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Abstract
The purpose of this current opinion paper is to describe the journey of ingested carbohydrate from ‘mouth to mitochondria’ 
culminating in energy production in skeletal muscles during exercise. This journey is conveniently described as primary, 
secondary, and tertiary events. The primary stage is detection of ingested carbohydrate by receptors in the oral cavity and 
on the tongue that activate reward and other centers in the brain leading to insulin secretion. After digestion, the second-
ary stage is the transport of monosaccharides from the small intestine into the systemic circulation. The passage of these 
monosaccharides is facilitated by the presence of various transport proteins. The intestinal mucosa has carbohydrate sensors 
that stimulate the release of two ‘incretin’ hormones (GIP and GLP-1) whose actions range from the secretion of insulin to 
appetite regulation. Most of the ingested carbohydrate is taken up by the liver resulting in a transient inhibition of hepatic 
glucose release in a dose-dependent manner. Nonetheless, the subsequent increased hepatic glucose (and lactate) output can 
increase exogenous carbohydrate oxidation rates by 40–50%. The recognition and successful distribution of carbohydrate to 
the brain and skeletal muscles to maintain carbohydrate oxidation as well as prevent hypoglycaemia underpins the mecha-
nisms to improve exercise performance.

Key Points 

Receptors in the oral cavity detect ingested carbohydrate 
and activate reward and other centers in the brain that 
can improve sports performance.

Exogenous carbohydrate availability and subsequent 
carbohydrate oxidation rates can be increased by co-
ingesting fructose with glucose (polymers).

Ingested carbohydrate provides fuel for the brain as well 
as working skeletal muscle tissue. Its distribution via the 
liver is orchestrated, so that hypoglycaemia and fatigue 
are delayed.

1 Introduction

Since the recognition that fatigue during prolonged exercise 
is accompanied by the depletion of muscle glycogen stores 
[1], nutritional studies have been directed at increasing 

 * Ian Rollo 
 Ian.rollo@pepsico.com

1 Gatorade Sports Science Institute, PepsiCo Life Sciences, 
Global R&D, Leicestershire, UK

2 School of Sports Exercise and Health Sciences, 
Loughborough University, Loughborough, UK

3 Department for Health, University of Bath, Bath, UK
4 Department of Human Biology, NUTRIM School 

of Nutrition and Translational Research in Metabolism, 
Maastricht University Medical Centre+, Maastricht, 
The Netherlands

http://orcid.org/0000-0002-2215-089X
http://crossmark.crossref.org/dialog/?doi=10.1007/s40279-020-01343-3&domain=pdf


 I. Rollo et al.

pre-exercise carbohydrate (CHO) stores as well as provid-
ing additional CHO during exercise.

Strategies to increase pre-exercise muscle glycogen 
stores include increasing daily dietary CHO intake [1–4] 
and ingesting CHO-rich meals prior to exercise. The con-
sumption of easy-to-digest CHO-rich meals 3 h before exer-
cise increases liver and muscle glycogen concentrations by 
11–15% [5, 6]. Commencing exercise with elevated liver and 
muscle glycogen contents can improve endurance capacity, 
as has been consistently shown with running and cycling 
exercise [6–8]. When a pre-exercise CHO-rich meal is 
combined with the ingestion of CHO during exercise, then 
the improvements in endurance capacity during prolonged 
cycling [9] and during running [10] tasks are greater than 
when either of these CHO interventions is adopted sepa-
rately. Endurance time-trial performance (~ 1 h > 70% V̇
O2max) has also been reported to benefit from CHO inges-
tion during running and cycling exercise [11, 12]. However, 
the magnitude of benefit likely depends on the pre-exercise 
endogenous CHO storage levels of an individual [13].

The ingestion of CHO has been shown to improve endur-
ance capacity by maintaining euglycemia late in exercise 
and, under certain circumstances, delaying the depletion 
of muscle glycogen stores [14, 15]. Other mechanisms by 
which CHO may influence endurance performance may be 
“centrally” mediated [16]. The central and peripheral effects 
of CHO ingestion are not mutually exclusive, as CHO must 
pass through the gastrointestinal (GI) tract before entering 
the peripheral circulation. Thus, the mechanisms by which 
CHO influences exercise performance go beyond simply 
providing enough substrate for energy metabolism.

The purpose of this current opinion paper is to classify 
the effect of CHO ingestion into three major stages; primary, 
secondary, and tertiary. This paper will address these stages 
in sequence discussing how the delivery of (or delivered) 
substrate for energy metabolism during exercise impacts on 
performance.

2  Primary

Endogenous CHO stores within the liver and skeletal mus-
cles are relatively limited. Therefore, to maintain the sup-
ply of energy for muscle and brain function, CHO stores 
are needed to be replenished frequently. This is achieved 
through our habitual diet. In line, most sports nutrition 
interventions include the ingestion of CHO-rich foods or 
food supplements. Therefore, the effectiveness of nutritional 
interventions is dependent upon the absorption of CHO by 
the GI tract.

The digestion of CHO begins in the mouth. Food is bro-
ken down mechanically by mastication and mixed with 
saliva. Salivary amylase begins the breakdown of ingested 

starch into small oligosaccharides. In the mouth, the tongue 
begins with the analysis of food, determining whether it is 
nutritive (i.e., contains available carbohydrates) and should 
be ingested or whether it is potentially harmful and should 
be expectorated [17]. Sweet stimuli (glucose, sucrose, fruc-
tose, and artificial sweeteners) are detected by taste receptor 
cells (G-coupled receptor proteins; T1R2 and T1R3) on the 
tongue [18]. These receptor cells release a neurotransmitter 
(α-gustducin) that is detected by primary afferent nerve fiber 
terminals, sending information to the brainstem. The central 
processing of sweet taste activates feeding circuits as well as 
brain reward systems that promote sweet appetite [18]. The 
palatability of solutions is an important consideration when 
investigating carbohydrate–electrolyte (CHO-E) beverages. 
Several studies have reported that flavoured or sweetened 
beverages can substantially increase the voluntary intake of 
fluid both during exercise and throughout subsequent recov-
ery [19, 20].

The central response to ingesting CHO has been investi-
gated using functional magnetic resonance imaging (fMRI). 
In one study, participants ingested either 300 mL of water 
(control), a glucose solution, an aspartame (sweet taste) 
solution, or a maltodextrin (non-sweet CHO) solution. 
Both sweet taste and energy content appeared to produce 
a hypothalamic response [21]. The hypothalamic response 
was reported to be dose dependent on CHO, specifically, in 
relation to changes in circulating insulin concentrations [22].

Both glucose (sweet) and glucose polymers (non-sweet) 
in the mouth activate regions in the brain associated with 
reward, such as the insula/frontal operculum, orbitofrontal 
cortex, and striatum. These findings suggest that there may 
be a class of, so far unidentified, oral receptors that respond 
to CHO independently of sweetness [23]. Regions of the 
brain associated with reward are also believed to mediate 
behavioral responses to rewarding stimuli, such as taste [24].

Receptors on the tongue also extract information about 
the texture and temperature of food. This processing pre-
pares the GI system for compounds in the mouth by caus-
ing the organism to salivate, masticate, swallow, or expel, 
as well as to release a cascade of post-prandial hormones 
such as insulin and other peptides [17]. In humans, simply 
tasting food stimulates the release of insulin from the pan-
creas, known as the cephalic insulin release (CPIR). Under 
fasting conditions, both nutritive (sucrose) and non-nutritive 
sweetener (saccharin) solutions have been shown to induce 
CPIR, when mouth-rinsed for 45 s and expectorated without 
ingestion [25]. However, the magnitude of change in insulin 
secretion from the pancreas following the CPIR is negligible 
(1–2 mU/L) compared to the ~ 80-fold increase in response 
to elevated blood glucose concentrations. Although it is not 
known if the CPIR persists during exercise, it is unlikely to 
impact on carbohydrate metabolism or performance.
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Rinsing a CHO solution (6–10%) for 5–10 s in the mouth 
during exercise has been reported to increase both endurance 
[26] and strength performance [27]. However, it should be 
noted that this is not confirmed by all the studies [28, 29]. 
The apparent discrepancies may be attributed to differences 
in pre-exercise CHO status of participants and the inability 
of the protocols applied to detect small differences in exer-
cise performance. Nevertheless, the detection of CHO in the 
mouth exerts a primary effect during exercise by modulating 
feelings of pleasure/displeasure, lowering the perception of 
effort during an exercise task and/or facilitating the recruit-
ment of additional motor units in working skeletal muscles 
[30–33].

3  Secondary

The secondary effect(s) of CHO ingestion on exercise per-
formance occur between the absorption of CHO across the 
intestine to the availability of the monosaccharides in the 
systemic circulation. After leaving the stomach, CHO enters 
the small intestine where disaccharides, oligosaccharides, 
and polysaccharides must first be hydrolysed to their con-
stituent monosaccharides before subsequent absorption and 
utilization [34]. Ingesting CHO in solution results in faster 
gastric emptying rates when compared with the ingestion 
of solid foods [35]. Dilute CHO solutions (e.g., up to 6% 
or 60 g carbohydrate/L) are emptied from the stomach at a 
similar rate as an equal volume of water [36]. By contrast, 
increasing the concentration of CHO in a solution to ≥ 8% 
and modifying the CHO type (glucose versus equivalent 
amounts of galactose or fructose [37]) can significantly 
impair gastric emptying. It is thought that mechanisms 
leading to delayed gastric emptying act via the stimulation 
of osmoreceptors in the duodenum [38]. Gastric emptying 
rates of 4–8% carbohydrate solutions are not thought to be 
rate limiting to intestinal CHO absorption and subsequent 
oxidation during exercise [39]. Therefore, differences in per-
formance seen by modulating the type and amount of CHO 
ingested during exercise are likely to act via mechanisms 
other than gastric emptying.

Carbohydrates are taken up in the GI tract by transporter 
proteins located on the brush borders of the intestinal mem-
brane. Glucose and galactose are primarily absorbed via 
active transport of  Na+ by the sodium-dependent luminal 
transport protein (SGLT1; SLC5A1) [40]. In contrast, fruc-
tose is primarily absorbed by the protein carrier, GLUT-5 
(SLC2A5), which is not  Na+ dependent [34, 41]. Whilst 
other transporters have been suggested to play a role in glu-
cose and/or fructose absorption, such as GLUT2, GLUT8, 
and GLUT12, there is little evidence that these transport 
proteins play quantitatively important roles in carbohydrate 
absorption across the apical membrane in humans [42, 43]. 

It appears that the SGLT1 transport pathway is saturated 
when ingesting more than 1.2 g glucose (polymers) per min, 
thereby restricting maximum exogenous glucose oxidation 
rates to 1.0–1.2 g glucose per min. However, the combined 
ingestion of fructose with glucose allows the use of both 
intestinal transport pathways to increase the total exog-
enous CHO oxidation rates during exercise to up to ~ 1.7 g 
exogenous carbohydrate per min [44, 45]. It is important to 
emphasise that CHO ingestion rates required to elicit peak 
exogenous oxidation rates are very high and relevant only 
to prolonged excise (2.5–3 h) performed by highly trained 
athletes [46] (Fig. 3). Enhancing intestinal CHO absorption 
rates increases exogenous CHO availability for key tissues 
such as the liver and muscle, and lowers the gastrointestinal 
distress associated with the ingestion of large quantities of 
CHO [47, 48].

Endurance-type exercise can produce splanchnic hypop-
erfusion, which results in a rapid increase in the concentra-
tion of plasma intestinal fatty acid-binding protein (I-FABP) 
[49], a marker of intestinal epithelial cell turnover and integ-
rity. The functional effects of exercise-induced increases in 
plasma I-FABP are not entirely clear, although there may be 
implications for gut barrier dysfunction and/or post-exercise 
nutrient processing [49]. The ingestion of a CHO before [50] 
or during exercise [51] reduces splanchnic hypoperfusion 
and prevents the increase in plasma I-FABP concentrations 
during exercise. Therefore, CHO availability in the intes-
tine may play a role in regulating intestinal epithelial cell 
integrity.

The intestinal mucosa is also involved in CHO sensing. 
The potential for the gut to sense glucose was established 
when it was observed that glucose ingestion produces a 
greater insulin response when compared to intravenous glu-
cose infusion, matched for circulating plasma glucose con-
centrations [52]. This response has been termed the incretin 
effect and is primarily a result of the secretion of two incre-
tin hormones: glucose-dependent insulinotropic polypeptide 
(GIP) and glucagon-like peptide-1 (GLP-1). The absorption 
of CHO via the SGLT1 transporter is thought to be a key 
intestinal glucose-sensing mechanism. Substrates for SGLT1 
such as glucose, galactose, and glucose analogues stimulate 
GIP secretion, and these responses can be abolished by the 
addition of phloridizin, a competitive inhibitor of SGLT1 
[53]. These incretin hormones display a variety of physi-
ological effects, from insulin secretion to appetite regulation, 
yet their roles in exercise metabolism are currently unclear. 
In addition to hormonal signaling, intestinal sensing of glu-
cose may also signal via vagal afferent pathways [54], yet 
the implications of such sensing for exercise metabolism 
remains to be elucidated. Following intestinal absorption, 
ingested CHO are transported to the liver via the portal vein, 
where glucoreceptors are present. These glucoreceptors are 
innervated by vagal afferent fibers and are important in the 
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sympathoadrenal response to hypoglycaemia [55]. Infor-
mation from peripheral glucose sensors along the GI tract 
converges in the nucleus solitarius of the caudal medulla of 
the brain. The information provided is used by the medulla 
to generate appropriate oropharyngeal and autonomic motor 
responses, and can be relayed to the hypothalamus and taste/
visceral cortex via the lateral parabranchial nucleus in the 
pons [18].

Once in the liver, the ingested CHO can have multiple 
fates, from oxidation or storage as glycogen, to conversion 
and release into the systemic circulation as alternative CHO 
(e.g., from fructose to glucose and/or lactate). During exer-
cise without CHO feeding, the liver produces glucose via 
glycogenolysis and gluconeogenesis to maintain plasma glu-
cose concentrations [56]. During prolonged (120 min), mod-
erate-intensity exercise in the fasted state; the liver produces 
glucose at a rate of ~ 0.5 g⋅min−1 (30 g⋅h−1; Fig. 1), resulting 
in substantial liver glycogen depletion during exercise [47, 
56]. Glucose ingestion during exercise suppresses hepatic 

glucose production in a dose-dependent manner. When 
glucose is ingested at rates above ~ 1.5 g⋅min−1 (90 g⋅h−1), 
hepatic glucose production can be completely abolished 
[57]. During this scenario, total systemic glucose appear-
ance (and exogenous carbohydrate oxidation rates) appears 
to plateau at 1.0–1.2 g⋅min−1 (~ 72 g⋅h−1; Fig. 2), suggest-
ing that all of the ingested glucose that is absorbed across 
the intestine is oxidized. Consistent with this, the ingestion 
of glucose at ~ 1.7 g⋅min−1 (~ 102 g⋅h−1) during prolonged 
(180 min) exercise results in no net changes in liver glyco-
gen concentrations [47]. Since glucose–fructose mixtures 
can circumvent the saturation of SGLT1 to increase exog-
enous CHO availability from ~ 1.2 up to ~ 1.7 g⋅min−1 (42%). 
it has been speculated that the extra CHO available from 
fructose could lead to net hepatic glycogen storage during 
exercise [58]. Indeed, indirect evidence suggests that some 
fructose is directed to glycogen synthesis during exercise 
[59]. When adding 0.8 g⋅min−1 of fructose to 1.2 g⋅min−1 
of glucose ingestion, ~ 0.48 g⋅min−1 of fructose may appear 
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Fig. 1  Influence of carbohydrate ingestion on carbohydrate appear-
ance in the systemic circulation. In the absence of carbohydrate 
ingestion, during prolonged moderate-intensity exercise, there is a 
decline in liver glycogen  content  due to the stimulation of glycoge-
nolysis to maintain delivery rates of endogenous blood glucose into 
the systemic circulation. When large amounts of glucose are ingested 
during exercise, exogenous glucose appearance rates displace almost 

all hepatic glycogenolysis as the source of systemic glucose appear-
ance, leading to an attenuation or prevention of liver glycogen deple-
tion. When large amounts of glucose plus fructose are ingested during 
exercise, there is, as yet no evidence that this leads to net liver glyco-
gen storage, but rather the additional carbohydrate that is available is 
released into the systemic circulation for oxidation. Data pooled from 
maximal rates observed [52, 76–81].
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into the systemic circulation in the form of glucose and lac-
tate (Fig. 1) [59], increasing systemic CHO availability. The 
remaining 0.32 g⋅min−1 is thought to undergo non-oxidative 
fructose disposal (i.e., glycogen storage) [59]. However, 
direct assessments of liver glycogen concentrations demon-
strate no net increase in liver glycogen contents following the 
ingestion of glucose–fructose mixtures at ~ 1.7 g⋅min−1 dur-
ing prolonged (180 min) endurance exercise [47]. This raises 
questions about the turnover of hepatic glycogen stores. It 
is possible that fructose is indeed directed to liver glycogen, 
but the metabolic and hormonal milieu of prolonged exercise 
may prevent net hepatic glycogen storage [56].

4  Tertiary

The tertiary phase can be defined as the effects that CHO 
exerts when it becomes available in the systemic circula-
tion. Maintaining CHO availability (and thereby preventing 
hypoglycaemia, defined as blood glucose concentrations  
< 3.5 mmol/L) during exercise is important for both central 
(brain) as well as peripheral (muscle) function in maintain-
ing carbohydrate oxidation to sustain exercise performance 
[60].

4.1  Central Function

Upon entering the systemic circulation, glucose and lactate 
can be transported to and taken up by the brain. Glucose is 
(primarily) taken up through glucose transporters GLUT1 
(SLC2A1) and GLUT3 (SLC2A3) and lactate via mono-
carboxylate transporters (MCTs) [61, 62]. At rest, glucose 
is the preferred energy substrate for the brain; therefore, a 

continuous supply of glucose from the systemic circulation 
is essential, as brain glycogen storage is limited [63, 64]. 
Resting plasma lactate concentrations of ~ 1.0 mmol⋅L−1 can 
contribute up to ~ 10% to brain metabolism, which can be 
further increased with higher plasma lactate concentrations 
(up to ~ 60% under supraphysiological plasma lactate con-
centrations) [65]. During exercise, when cerebral blood flow 
is increased, and lactate concentrations are raised, lactate 
may partially replace glucose as a substrate for energy provi-
sion [66–68]. The maintenance of sufficient glucose and/or 
lactate availability in the circulation and its subsequent oxi-
dation appears to be essential to maintain normal brain func-
tion during exercise. Support for this thesis was provided by 
findings that exercise-induced hypoglycaemia causes central 
fatigue, which was counteracted by maintaining systemic 
glucose availability [69]. However, it is important to note 
that so far only limited data are available on the effects that 
glucose (and/or lactate) has on reducing central fatigue dur-
ing exercise and, therefore, more research is warranted in 
this area [70]. From a more practical perspective, several 
studies have shown that ingesting CHO at ~ 30–60 g⋅min−1 
during exercise can be important for factors such as deci-
sion-making and skill execution which are directly related to 
central function and represent key factors for optimal (inter-
mittent) exercise performance [71–73].

4.2  Peripheral Function

Glucose is transported to and taken up by the active muscle 
via GLUT1 (SLC2A1) and (primarily) GLUT4 (SLC2A4) 
through facilitated diffusion. GLUT4 is translocated from an 
intracellular microsomal GLUT4 pool to the cell membrane 
following (CHO-induced) insulin release and/or muscle con-
traction, thereby enabling a rapid increase in plasma glucose 
uptake within skeletal muscle tissue [74].

Whereas lactate appears to be predominantly oxidized 
within the active muscle [59, 75], glucose (after being 
phosphorylated by hexokinase into glucose-6-phosphate) 
has at least two distinct metabolic fates during exercise. 
Glucose within contracting muscle can be directly oxi-
dized via a series of enzymatic reactions (i.e., glycolysis, 
TCA cycle, and oxidative phosphorylation) to generate 
adenosine triphosphate (ATP). It has been well established 
that when (only) glucose is ingested during exercise, that 
exogenous glucose can be oxidized at a maximal rate 
of ~ 1.0–1.2 g⋅min−1. However, these rates can be increased 
further to up to ~ 1.75 g⋅min−1 when a mixture of glucose 
(polymers) and fructose is ingested [44, 48, 76]. Therefore, 
the additional available (fructose-derived) glucose and 
lactate in the systemic circulation appear to be oxidized 
to generate ATP during exercise and maintain exercise 
performance [60]. Indeed, when performance is the goal, 
ingesting beverages with 0.5–1.0:1.0 fructose: glucose/
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maltodextrin ratio at a rate of ~ 90 g⋅h−1 during prolonged 
exercise (> 2.5–3.0 h) may improve endurance performance 
by ~ 8–9% [46, 77–79] (Fig. 3). It is important to note that 
high ingestion rates of CHO increase the risk of gastrointes-
tinal discomfort, which can negatively impact performance. 

Therefore, athletes are encouraged to work towards guide-
lines and to practice CHO strategies in training [80].

The other potential metabolic fate of exogenous glucose 
is glycogen synthesis during exercise. Kuipers et al. (1987) 
provided evidence for glycogen resynthesis in non-active 
fast-twitch muscle fibers of trained cyclists who completed 

Fig. 3  Schematic to capture the proposed primary (1), secondary (2), 
and tertiary (3) effects of CHO (grey hexagon) ingestion during exer-
cise. Solid arrow indicates the movement of CHO in the body. Dot-

ted arrow indicates the proposed mechanism of action. Carbohydrate 
intake guidelines are specific to performance-related goals over the 
associated duration and at exercise intensities > 70% VO2max
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3 h of low-intensity exercise (40% Wmax) during which they 
ingested ~ 2 L of a 25% maltodextrin drink (~ 167 g·h−1). 
Limited as this evidence is, it could contribute to the dis-
cussion on whether ‘glycogen sparing’ does or does not 
occur during prolonged exercise when participants ingest 
large amounts of CHO [81, 82]. Nonetheless, in a recent 
study, we did not find any muscle glycogen sparing in trained 
cyclists, who ingesting either glucose or sucrose (disaccha-
ride consisting of glucose and fructose) during 3 h of cycling 
exercise at 50% Wmax [47]. There is no obvious explana-
tion for the apparent discrepancy between studies, but it has 
been suggested that muscle glycogen sparing may occur in 
a time-dependent and/or fiber-type dependent manner [82]. 
Therefore, on balance, current evidence suggests that CHO 
ingestion during exercise primarily prevents liver, rather 
than muscle, glycogen depletion.

5  Conclusion

It is widely acknowledged that ingested CHO can improve 
endurance capacity during prolonged exercise of moderate-
to-high intensity by providing ample substrate for energy 
metabolism in skeletal muscle tissue. However, CHO is 
also the main substrate for energy metabolism in the brain 
and central nervous system (Fig. 3). Ingested CHO is first 
detected by receptors in the oral cavity and on the tongue. 
Its presence is relayed to reward and other centers in the 
brain resulting in a series of actions that include the release 
of insulin and enhanced endurance performance. After 
digestion, glucose is transported across the intestine into 
the systemic circulation in association with the active trans-
port of  Na+. The uptake of glucose in the GI tract seems to 
be limited by its intestinal uptake via SGLT1. As fructose 
is transported over the intestinal membrane via a different 
transporter protein, it has been reported that the combined 
ingestion of glucose and fructose can further increase the 
capacity to absorb exogenous CHO. Consequently, com-
bining the ingestion of fructose and glucose can augment 
intestinal CHO uptake, increase post-prandial glucose avail-
ability, and increase exogenous carbohydrate oxidation rates 
by 40–50%. The hepatic glucose output resulting from the 
ingested CHO is distributed to both the brain and skeletal 
muscles so as to prevent hypoglycaemia and improve endur-
ance performance capacity.

Declarations 

Conflict of interest IR is an employee of the Gatorade Sports Science 
Institute, a division of PepsiCo, Incorporated. The views expressed in 
this article are those of the authors and do not necessarily reflect the 
position or policy of PepsiCo, Incorporated. LJCvL and CJF have re-
ceived research grants, consulting fees, speaking honoraria, or a com-
bination of these, from Kenniscentrum Suiker & Voeding and PepsiCo.

Funding No funding to declare.

Ethics approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

Availability of data and material Not applicable.

Code availability Not applicable.

Author Contributions IR and CW conceived the review. IR and C.W 
wrote primary, JTG, wrote secondary, and CF and LvL wrote ter-
tiary sections. All authors read and edited manuscript and all authors 
approved the final manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Bergstrom J, et al. Diet, muscle glycogen and physical perfor-
mance. Acta Physiol Scand. 1967;71(2):140–50.

 2. Sherman WM, et al. Effect of exercise-diet manipulation on 
muscle glycogen and its subsequent utilization during perfor-
mance. Int J Sports Med. 1981;2(2):114–8.

 3. Brewer J, Williams C, Patton A. The influence of high carbo-
hydrate diets on endurance running performance. Eur J Appl 
Physiol Occup Physiol. 1988;57(6):698–706.

 4. Pitsiladis YP, Duignan C, Maughan RJ. Effects of alterations in 
dietary carbohydrate intake on running performance during a 10 
km treadmill time trial. Br J Sports Med. 1996;30(3):226–31.

 5. Chryssanthopoulos C, et al. Skeletal muscle glycogen concen-
tration and metabolic responses following a high glycaemic 
carbohydrate breakfast. J Sports Sci. 2004;22(11–12):1065–71.

 6. Wee SL, et  al. Influence of high and low glycemic index 
meals on endurance running capacity. Med Sci Sports Exerc. 
1999;31(3):393–9.

 7. Chryssanthopoulos C, et al. The effect of a high carbohydrate 
meal on endurance running capacity. Int J Sport Nutr Exerc 
Metab. 2002;12(2):157–71.

 8. Wu CL, Williams C. A low glycemic index meal before exercise 
improves endurance running capacity in men. Int J Sport Nutr 
Exerc Metab. 2006;16(5):510–27.

 9. Wright DA, Sherman WM, Dernbach AR. Carbohydrate feed-
ings before, during, or in combination improve cycling endur-
ance performance. J Appl Physiol. 1991;71(3):1082–8.

 10. Chryssanthopoulos C, et al. Comparison between carbohydrate 
feedings before exercise, during or in combination on running 
capacity. Clin Sci. 1994;87:34.

http://creativecommons.org/licenses/by/4.0/


 I. Rollo et al.

 11. Jeukendrup A, et  al. Carbohydrate-electrolyte feedings 
improve 1 h time trial cycling performance. Int J Sports Med. 
1997;18(2):125–9.

 12. Rollo I, Williams C. Influence of ingesting a carbohydrate-electro-
lyte solution before and during a 1-hr running performance test. 
Int J Sports Nutr Exerc Metab. 2009;19(6):645–58.

 13. Rollo I, Williams C. Influence of ingesting a carbohydrate-elec-
trolyte solution before and during a 1-hour run in fed endurance-
trained runners. J Sports Sci. 2010;28(6):593–602.

 14. Coyle EF, et al. Muscle glycogen utilization during prolonged 
strenuous exercise when fed carbohydrate. J Appl Physiol. 
1986;61(1):165–72.

 15. Tsintzas OK, et al. Carbohydrate ingestion and single muscle fiber 
glycogen metabolism during prolonged running in men. J Appl 
Physiol. 1996;81(2):801–9.

 16. Rollo I, Williams C. Effect of mouth-rinsing carbohydrate solu-
tions on endurance performance. Sports Med. 2011;41(6):449–61.

 17. Katz DB, Nicolelis MA, Simon SA. Nutrient tasting and sign-
aling mechanisms in the gut. IV. There is more to taste than 
meets the tongue. Am J Physiol Gastrointest Liver Physiol. 
2000;278(1):G6–G9.

 18. Berthoud HR. Neural systems controlling food intake and energy 
balance in the modern world. Curr Opin Clin Nutr Metab Care. 
2003;6(6):615–20.

 19. Passe DH, Horn M, Murray R. Impact of beverage acceptability 
on fluid intake during exercise. Appetite. 2000;35(3):219–29.

 20. Wilmore JH, et al. Role of taste preference on fluid intake during 
and after 90 min of running at 60% of  VO2max in the heat. Med 
Sci Sports Exerc. 1998;30(4):587–95.

 21. Smeets PA, et al. Functional magnetic resonance imaging of 
human hypothalamic responses to sweet taste and calories. Am J 
Clin Nutr. 2005;82(5):1011–6.

 22. Smeets PA, et  al. Functional MRI of human hypotha-
lamic responses following glucose ingestion. Neuroimage. 
2005;24(2):363–8.

 23. Chambers ES, Bridge MW, Jones DA. Carbohydrate sensing in the 
human mouth: effects on exercise performance and brain activity. 
J Physiol. 2009;578(8):1779–944.

 24. Rolls ET. Sensory processing in the brain related to the control of 
food intake. Proc Nutr Soc. 2007;66(1):96–112.

 25. Just T, et al. Cephalic phase insulin release in healthy humans after 
taste stimulation? Appetite. 2008;51(3):622–7.

 26. James RM, et al. No dose response effect of carbohydrate mouth 
rinse on cycling time-trial performance. Int J Sport Nutr Exerc 
Metab. 2017;27(1):25–31.

 27. Painelli VS, et al. The effect of carbohydrate mouth rinse on 
maximal strength and strength endurance. Eur J Appl Physiol. 
2011;111(9):2381–6.

 28. Dunkin JE, Phillips SM. The effect of a carbohydrate mouth rinse 
on upper-body muscular strength and endurance. J Strength Cond 
Res. 2017;31(7):1948–53.

 29. Beelen M, et al. Carbohydrate mouth rinsing in the fed state 
does not enhance time trial performance. Int J Sports Nutr Exerc 
Metab. 2009;19(4):400–9.

 30. Rollo I, et al. The influence of carbohydrate mouth rinse on self-
selected speeds during a 30-min treadmill run. Int J Sport Nutr 
Exerc Metab. 2008;18(6):585–600.

 31. Gant N, Stinear CM, Byblow WD. Carbohydrate in the mouth 
immediately facilitates motor output. Brain Res. 2010;1350:151–
8. https:// doi. org/ 10. 1016/j. brain res. 2010. 04. 004

 32. Turner CE, et al. Carbohydrate in the mouth enhances activation 
of brain circuitry involved in motor performance and sensory per-
ception. Appetite. 2014;80:212–9.

 33. Brietzke C, et al. Effects of carbohydrate mouth rinse on cycling 
time trial performance: a systematic review and meta-analysis. 
Sports Med. 2019;49(1):57–66.

 34. Holdsworth CD, Dawson AM. The absorption of monosaccha-
rides in man. Clin Sci. 1964;27:371–9.

 35. Datz FL, Christian PE, Moore J. Gender-related differences in 
gastric emptying. J Nucl Med. 1987;28(7):1204–7.

 36. Baker LB, Jeukendrup AE. Optimal composition of fluid-
replacement beverages. Compr Physiol. 2014;4(2):575–620.

 37. Elias E, et  al. The slowing of gastric emptying by mono-
saccharides and disaccharides in test meals. J Physiol. 
1968;194(2):317–26.

 38. Brener W, Hendrix TR, McHugh PR. Regulation of the gastric 
emptying of glucose. Gastroenterology. 1983;85(1):76–82.

 39. Rehrer NJ, et al. Gastric emptying, absorption, and carbohydrate 
oxidation during prolonged exercise. J Appl Physiol (1985). 
1992;72(2):468–75.

 40. Dyer J, et al. Glucose sensing in the intestinal epithelium. Eur 
J Biochem. 2003;270(16):3377–88.

 41. Kristiansen S, et al. Fructose transport and GLUT-5 protein 
in human sarcolemmal vesicles. Am J Physiol. 1997;273(3 Pt 
1):E543–E548548.

 42. Rogers S, et al. Glucose transporter GLUT12-functional char-
acterization in Xenopus laevis oocytes. Biochem Biophys Res 
Commun. 2003;308(3):422–6.

 43. DeBosch BJ, Chi M, Moley KH. Glucose transporter 8 (GLUT8) 
regulates enterocyte fructose transport and global mammalian 
fructose utilization. Endocrinology. 2012;153(9):4181–91.

 44. Gonzalez JT, Fuchs CJ, Betts JA, van Loon LJ. Glucose plus 
fructose ingestion for post-exercise recovery-greater than the 
sum of its parts? Nutrients. 2017;9(4):344. https:// doi. org/ 10. 
3390/ nu904 0344

 45. Jentjens RL, et al. Oxidation of combined ingestion of glu-
cose and fructose during exercise. J Appl Physiol (1985). 
2004;96(4):1277–84.

 46. Rowlands DS, et al. Fructose–glucose composite carbohydrates 
and endurance performance: critical review and future perspec-
tives. Sports Med. 2015;45(11):1561–76.

 47. Gonzalez JT, et al. Ingestion of glucose or sucrose prevents 
liver but not muscle glycogen depletion during prolonged endur-
ance-type exercise in trained cyclists. Am J Physiol Endocrinol 
Metab. 2015;309(12):E1032–E10391039.

 48. Trommelen J, et  al. Fructose and sucrose intake increase 
exogenous carbohydrate oxidation during exercise. Nutrients. 
2017;9(2):167.

 49. van Wijck K, et al. Exercise-induced splanchnic hypoperfu-
sion results in gut dysfunction in healthy men. PLoS ONE. 
2011;6(7):e22366.

 50. Edinburgh RM, et  al. Pre-exercise breakfast ingestion ver-
sus extended overnight fasting increases postprandial glu-
cose f lux after exercise in healthy men. Am J Physiol. 
2018;315:E1062–E10741074.

 51. Jonvik KL, et al. Sucrose but not nitrate ingestion reduces stren-
uous cycling-induced intestinal injury. Med Sci Sports Exerc. 
2019;51(3):436–44.

 52. Perley MJ, Kipnis DM. Plasma insulin responses to oral and 
intravenous glucose: studies in normal and diabetic subjects. J 
Clin Investig. 1967;46(12):1954–62.

 53. Reimann F, Diakogiannaki E, Moss CE, Gribble FM. Cellular 
mechanisms governing glucose-dependent insulinotropic poly-
peptide secretion. Peptides. 2019;125:170206. https:// doi. org/ 
10. 1016/j. pepti des. 2019. 170206

 54. Raybould HE. Does your gut taste? Sensory transduction in the 
gastrointestinal tract. News Physiol Sci Int J Physiol Prod Jt Int 
Union Physiol Sci Am Physiol Soc. 1998;13:275–80.

 55. Hevener AL, Bergman RN, Donovan CM. Portal vein afferents 
are critical for the sympathoadrenal response to hypoglycemia. 
Diabetes. 2000;49(1):8–12.

https://doi.org/10.1016/j.brainres.2010.04.004
https://doi.org/10.3390/nu9040344
https://doi.org/10.3390/nu9040344
https://doi.org/10.1016/j.peptides.2019.170206
https://doi.org/10.1016/j.peptides.2019.170206


Primary, Secondary, and Tertiary Effects of Carbohydrate

 56. Gonzalez JT, et al. Liver glycogen metabolism during and after 
prolonged endurance-type exercise. Am J Physiol Endocrinol 
Metab. 2016;311(3):E543–E553553.

 57. Jeukendrup AE, et al. Carbohydrate ingestion can completely 
suppress endogenous glucose production during exercise. Am J 
Physiol. 1999;276(4):E672–E683683.

 58. Jeukendrup AE, Jentjens R. Oxidation of carbohydrate feedings 
during prolonged exercise: current thoughts, guidelines and direc-
tions for future research. Sports Med. 2000;29(6):407–24.

 59. Lecoultre V, et al. Fructose and glucose co-ingestion during pro-
longed exercise increases lactate and glucose fluxes and oxidation 
compared with an equimolar intake of glucose. Am J Clin Nutr. 
2010;92(5):1071–9.

 60. Coyle EF. Carbohydrate supplementation during exercise. J Nutr. 
1992;122(3 Suppl):788–95.

 61. Duelli R, Kuschinsky W. Brain glucose transporters: relationship 
to local energy demand. News Physiol Sci. 2001;16:71–6.

 62. Simpson IA, Carruthers A, Vannucci SJ. Supply and demand in 
cerebral energy metabolism: the role of nutrient transporters. J 
Cereb Blood Flow Metab. 2007;27(11):1766–91.

 63. Brown AM. Brain glycogen re-awakened. J Neurochem. 
2004;89(3):537–52.

 64. Nybo L, Secher NH. Cerebral perturbations provoked by pro-
longed exercise. Prog Neurobiol. 2004;72(4):223–61.

 65. Boumezbeur F, et  al. The contribution of blood lactate to 
brain energy metabolism in humans measured by dynamic 
13C nuclear magnetic resonance spectroscopy. J Neurosci. 
2010;30(42):13983–91.

 66. Querido JS, Sheel AW. Regulation of cerebral blood flow during 
exercise. Sports Med. 2007;37(9):765–82.

 67. Quistorff B, Secher NH, Van Lieshout JJ. Lactate fuels the human 
brain during exercise. FASEB J. 2008;22(10):3443–9.

 68. van Hall G, et al. Blood lactate is an important energy source for 
the human brain. J Cereb Blood Flow Metab. 2009;29(6):1121–9.

 69. Nybo L. CNS fatigue and prolonged exercise: effect of glucose 
supplementation. Med Sci Sports Exerc. 2003;35(4):589–94.

 70. Khong TK, et al. Role of carbohydrate in central fatigue: a sys-
tematic review. Scand J Med Sci Sports. 2017;27(4):376–84.

 71. Baker LB, et al. Acute effects of carbohydrate supplementation on 
intermittent sports performance. Nutrients. 2015;7(7):5733–63.

 72. Rodriguez-Giustiniani P, et al. Ingesting a 12% carbohydrate-
electrolyte beverage before each half of a soccer match simula-
tion facilitates retention of passing performance and improves 
high-intensity running capacity in academy players. Int J Sport 
Nutr Exerc Metab. 2019;29(4):397–405.

 73. Russell M, Kingsley M. The efficacy of acute nutritional 
interventions on soccer skill performance. Sports Med. 
2014;44(7):957–70.

 74. Richter EA, Hargreaves M. Exercise, GLUT4, and skeletal muscle 
glucose uptake. Physiol Rev. 2013;93(3):993–1017.

 75. Brooks GA. The science and translation of lactate shuttle theory. 
Cell Metab. 2018;27(4):757–85.

 76. Jentjens RL, Jeukendrup AE. High rates of exogenous carbohy-
drate oxidation from a mixture of glucose and fructose ingested 
during prolonged cycling exercise. Br J Nutr. 2005;93(4):485–92.

 77. Fuchs CJ, Gonzalez JT, van Loon LJC. Fructose co-ingestion 
to increase carbohydrate availability in athletes. J Physiol. 
2019;597(14):3549–60.

 78. Currell K, Jeukendrup AE. Superior endurance performance with 
ingestion of multiple transportable carbohydrates. Med Sci Sports 
Exerc. 2008;40(2):275–81.

 79. King AJ, et al. Carbohydrate dose influences liver and muscle 
glycogen oxidation and performance during prolonged exercise. 
Physiol Rep. 2018;6(1):e13555.

 80. Costa RJS, et al. Gut-training: the impact of two weeks repetitive 
gut-challenge during exercise on gastrointestinal status, glucose 
availability, fuel kinetics, and running performance. Appl Physiol 
Nutr Metab. 2017;42(5):547–57.

 81. Tsintzas K, Williams C. Human muscle glycogen metabolism dur-
ing exercise. Effect of carbohydrate supplementation. Sports Med. 
1998;25(1):7–23.

 82. Cermak NM, van Loon LJ. The use of carbohydrates during exer-
cise as an ergogenic aid. Sports Med. 2013;43(11):1139–55.


	Primary, Secondary, and Tertiary Effects of Carbohydrate Ingestion During Exercise
	Abstract
	1 Introduction
	2 Primary
	3 Secondary
	4 Tertiary
	4.1 Central Function
	4.2 Peripheral Function

	5 Conclusion
	References




