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Studies have shown that beverages containing glycerol can enhance and maintain
hydration status and may improve endurance exercise performance by attenuating
adverse physiological changes associated with dehydration. Improvements to per-
formance include increased endurance time to exhaustion by up to 24%, or a 5%
increase in power or work. However, some studies have found no performance ben-
efits during either prolonged exercise or specific skill and agility tests. In studies that
have shown benefits, the improvements have been associated with thermoregula-
tory and cardiovascular changes. These include increased plasma volume and sweat
rates, as well as reduced core temperature and ratings of perceived exertion. In a very
small number of subjects, glycerol consumption has been associated with side-effects
including nausea, gastrointestinal discomfort, dizziness, and headaches. In
summary, while glycerol and fluid ingestion results in hyperhydration, the docu-
mented benefits to exercise performance remain inconsistent.nure_254 690..705
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INTRODUCTION

Glycerol is the structural 3-carbon frame of triacylglyc-
erides and it plays an important role in fat metabolism.1–3

It is also an osmotically active solute that is rapidly
absorbed after ingestion and evenly dispersed throughout
the body’s water compartments (except the cerebrospinal
fluid and aqueous humor).2,4,5 This increases the osmola-
lity within these compartments, enhancing the retention
of fluid with which glycerol is ingested. The result is an
expansion of these compartments with a concomitant
reduction in urine volume, causing a transient state of
hyperhydration.6–22 During exercise, this extra water is
available to attenuate fluid lost in sweat and breathing, so
that total body water is maintained for longer. In a sepa-
rate article, guidelines are provided for glycerol use in
pre-exercise hyperhydration and rehydration during and
after exercise; these are summarized in Table 1.23

The importance of adequate hydration for the endur-
ance athlete is indicated by the extensive physiological
changes that accompany dehydration, including the fol-
lowing: 1) decreased cardiac output due to a reduction in
stroke volume24–30; 2) decreased systemic and cutaneous
vascular conductance28,29,31 further decreasing cardiovas-
cular function24,29; and 3) reduction in heat dissipation
due to decreasing cutaneous24,28,29,32 and muscle blood
flow24,28,29 and sweat rates,27,31–35 which results in increas-
ing body core temperature.24,26,27,29,33–36 Dehydration asso-
ciated with a reduction in body weight (BW) amounting
to as little as 1–2%, may increase the body’s core tempera-
ture by 0.2–0.3°C24,32,37–39 and significantly decrease stroke
volume or cardiac output.24,38 A loss of approximately 2%
BW has also proved sufficient to reduce endurance
performance in both mild40,41 and warm/hot con-
ditions.37,42–45 When considering that sweat rates for ath-
letes exercising in hot/humid environments can be as
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high as 3.0 L/h,46 fluid losses of 2% BW or greater can be
accrued rapidly.

Considerable dehydration may also contribute to
exertion-induced heatstroke, which has the potential to
be fatal.47–49 Therefore, maintaining the hydration status
of an athlete is vital. Pre-exercise hyperhydration and
maintenance of fluid balance during exercise may
provide a mechanism by which the detrimental physi-
ological processes associated with dehydration may be
reduced, delayed, or prevented.50 Glycerol, being a sub-
stance that increases fluid retention and prolongs the
state of hyperhydration or euhydration,23 could have sig-
nificant beneficial effects on exercise performance and
provide some protection against heat-related illness. This
review is focused on the effects of pre-exercise glycerol
hyperhydration on physiological variables and endurance
performance. The use of glycerol during exercise and in
rehydration is also discussed.

ORIGINAL INVESTIGATIONS

For this mainly narrative review,the Medline database was
searched for relevant publications up to October 31, 2008,
using PubMed. The key search terms used were glycerol,
exercise, hyperhydration, rehydration, and performance.
The search identified 21 original investigations that were
analyzed for this review. Tables were created to detail the
fluid regimens and protocols of the studies (Table 2) as
well as their results (Table 3).6–8,10,13,14,16–18,20–22,51–59

The glycerol doses used were similar among the
studies (1.0–1.2 g/kg BW during pre-exercise hyperhy-
dration, 0.7–0.94 g/kg BW during exercise, and 1.0 g/kg
BW during rehydration); however, the total volumes of
fluid differed considerably (1440–2500 mL during pre-
exercise hyperhydration, 647–1000 mL during exercise,
and 2103–2487 mL during rehydration). There was also
considerable variation in the environmental conditions

Table 1 Guidelines for glycerol use in pre-exercise hyperhydration and rehydration during and after exercise.
Purpose of glycerol use Guideline
Pre-exercise

hyperhydration
• Only undertake a pre-exercise glycerol hyperhydration protocol if the exercise is likely to

induce a reduction in BW of >2%.
• Consume a glycerol dose of 1.2 g/kg BW with a volume of fluid equal to 26 mL/kg BW. If

this volume is too high for an individual, then consider personalizing the protocol by
consuming a smaller volume of fluid and glycerol closer to the commencement of activity.

• Consume the glycerol solution over a period of 60 min.
• Use the normal choice of beverage. Carbohydrate-electrolyte beverages with a relatively

high sodium content might provide an additional advantage; however, this requires
further investigation.

• Commence exercise approximately 30 min after the total hyperhydration fluid volume has
been consumed.

• Consider the increased metabolic cost associated with undertaking weight-bearing
exercise with elevated BW.

Glycerol rehydration
during exercise

• If pre-exercise hyperhydration has taken place, then consume 0.125 g/kg BW of glycerol in
a volume equal to 5 mL/kg BW when exercise is of sufficient duration to dehydrate by >2%
BW.

• Drinking fluid at a rate greater than that required to replace sweat loss (leading to a net
weight gain during exercise) should be avoided. Therefore, if an athlete is hyperhydrated
before exercise lasting 75 min or less, very little fluid would be needed during exercise
under most conditions, and the consumption of glycerol with any fluid is not
recommended.

• If no pre-exercise hyperhydration has taken place, then a larger dose of glycerol with fluid
during exercise is warranted. Therefore, we recommend athletes consume 0.4 g/kg BW
glycerol with fluid during each of the first 4 h of exercise. After 4 h individuals should
consume fluid alone where necessary. Again, fluid replacement should be based on sweat
rate, and drinking to a level that would promote weight gain should be avoided.

Glycerol rehydration
post-exercise

• Consume 1.5 L of fluid for each 1 kg of weight loss.
• Add 1.0 g/kg BW of glycerol to each 1.5 L of fluid consumed when a subsequent bout of

exercise will be undertaken within a few hours (this will provide similar glycerol doses with
fluid volumes as those used in hyperhydration).

• If there is a long duration between successive exercise bouts, then rehydrate with water
and meals and follow the pre-exercise hyperhydration recommendations before the next
exercise session.

General
recommendations

• Try using glycerol in training before attempting to use it during competition.
• If side effects are encountered, discontinue use or try to personalize the above

recommendations by consuming a small dose of glycerol.
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and the exercise protocols used in the studies.While most
of the studies included subjects who were well-trained,
the heat acclimation of subjects varied across trials
(Table 2). In a separate article on guidelines for glycerol
use, we evaluated the quality of these studies and this was
accounted for in the following discussions.23 Seven of the
studies documented in the other article were not included
in the current review for the following reasons: 1) they
did not include exercise protocols9,11,12,15; 2) they studied
glycerol hyperhydration in cold rather than warm/hot
environments19,60; or 3) they provided insufficient fluid to
be regarded as a hyperhydration study.61

PHYSIOLOGICAL EFFECTS OF PRE-EXERCISE
GLYCEROL HYPERHYDRATION

The increased total body water with pre-exercise glycerol
hyperhydration has resulted in physiological effects
attributable to thermoregulatory, cardiovascular, and/or
central nervous system mechanisms.

Cardiovascular benefits

Cardiovascular effects have been studied as a mechanism
for enhanced endurance performance following pre-
exercise glycerol hyperhydration in 17 studies (Table 3).
Eight of these showed benefits, including reductions in
exercising heart rate,8,13,14,21,56 increased cardiac filling and
stroke volume, and better maintenance of plasma
volume.16-18 Combined, these effects indicate that glycerol
hyperhydration attenuates exercise-induced cardiovascu-
lar strain.8,16,18 Theoretically, the reduced cardiovascular
strain could allow increased oxygen and nutrient delivery
to working muscles, coupled with enhanced removal of
waste products.62 In contrast, however, it should be noted
that three studies showed higher heart rates following
glycerol ingestion.7,18,51 In two of these, the higher heart
rates coincided with power outputs that were,7 or tended
to be,18 higher in the glycerol trials.

The most likely explanation for these benefits is that
the extra retained fluid maintains mean arterial pressure
and prevents the large decreases in plasma and stroke
volumes that occur with prolonged exercise.8 In this way,
cardiovascular efficiency may be improved during endur-
ance performance following pre-exercise glycerol hyper-
hydration. Others have argued that benefits resulting
directly from a small increase in blood volume are
unlikely because blood volume is the smallest of the body
water compartments,14 representing only 12% of total
body water.11 If an average of 500 mL of additional fluid is
retained during hyperhydration, and distributed evenly
throughout the total body water, blood volume could
be expected to increase by 60 mL. This constitutes aG
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variation of only approximately 1–2% given that the
average female or male adult has 4000 or 5000 mL of
blood, respectively.11 However, it could be expected that
the additional fluid retained in other compartments
would be used to support plasma volume once it starts to
decrease during exercise.

Thermoregulatory benefits

Thirteen of the 21 studies included in this review investi-
gated aspects of thermoregulation following glycerol-
induced hyperhydration; six of these showed benefits
including increased sweat rates,6,18,21,51 reductions in rectal
temperature,6,8,21 and increased forearm blood flow8

(Table 3).
Increases in sweat rates of 14–50% were seen in 4 of

the 12 studies that measured sweat rate following pre-
exercise glycerol hyperhydration.6,18,21,51 Such increases
should promote evaporative cooling, allowing an avenue
to reduce core temperature. Indeed, two of the four
studies showed a concomitant reduction in core tempera-
ture and an increased sweat rate.6,21 The largest reduction
in core temperature (~0.9°C) was seen with a large
increase in sweat rate (~33%) in dry heat (42°C, 25%
relative humidity [RH]).6 In contrast, another study
showing large increases in sweat rates (~50%) following
glycerol consumption did not show reductions in rectal
temperature or mean skin temperature.18 The failure of
this enhanced potential for evaporative heat loss to influ-
ence core temperature may be related to the higher
humidity (63%) in that study.18 Eight other studies
reported no difference in sweat rate between glycerol and
non-glycerol conditions (Table 3).7,10,13,16,20,52,53,56 Of these,
three studied exercise in relatively thermoneutral envi-
ronments,13,20,56 one studied exercise of a short duration,53

one studied exercise at a relatively low intensity,52 and two
allowed rest periods during the performance tests
(Tables 2 and 3).10,20 These factors may have contributed
to the observed lack of effect of glycerol on sweat rate in
these studies.

Another of the observed thermoregulatory benefits
is increased forearm blood flow, indicating increased
distribution of circulating blood volume to the periph-
ery. This would enhance heat dissipation via radiation,
convection, and conduction. Only one study was iden-
tified that measured this parameter during exercise fol-
lowing glycerol hyperhydration.8 Forearm blood flow
was nearly 40% higher towards the end of the exercise
period in the glycerol trials. However, the authors noted
that the difference between trials was due to a decrease
in the control trials rather than an augmented increase
with glycerol. During exercise, the body attempts to
maintain mean arterial pressure as a priority over skin
blood flow.8 Dehydration results in a greater relative

proportion of the total blood volume being required
centrally to maintain mean arterial pressure. The result
is a relative decrease in the amount of blood shunted to
the periphery.8 With pre-exercise hyperhydration, extra
water within the body would be available to maintain
blood volume for longer, and thus delay the point at
which peripheral blood flow is compromised in favor of
central blood volume. Anderson et al.8 showed that
maintenance of forearm blood flow in the glycerol trials
occurred while both rectal temperature and skin tem-
perature tended to be lower, suggesting the possibility
that glycerol increased evaporative cooling via this
mechanism.8

Perceived exertion, thirst sensation, and
thermal sensation

Undertaking long-duration, high-intensity exercise in
the heat induces both severe physiological stress on the
body and severe psychological stress. Higher ratings of
perceived exertion (RPE) have been seen at the end of
60 min of exercise in the heat (32°C, 60% RH) in indi-
viduals dehydrated by 1.8% BW.42 Because glycerol does
not cross the blood-brain barrier, it is unlikely to have a
direct central nervous system effect on subjective mea-
sures. However, by reducing the severity of dehydration,
in conjunction with improving cardiovascular and ther-
moregulatory functions, glycerol hyperhydration may
reduce the perceived effort of exercise. Eight studies
have measured RPE during performance following pre-
exercise glycerol ingestion (Table 3).7,8,10,13,18,20,21,51 Three
of these showed significant performance improve-
ments7,8,13 and two showed non-significant performance
benefits (>5%).10,18 In all of these studies, RPE was
similar between conditions even though total work,7

power output,8,18 time to exhaustion,13 or race time10 was
improved in the glycerol trials. Together, these findings
indicate that subjects were able to maintain a higher
work rate without feeling like they were working any
harder.7,10

Other perceptual markers, including thirst sensa-
tion and environmental symptoms questionnaire scores,
have also been diminished following glycerol hyperhy-
dration, suggesting decreased perception of thermal
strain.10,56 Importantly, however, it can also be argued
that reduced thirst may be a negative consequence for
individuals exercising in the heat, as reduced inclination
to consume fluids may exacerbate ensuing dehydra-
tion.57 Athletes, therefore, need to be aware of their
expected sweat rate during an exercise bout. As body
water losses of up to 2% BW are generally well tolerated,
the goal of fluid replacement during exercise should be
to replace sufficient fluid so that BW is maintained
above this level.
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PERFORMANCE EFFECTS OF GLYCEROL
HYPERHYDRATION

Thirteen of the studies discussed in the previous section
also investigated the effects of pre-exercise glycerol hype-
rhydration on aspects of endurance exercise performance
(Tables 2 and 3). Six of the 13 (including one with two
series of experiments) showed significant improvements
in endurance performance parameters,7,8,13,16,53,56 while
seven did not.10,17,18,20,21,54,55 However, one of those seven
did show a potentially practical, albeit non-significant,
performance improvement of 9%.10 One further study
showed improved power at the anaerobic threshold with
pre-exercise glycerol hyperhydration and additional glyc-
erol during exercise, as discussed in the next section.55

Importantly, none of the studies showed a decrement in
endurance performance following glycerol hyperhydra-
tion. All of the studies are discussed in more detail below,
and the differences in study designs are used to highlight
factors leading to implications for the use of glycerol to
improve performance.

Timing of exercise performance

A hyperhydration protocol should be most beneficial
when exercise coincides with maximal fluid retention.
However, establishing a definitive timeframe for peak
hyperhydration is difficult because a number of complex
physiological mechanisms affect fluid uptake and body
water. With dehydration and rehydration, many markers
of hydration status undergo rapid changes. Unfortu-
nately, it is common to have relatively long periods of
time between successive analyses of these markers in
hydration research. It is consequently possible to miss
transient changes, adding to the difficulty of determining
when maximal hyperhydration occurred.

Peak fluid retention6,7,9,11,19 and changes in plasma
volume7,11,19,52 have been seen 30–120 min following fluid
ingestion. Tables 2 and 3 demonstrate that performance
improvements have been seen with exercise protocols
starting within this period. Exercise time to exhaustion
was increased when the performance test began 30,53 60,13

or 120 min56 after hyperhydration ended. Similarly,
performance under racing conditions improved when
starting 35 min10 or 120 min16 post-hyperhydration. Fur-
thermore, power output was increased in three studies
when performance started 120 min after hyperhydra-
tion.7,8,56 Of the five studies that showed thermoregulatory
benefits with glycerol ingestion, as discussed in the pre-
vious section, four initiated the exercise protocol at least
60 min after the hyperhydration period ended.6,8,21,51

Starting exercise too soon will not allow enough time
for fluid absorption. Three studies began performance
tests within 10 min of the hyperhydration period.17,18,20 All

three showed no difference in performance between con-
ditions, although one did show thermoregulatory ben-
efits.18 However, waiting too long before starting exercise
will also reduce the effectiveness of this technique. Free
water clearance and urine flow are seen to peak
30–120 min following hyperhydration.7,9,11,19 Therefore,
long delays between hyperhydration and performance
will result in greater excretion of the ingested fluid and a
lower relative state of hyperhydration when exercise
begins. Several studies have mapped fluid retention for
periods of up to 3 h post ingestion, without the confound-
ing of an exercise protocol beginning within this period.
After 2 and 3 h, respectively, 60–80% and 45–60% of the
ingested fluid was still retained in the glycerol trials.6,9,11

Exercise mode, intensity, and performance task

Exercise trials that induce a 2% BW loss and impose a
large strain on the thermoregulatory system allow a
greater opportunity for the effects of glycerol hyperhy-
dration to be witnessed. In four of the six exercise studies
demonstrating enhanced performance,8,13,16,56 and the
single study showing non-significant improvements,10 a
long-duration (>75 min), high-intensity exercise trial was
used (Table 2).

In the studies that did not show significant perfor-
mance improvements, four allowed rest periods during
the exercise protocols,6,10,20,55 one studied exercise at a
relatively low intensity,52 two studied exercise for rela-
tively short durations,18,21 one investigated specific skill
and agility tasks,17 one used exercise to exhaustion (a
protocol that has been associated with poor reliability
and a coefficient of variation in individuals of up to
27%63–65),20 and one used a protocol that has failed to
show benefits with other supplementation strategies
(Table 2).18 However, two of the studies that showed ben-
efits also utilized exercise protocols of relatively short
duration (�60 min)7,53 and three studied exercise to
exhaustion13,53,56 (one at a relatively low intensity53).

Allowing rest periods during the exercise protocols
seems to consistently limit the potential to see perfor-
mance benefits since the thermal load on the body is
reduced through enhanced heat dissipation. As a result,
the thermoregulatory and cardiovascular systems become
less stressed. Only one of the studies with rest periods (for
urine collection during initial steady-state exercise)
showed significant performance improvements during
subsequent incremental exercise to exhaustion.56 One
other showed a non-significant 5 min (~9%) improve-
ment under race conditions.10 It could be speculated that
this difference may have become significant if rest periods
were not allowed. Four studies that incorporated rest
periods into the performance task also measured cardio-
vascular and thermoregulatory mechanisms and two
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showed no benefits.10,20 However, subjects in the study of
Wingo et al.10 did have a lower perceived thermal sensa-
tion, thirst sensation, and environmental symptoms ques-
tionnaire score. In contrast, Lyons et al.6 allowed a 5-min
rest period every 30 min and subjects still showed signifi-
cant increases in sweat rate with concomitant reductions
in core temperature following glycerol ingestion. These
differences can likely be explained by the fact that the
environmental conditions used by Wingo et al.10 (30°C)
and Goulet et al.20,56 (25–27°C, 38–55% RH) would allow
heat dissipation during resting conditions, while the
42°C, 25% RH used by Lyons et al.6 was not conducive to
enhanced heat dissipation, even when resting.

Environmental conditions

The detrimental effects of dehydration on physiological
processes are exaggerated in thermally stressful environ-
ments. Gonzalez-Alonso et al.66,67 report that when
presenting separately, dehydration (-4% BW) and hyper-
thermia each reduce stroke volume by 7–8% and increase
systemic vascular resistance by approximately 2%.
However, when presenting together, dehydration (-4%
BW) and hyperthermia elicit a synergistic effect and
reduce stroke volume by more than 20%66,67 while
increasing systemic vascular resistance by more than
10%.66 Thus, this level of dehydration in a thermally
stressful environment seriously compromises the ther-
moregulatory and cardiovascular systems.

Four of the six studies showing significant perfor-
mance improvements following glycerol hyperhydration
conducted exercise in thermally stressful conditions of
30–35°C and 30–60% RH.7,8,16,53 The specific influence of
environmental conditions on performance was displayed
by Coutts et al.,16 who had subjects complete a triathlon
following glycerol ingestion or a placebo in both warm
(25°C, 52% RH) and hot (30.5°C, 46% RH) conditions.
Performance was 1:47 min slower on the hot day com-
pared to the warm day after glycerol consumption but
11:40 min slower on the hot day compared to the warm
day in the placebo condition. The overall time was also
significantly faster (5.7%; 7:49 min) with glycerol com-
pared to placebo on the hot day.16

The significant variation in environmental condi-
tions found in the exercise protocols may also contribute
to the inconsistent results witnessed for the previously
discussed thermoregulatory parameters. High ambient
temperatures may enhance the benefits in hyperhydrated
subjects by exacerbating dehydration in control subjects.
Imposing a greater thermal load on the body would
potentially increase the benefits associated with having
extra water available to maintain plasma volume and
assist in heat dissipation. Two of the four studies showing
significant improvements in sweat rate were conducted in

very hot, dry conditions (42°C, 25% RH6 and 35–45°C,
20% RH51) while the other two were in warm/hot, humid
conditions (34.5°C, 64% RH18 and 30°C, 70% RH21). Simi-
larly, the most significant reductions in rectal tempera-
ture occurred with exercise conducted in dry heat (42°C,
25% RH6 and 35°C, 30% RH8) or warm/hot, humid con-
ditions (30°C, 70% RH21). These high ambient air tem-
peratures would limit heat dissipation to evaporation,
while exercise in moderate conditions, as used in a
number of other studies (24°C, 26% RH,13,14 25°C,
38–42% RH20 and 26–27°C, 55% RH56), would allow heat
loss via all avenues (evaporation, convection, conduction,
and radiation).13 Given these extra avenues for heat dis-
sipation in moderate temperatures, the lack of ther-
moregulatory benefits in these studies is not surprising.

GLYCEROL CONSUMPTION WITH FLUID
DURING EXERCISE

Hyperhydration increases body water to delay the pro-
gression of dehydration during exercise. However, most
athletes also consume additional fluid while they are
competing. The following sections discuss the effect of
glycerol ingestion with fluid during exercise and the effect
of consuming fluid without additional glycerol during
exercise.

Glycerol ingestion with fluid during exercise

It is reasonable to expect that the osmotic properties of
glycerol may also enhance the retention of fluid ingested
after exercise has begun. To date, only five studies have
employed protocols that include glycerol in beverages
consumed during exercise. One of these showed a benefit
to anaerobic performance55 while each of the other four
showed one or more significant benefits to thermoregu-
latory or cardiovascular variables.6,14,57,58

Only two of the studies reviewed provided glycerol
with fluid during exercise, without pre-exercise glycerol
hyperhydration (Tables 2 and 3).57,58 To our knowledge,
Murray et al.57 are the only researchers who have studied
the specific effects of glycerol on hydration during exer-
cise without any pre-exercise glycerol and fluid ingestion,
since Siegler et al.58 gave 500 mL at 30 min pre-exercise
and a further 500 mL during exercise. These studies are
not hyperhydration studies because only a small total
volume of fluid was consumed (64757–1000 mL58). The
two studies provided glycerol solutions with concentra-
tions ranging from 4 to 10% (4% glycerol with 6% CHO
and 10% glycerol in one57 and 5.2% glycerol with 4%
CHO in the other58). The resulting glycerol doses were
0.38 and 0.94 g/kg BW for the 4% and 10% solutions of
Murray et al.57 and 0.7 g/kg BW for the 5.2% beverage of
Siegler et al.58
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During 90 min of cycling at 50% VO2 peak (in 30°C,
45% RH environment) both the 4% and 10% glycerol
solutions reduced thirst sensation and attenuated the
decrease in plasma volume seen with the water placebo
and sports drink solutions.57 From 60 to 80 min during
exercise, the 10% glycerol solution provided better main-
tenance of plasma volume than did the 4% solution. In
fact, the 10% glycerol solution caused plasma volume to
increase above resting euhydrated levels at 70 and 80 min
of exercise. However, the results were similar at all other
time points and there were no differences between treat-
ments for heart rate, sweat rate, and esophageal tempera-
ture. It is possible that the total volume of fluid consumed
(647 mL) may have been too small to translate into ther-
moregulatory benefits. Overall, mean ratings of perceived
thirst were also lower for the glycerol treatments;
however, the authors note this may be a negative conse-
quence for individuals exercising in the heat.57 The pro-
tocol of Siegler et al.58 resulted in a 40% reduction in BW
loss and a 55% reduction in the change in plasma volume
over 60 min of exercise, compared to the sports drink.
Thus, the addition of glycerol to beverages consumed
during exercise has the potential to maintain fluid
balance to a greater extent than sports drinks or water
alone.

The three other studies investigating glycerol con-
sumption during exercise did so after pre-exercise glyc-
erol hyperhydration.6,14,55 Subjects in the study of Dini
et al.55 maintained work rate at the anaerobic threshold
when additional glycerol was consumed with fluid during
exercise, while power output dropped at the anaerobic
threshold in the trials without. Lyons et al.6 showed
increased sweat rates and reduced core temperature in
the glycerol trials. However, they had no pre-exercise
hyperhydration trial without additional glycerol during
exercise. It is, thus, impossible to differentiate the effects
of glycerol before exercise alone, as compared to before
and during exercise. Montner et al.14 showed that contin-
ued glycerol and fluid intake during exercise increased
stroke volume and reduced exercising heart rate, com-
pared to the intake of fluid alone, even though exercise
was performed at a low intensity in mild environmental
conditions. Together, these studies indicate that ingestion
of glycerol along with fluid during exercise may maintain
hydration; however, the practical benefits resulting from
this enhanced rehydration are inconclusive and require
further investigation.

Pre-exercise glycerol hyperhydration with additional
fluid during exercise

Most other hyperhydration studies that gave glycerol
before exercise also provided fluid without additional
glycerol during the performance tests.8,10,13,14,17,18,20,21,51,52,55

This more realistically reflects the behavior of athletes.
The provision of additional fluid may further explain the
lack of thermoregulatory or cardiovascular benefits seen
in some studies discussed in the previous section. Hyper-
hydration delays the development of body water deficits
when sweat losses are not replaced.52 However, if suffi-
cient fluid is available during exercise to maintain hydra-
tion, the physiological stress associated with dehydration
will be limited and pre-exercise hyperhydration would
ostensibly have a negligible effect.10,52

Vast differences in the designs of the 11 studies
examining this effect make it difficult to determine the
extent to which potential benefits associated with hyper-
hydration are negated by ingesting extra fluid during
exercise. In five studies, subjects ingested large volumes of
fluid during exercise (i.e., >1200 mL).8,10,13,14,52 In three
of these studies, subjects showed cardiovascular ben-
efits,8,13,14 but thermoregulatory benefits were only seen in
one.8 Five studies reported the temperature of the
ingested fluid; four provided beverages cooler than body
temperature (4°C13,14–25°C10,20) while one gave beverages
at body temperature.52 It can be surmised that providing
cooler fluid may allow an extra avenue for heat dissipa-
tion, thereby reducing the influence of hyperhydration
on thermoregulation. However, several studies have
observed significant physiologic and thermoregulatory
benefits with glycerol hyperhydration even though fluid
was available during exercise (Tables 2 and 3).6,8,13,14,17,21,51

Benefits seen include increased sweat rates,6,18,21,51

increased plasma volume17,18 and forearm blood flow,8

and reduced rectal temperature6,8,21 and heart rate.8,13,14,21

Two studies also showed significantly enhanced endur-
ance performance.8,13

GLYCEROL USE IN REHYDRATION AFTER EXERCISE

Many athletes, in both individual and team sports, com-
plete multiple, intense training sessions on a daily basis.
Many of these athletes also compete at events where they
are expected to repeat maximal performance in competi-
tions over successive days.Whether in training or in com-
petition, it is imperative that these athletes maximize their
recovery between sessions. Rehydration is a vital compo-
nent of recovery and may be enhanced by the inclusion of
glycerol in rehydration beverages.17,22,59 To date, only three
studies have explored the potential benefit of incorporat-
ing glycerol in beverages ingested while rehydrating from
a state of exercise-induced dehydration.17,22,59 Scheett
et al.22 and Kavouras et al.59 dehydrated subjects via exer-
cise in the heat to -3% and -4% BW, respectively. They
then rehydrated the subjects (3% BW each) with or
without glycerol (1 g/kg BW) before evaluating the effec-
tiveness of the rehydration protocols via a performance
test. Magal et al.17 initially hyperhydrated subjects with or
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without glycerol and then dehydrated them via exercise
before rehydrating them with or without glycerol. The
effect of glycerol was, thus, observed during both hyper-
hydration and rehydration.

Both studies investigating glycerol use exclusively in
rehydration found significant performance improve-
ments in the glycerol trials (Table 2).22,59 Cycling time to
exhaustion with glycerol increased by 12.6%22–19%59

when compared to rehydrating with water alone. Addi-
tionally, all studies using glycerol in rehydration showed
that plasma volume was more rapidly and completely
restored when rehydrating with glycerol solutions com-
pared to water. Glycerol rehydration was also associated
with higher forearm blood flow during the performance
test in one study,59 and a non-significant decrease in
rectal temperature (~0.4°C) during the rehydration
period in another.22 However, no other thermoregulatory
benefits were observed (Table 3).

ADDITIONAL CONSIDERATIONS

Metabolic benefits

In addition to providing thermoregulatory and/or cardio-
vascular benefits, glycerol may potentially enhance
endurance performance by maintaining blood glucose via
liver gluconeogenesis,1,68–72 thereby decreasing the utiliza-
tion of muscle and liver glycogen during exercise. While
sound in theory, ingestion of glycerol in a small volume of
fluid (400–500 mL) has proved ineffective for improving
endurance performance.68–71,73 It has been shown that the
human liver, while possessing high levels of glycerol
kinase,1,68,72,74,75 does not have the gluconeogenic capacity
to rapidly convert glycerol to glucose for metabolism
during exercise.8,70,71,73 There is some evidence in humans
that glycerol may contribute a small amount to total CO2

production and increase blood glucose,1,68,69,73 and, in rats,
glycerol feeding significantly prolonged exercise time to
exhaustion by 32%.72 However, when looking at all studies
on this topic, at best, glycerol may provide a minor energy
substrate during exercise.

Potential negative effects of glycerol hyperhydration

The BW gain associated with glycerol hyperhydration
may have a detrimental effect on performance during
weight-bearing activity of a relatively short duration or in
non-stressful environmental conditions. It has been
shown that the primary factor determining the metabolic
cost of walking or running is the force required to
support BW.76–79 Supporting BW and accelerating the
center of gravity account for 28% and 45% of the meta-
bolic cost of walking, respectively.77 The energy required

to support BW is even higher when running, increasing to
74% of the net metabolic cost.76 Additionally, increasing
BW has a slightly greater than proportional effect on
increasing metabolic rate.76 Adding 1 kg to a 68.85 kg
individual is enough to increase metabolic rate by 1.18 W
when walking.77 Thus, the increased energy associated
with carrying the additional fluid retained with pre-
exercise hyperhydration may be more substantial than
any potential benefits arising from reduced thermal
strain. A further confounding factor is that an increased
metabolic rate will act to elevate core temperature,
because 80% of metabolic energy is converted to heat.80

One study showed that 10-m sprint times tended to be
slightly higher immediately following glycerol hyperhy-
dration when subjects were approximately 1 kg heavier.17

Another showed a non-significant (5%) reduction in
exercise time during a short incremental field test when
athletes were approximately 0.6 kg heavier.58 However, in
a situation of long-duration, high-intensity exercise in a
thermally stressful environment, where the dehydration
is likely to be well in excess of 2% BW, then the benefit of
additional fluid may be more important.

Side effects associated with glycerol consumption

Glycerol consumption is very well tolerated. In hydration
research, glycerol administration has been investigated
with fluid before, during, or after exercise in 28 studies.
Three studies reported side-effects after rapidly adminis-
tering the glycerol as a concentrated bolus followed by
fluid ingestion.8,52,53 In two of these studies, a total of four
subjects were nauseous after glycerol ingestion, resulting
in cancellation of the trial on that day52,53; in the other
study, two subjects developed diarrhea in the 24-h period
after the trial.8 A small number of subjects in four other
studies reported side-effects that did not affect participa-
tion; these included gastrointestinal distress (bloating/
nausea)16,21,57 or lightheadedness.57

In subjects reporting side-effects, glycerol was given
both as a concentrated bolus administered rapidly fol-
lowed by fluid ingestion8,52,53 and in a larger volume of a
less concentrated solution over a longer duration.16,21

Other investigators have replicated these methods of
administration without incident.6,9,11,13,15,17–20,22,59 Lower
total concentrations of glycerol, and its administration in
divided doses, may have accounted for the lack of side-
effects reported in some studies.7,10,13,14,18,20 Glycerol inges-
tion over longer periods of up to 49 h has also been well
tolerated.12

Of the two studies using glycerol during exercise
without pre-exercise hyperhydration, side-effects were
seen in one57 both not the other.58 Murray et al.57 gave a
higher dose with less fluid, which, when combined with a
reduction in gastrointestinal blood flow and delayed
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gastric emptying with exercise, may account for the
symptoms reported. Three other studies hyperhydrated
with glycerol pre-exercise and then provided additional
glycerol with fluid while exercising and reported no
side-effects.6,13,55

While glycerol has been used clinically to reduce
cerebral edema, intracranial hypertension, and intraocu-
lar pressure by drawing water out of the cerebrospinal
fluid and brain,3,74,81 there is very little chance of these
events occurring when glycerol is consumed with large
volumes of fluid. However, there are certain populations
for which glycerol ingestion is not recommended due to
actions on liver gluconeogenesis, kidney filtration, cardio-
vascular homeostasis, and hydration homeostasis. These
include individuals with diabetes, renal disease, migraine
and headache disorders, cardiovascular disease, liver dis-
orders, and those who are pregnant.9

CONCLUSION

In a separate article, we conclude that glycerol ingestion
promotes fluid retention and delays dehydration.23 In this
review, we discuss how the translation of these effects into
performance benefits has not been consistently demon-
strated. The effects of glycerol hyperhydration on ther-
moregulatory and cardiovascular physiology include
higher sweat rates, reduced heart rates and core tempera-
tures, increased forearm blood flow, and favorable subjec-
tive responses including reduced thermal sensation, thirst
sensation, environmental symptoms questionnaire
scores, and RPE. These effects have been associated with
performance improvements including increased endur-
ance time to exhaustion (up to 24%), increased work and
power (up to 5%), and improved Olympic distance tri-
athlon performance (approximately 10 min). However,
others have found no benefits affecting endurance and/or
specific skill and agility tasks. Presently, no studies have
shown a detrimental effect of pre-exercise glycerol hyper-
hydration on endurance performance. Only two studies
have provided glycerol with fluid during exercise, without
pre-exercise hyperhydration. Each provided only a small
volume of fluid with the glycerol, which may have
reduced its effectiveness. Plasma volume was better main-
tained in the glycerol trials; however, no thermoregula-
tory or cardiovascular benefits were seen. When used
during rehydration, glycerol has also been shown to
enhance the restoration of plasma volume, reduce core
temperature during rehydration, increase forearm blood
flow, and improve subsequent exercise time to exhaustion
by 12.6–19%.

Glycerol hyperhydration is most likely to have a ben-
eficial effect when used as a preparatory aid for subse-
quent continuous exercise of a long duration and high
intensity in thermally stressful conditions. Under these

conditions, the thermoregulatory and cardiovascular
systems will be highly stressed and extra fluid will be most
useful.
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