citrate (0.5%) although
lower than that with sodium bicarbonate (2.7%) (125).

Side-effects
Only two studies have reported any side-effects with acute lactate supplementation, volunteers
experiencing similar levels of belching and flatulence following 150 and 300 mg·kg-1BM of
calcium lactate (85) and very low levels of sickness and stomach ache with 400 mg·kg-1BM
(125). The associated side-effects with lactate supplementation appear to be minor and unlikely
to harm exercise performance.

OUTSTANDING QUESTIONS AND DIRECTIONS FOR FUTURE RESEARCH
•

The greatest possible increases in muscle carnosine with beta-alanine supplementation
are currently unknown and are worth determining to see if concomitant changes in
exercise capacity and performance can also be maximised.

•

The effects of beta-alanine for resistance and strength-based exercise is unclear. Further
research using intensive protocols, those commonly used in real-life situations, are
required to clarify its potential as an ergogenic aid for resistance athletes.

•

The efficacy of sodium citrate and sodium/calcium lactate for exercise performance
relative to sodium bicarbonate (considered the most effective of these extracellular
buffers) needs to be further investigated. This will allow determination of whether
supplementation with these alternative products is useful.

•

The optimal timing of sodium bicarbonate (and sodium citrate) to induce the greatest
alkalosis and minimal side-effects at the moment exercise begins is currently suggested

but not strongly demonstrated. Studies should determine whether these claims are
substantiated.
•

Alternative supplementation strategies to reduce side-effects with extracellular buffers
warrant future investigation. This may include gastro-resistant capsules, split-dose
strategies and lower doses with adapted timing of ingestion.

•

More work is necessary to determine if any of these buffering supplements are more
effective for exercise performed in extreme environmental conditions that result in
greater than normal H+ accumulation, such as hypoxia or heat.

SUMMARY AND CONCLUSIONS
Intense exercise challenges skeletal muscle homeostasis, partly through the production of lactic
acid that occurs when the rate of glycolysis outstrips the rate of pyruvate oxidation. The
resultant increase in H+ within the skeletal muscle contributes to fatigue, particularly in those
high-intensity events lasting between 1 and 10 min. The action of buffers in the skeletal muscle
can help to protect against the rate of H+ accumulation. Over time, however, H+ will still
accumulate and they must be transported out of the muscle and into the blood, resulting in
reduced blood pH. One possible means to delay the onset of fatigue during this type of exercise
is to increase the intracellular and/or extracellular buffering capacity. Several dietary
supplements have some potential to achieve this; the most promising being chronic
supplementation with beta-alanine (to increase intramuscular buffering via an increase in
muscle carnosine content) and acute supplementation with sodium bicarbonate (to increase
extracellular buffering via an increase in circulating bicarbonate). Both supplements have been
listed by the International Olympic Committee as sport-supplements where there is sufficient
evidence to substantiate its recommendation for use to improve exercise performance (68).
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Table 1. Dissociation constant (Ka) and its negative log (pKa) of a few organic weak acids.

Acid

Ka

pKa

Pyruvic Acid

3.98 x 10-3

2.4

Citric Acid

7.94 x 10-4

3.1

Formic Acid

1.78 x 10-4

3.75

Imidazole

1.26 x 10-7

6.9

Table 2. The pKa of ionisable groups of the amino acids.

Amino Acid

pKa of COOH

pKa of NH2

pKa of side-chain

Alanine

2.34

9.69

–

Arginine

2.17

9.04

12.48

Asparagine

2.02

8.80

–

Aspartic acid

1.88

9.60

3.65

Cysteine

1.96

10.28

8.18

Glutamic acid

2.19

9.67

4.25

Glutamine

2.17

9.13

–

Glycine

2.34

9.60

–

Histidine

1.82

9.17

6.00

Hydroxyproline

1.82

9.65

–

Isoleucine

2.36

9.60

–

Leucine

2.36

9.60

–

Lysine

2.18

8.95

10.53

Methionine

2.28

9.21

–

Phenylalanine

1.83

9.13

–

Proline

1.99

10.60

–

Serine

2.21

9.15

–

Threonine

2.09

9.10

–

Tryptophan

2.83

9.39

–

Tyrosine

2.20

9.11

10.07

Valine

2.32

9.62

–

Source: (15)
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