UNIL | Université de Lausanne

Unicentre
CH-1015 Lausanne
http://serval.unil.ch

Year : 2017

Fructose Metabolism and Exercise: Physiological Applications
and Limitations

Rosset Robin

Rosset Robin, 2017, Fructose Metabolism and Exercise: Physiological Applications and
Limitations

Originally published at : Thesis, University of Lausanne

Posted at the University of Lausanne Open Archive http://serval.unil.ch
Document URN : urn:nbn:ch:serval-BIB_0B79F131EB906

Droits d’auteur

L'Université de Lausanne attire expressément l'attention des utilisateurs sur le fait que tous les
documents publiés dans I'Archive SERVAL sont protégés par le droit d'auteur, conformément a la
loi fédérale sur le droit d'auteur et les droits voisins (LDA). A ce titre, il est indispensable d'obtenir
le consentement préalable de l'auteur et/ou de I'’éditeur avant toute utilisation d'une oeuvre ou
d'une partie d'une oeuvre ne relevant pas d'une utilisation a des fins personnelles au sens de la
LDA (art. 19, al. 1 lettre a). A défaut, tout contrevenant s'expose aux sanctions prévues par cette

loi. Nous déclinons toute responsabilité en la matiére.

Copyright

The University of Lausanne expressly draws the attention of users to the fact that all documents
published in the SERVAL Archive are protected by copyright in accordance with federal law on
copyright and similar rights (LDA). Accordingly it is indispensable to obtain prior consent from the
author and/or publisher before any use of a work or part of a work for purposes other than
personal use within the meaning of LDA (art. 19, para. 1 letter a). Failure to do so will expose
offenders to the sanctions laid down by this law. We accept no liability in this respect.


http://serval.unil.ch/

UNIL | Université de Lausanne

Faculté de biologie
et de médecine

Département de Physiologie

Fructose Metabolism and Exercise:

Physiological Applications and Limitations

Theése de doctorat és sciences de la vie (PhD)

Présentée a la faculté de Biologie et de Médecine de I’Université de Lausanne par

Robin Rosset

Titulaire d’une Maitrise Universitaire en Biologie Médicale de I'Université de Lausanne
Jury

Prof. Michel Duchosal, Président du Jury
Prof. Luc Tappy, Directeur de These
Dr. Gérald Gremion, Expert
Dr. Hervé Dubouchaud, Expert

Lausanne 2017



UNIL | Université de Lausanne

Unicentre
CH-1015 Lausanne
http://serval.unil.ch

2017

Fructose Metabolism and Exercise: Physiological Applications
and Limitations

Robin Rosset

Robin Rosset, 2017, Fructose Metabolism and Exercise: Physiological Applications and
Limitations

Originally published at: Thesis, University of Lausanne

Posted at the University of Lausanne Open Archive http://serval.unil.ch
Document URN:

Droits d’auteur

L'Université de Lausanne attire expressément l'attention des utilisateurs sur le fait que tous les
documents publiés dans I'Archive SERVAL sont protégés par le droit d'auteur, conformément a la
loi fédérale sur le droit d'auteur et les droits voisins (LDA). A ce titre, il est indispensable d'obtenir
le consentement préalable de l'auteur et/ou de I'éditeur avant toute utilisation d'une ceuvre ou
d'une partie d'une ceuvre ne relevant pas d'une utilisation a des fins personnelles au sens de la
LDA (art. 19, al. 1 lettre a). A défaut, tout contrevenant s'expose aux sanctions prévues par cette
loi. Nous déclinons toute responsabilité en la matiere.

Copyright

The University of Lausanne expressly draws the attention of users to the fact that all documents
published in the SERVAL Archive are protected by copyright in accordance with federal law on
copyright and similar rights (LDA). Accordingly it is indispensable to obtain prior consent from the
author and/or publisher before any use of a work or part of a work for purposes other than
personal use within the meaning of LDA (art. 19, para. 1 letter a). Failure to do so will expose
offenders to the sanctions laid down by this law. We accept no liability in this respect.


http://serval.unil.ch/

UNIL | Université de Lausanne

Faculté de biologie
et de médecine

Imprimatur

Ecole Doctorale

Doctorat és sciences de la vie

Vu le rapport présenté par le jury d'examen, composé de

Président: e Monsieur

Directeur- rice de thése = Monsieur

Experts- es Monsieur

Monsieur

Prof. Michel Duchosal
Prof. Luc Tappy

Dr Hervé Dubouchaud
Dr Gérald Gremion

le Conseil de Faculté autorise l'impression de la these de

Monsieur Robin Rosset

Master es Sciences en biologie médicale de I’ Université de Lausanne

intitulée

Fructose Metabolism and Excercise :
Physiological Applications and Limitations

Lausanne, le 13 juillet 2017

pour le Doyen
de la Faculté de biologie et de médecine

Prof. ichel Duchosal
%I )l



Contents

l. Summary

. Résumé

1. Remerciements

V. Abbreviations

Introduction

V. Fructose Metabolism: A Natural Sugar with Specific Effects

a. A general perspective
b. Overview of fructose metabolism

c. Overview of the metabolic effects of fructose

VI. Exercise Physiology: Integrated Muscle Energetics

a. Overview of skeletal muscle energetics
b. Muscle as part of energy systems

c. Muscle energy stores

VII. Sports Nutrition: Is there a Role for fructose?

Fructose Metabolism: Is there a Role for Exercise?

a. Overview of fructose uses in sports nutrition

b. Exercise protection against fructose metabolic effects

Vill. Manuscript 1: Abstract

IX. Manuscript 2: Abstract

vi

10

13

20

23

25

29

31

32



Aims and Hypothesis

X. Working Hypothesis: Delineating the Fructose-Exercise Relationship

Experimental Results

XI. Manuscript 3: Main Results
XIl. Manuscript 4: Main Results
Xlll. Manuscript 5: Main Results
Discussion

XIV. General Discussion: Fructose Metabolism in an Exercise Context

a. Anintegrative model of fructose metabolism
b. Practical implications

c. Conclusions

XV. Manuscript 6: Abstract

Annexes

XVI. References

XVIIl. List of Publications

Manuscript 1
Manuscript 2
Manuscript 3
Manuscript 4
Manuscript 5

Manuscript 6

34

36

38

40

46

47

49

50

60

62

71

82

91

101

116



l. Summary

Fructose has gained renewed interest for its suspected role in cardiometabolic diseases and
as a performance enhancer in sports nutrition. Both are related to fructose metabolism in the
liver resulting in no plasma glucose or insulin peaks, but causing postprandial hyperlactatemia
and hypertriglyceridemia. The general aim of this work was to further investigate fructose

metabolism and to find potential new applications of fructose that may improve performance.

In a first experimental study, we evaluated how fructose metabolism is modulated by an
exercise session performed before or after fructose ingestion. Although confirming that
fructose is extensively oxidized during exercise, our results also showed that fructose
metabolism was largely unaltered when ingested during recovery. In a second study, we used
fructose in mixed-meals provided for 24 h postexercise to specifically favor muscle energy
storage and subsequent exercise performance. Compared to an isocaloric control, fructose
did however not further improve muscle recovery, and fructose impaired whole-body
glycogen storage and subsequent exercise performance. In a third study, we investigated the
effects of glucose-fructose ingestion during training sessions on lactate metabolism, at rest
and during exercise, pre-training and post-training. Interestingly, training with glucose-
fructose increased lactate production, consumption and oxidation at rest but not during

exercise, and an important part of lactate was directed to non-oxidative fates in all conditions.

Altogether, the present results indicate an ambivalent role of fructose, efficient to fuel muscle
work, but inefficient during postexercise recovery. This may be largely due to fructose
conversion into lactate, furnishing an alternative fuel during exercise that however needs to
be stored for an extra energy cost in resting times. In turn, this “reverse Cori cycle” may

represent an important mechanism by which fructose effects are matched to physical activity.



Résumé

Le fructose est suspecté de jouer un réle dans les maladies cardio-métaboliques, et est
largement utilisé en nutrition du sport. Ceci est lié a son métabolisme hépatique, entrainant
I'absence de pics glycémiques et insulinémiques, mais causant une hyperlactatémie et
hypertriglycéridémie postprandiale. Le but général de ce travail était de mieux comprendre le

métabolisme du fructose et de I'utiliser afin d’améliorer la performance d’exercice physique.

Dans une premiére étude, nous avons évalué comment le métabolisme du fructose peut étre
modulé par un exercice effectué avant ou apres ingestion. Tout en confirmant que le fructose
est bien oxydé a I'exercice, nos résultats ont aussi montré que son métabolisme n’est pas
modifié en récupération. La deuxieme étude visait a utiliser des repas mixtes contenant
fructose, graisse et protéines et ingérés pendant 24 h, afin d’améliorer la récupération des
stocks énergétiques et la future performance. En comparaison avec un contréle, le fructose
n'a pas amélioré la récupération musculaire, a limité le stockage glycogénique total et a
diminué la performance. Dans une troisieme étude, nous avons étudié I'effet de I'ingestion de
glucose-fructose durant I’entrainement sur le métabolisme du lactate, au repos et a |'exercice,
avant et aprés entrainement. S’entrainer avec du glucose-fructose a augmenté la production,
la consommation et I'oxydation de lactate plasmatique au repos mais pas a I'exercice, tandis

gu’une part importante de ce lactate était dirigée vers des devenirs non-oxydatifs.

En résumé, nos résultats indiquent un réle ambivalent du fructose, efficace pour nourrir le
muscle a I'exercice, mais inefficace en récupération. Ceci pourrait étre largement di a la
circulation du fructose en lactate, donnant un carburant alternatif a I’exercice qui cependant
co(te de I'énergie lors de son restockage au repos. Ce « cycle de Cori inversé » pourrait étre

un important mécanisme par lequel les effets du fructose sont reliés a I'activité physique.
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1. Abbreviations

Acetyl-CoA and Acyl-CoA: Acetyl-coenzyme A and acyl-coenzyme A
ATP, ADP and AMP: Adenosine tri-, di- and monophosphate
AMPK: AMP-kinase

ChREBP: Carbohydrate response-element binding protein

COz: Carbon dioxide

FAT/CD36/FABPpm: Fatty acid transporter cluster of differentiation 36/Fatty acid binding
proteins

FBP: Fructose-bisphosphatase

FFA: Free fatty acids

GK: Glucokinase

GLUTs: Glucose transporters

HK: Hexokinase

IMCLs: Intramyocellular lipids

LDH: Lactate dehydrogenase

LPL: Lipoprotein lipase

MCTs: Monocarboxylate transporters

NAD* and NADH: nicotinamide dinucleotide oxidized and reduced
PFK: Phosphofructokinase

PHOS: Glycogen phosphorylase

P: Phosphate

PK: Pyruvate kinase

SGLT-1: Sodium-glucose co-transporter 1

SREBP1c: Sterol Regulatory-Element Binding Protein 1c
TG: Triglycerides

VLDL-TG: Very-low density lipoproteins bound triglycerides
VO2max: Maximal oxygen consumption

AG®’: Gibbs free energy change
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V. Fructose Metabolism

Fructose Metabolism: A Natural Sugar with Specific Effects

Fructose
Glucose
. Lactate
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a. A general perspective

Carbohydrates have played a pivotal role in the co-evolution between plants and animals. This
is visible with short-chain carbohydrates (i.e. 1-2 monomers, defined as sugars) in fruits and
nectars, being specifically produced by plants for offering gifts to partner pollinators and/or
seed dispersers animal species (Gonzalez-Teuber and Heil 2009). Natural sugars essentially

consist in glucose and fructose, either separate or bound altogether as sucrose (i.e. sugar).

The ability to detect, digest and metabolize plants’ carbohydrates also shaped animal
physiology. Accordingly, the most frequent carbohydrate on Earth, glucose serves as an
essential energy source for animals, in which it can be ingested, digested, absorbed and stored
in glycogen granules (Campos and Tappy 2016). In mammal species, glucose can also be
sensed, and it may have allowed for the development of the human brain (Hardy et al. 2015).

Carbohydrates such as glucose have thus led to multiple adaptations in all living animals.

In contrast to glucose, fructose ingestion is more specific to frugivorous and omnivorous
animal species. In these groups, the ingestion of fruits (but also of derived products like honey)
can result in fructose intake being considerable, but limited in time to fructification periods.
Thus, carbohydrate intake of our hunter-gatherers’ ancestors typically consisted in a sugar-
rich and thus fructose-rich diet during summer, and a high-protein/moderate-fat diet during
winter (Tappy and Le 2010). The domestication of cooked cereals in the Neolithic then
resulted in year-long availability of starch and its hundreds to thousands glucose molecules
(Carmody et al. 2016), and humans adapted to the consumption of a carbohydrate-rich diet

based on glucose, but in which fructose was present in low amounts (Tappy and Le 2010).

It is only since a few centuries that the development of trade, followed by extraction and

refining inventions started to increase sugar (and thus fructose) availability. Yet, sugar

1



remained a costly product until the 19 and 20t centuries, when industrialization allowed to
largely increase its availability and lower its cost, leading to the production of an infinite
number of mixtures. Consequently, availability no longer limited sugars consumption, which

has increased by one to two orders of magnitude in few generations (Tappy and Le 2010).

The main consequence of the increase in sugars consumption was to increase dietary fructose.
From less than 5 g-d™! at the beginning of the 18™ century, fructose intake was estimated to
have increased up to 49 g-d! at the beginning of the 21t century, with only 8 g-d* still deriving
from natural products (Marriott et al. 2009). In turn, since fructose is nearly always consumed
together with similar amounts of glucose, total sugars intake may be closer to =100 g-d,

representing 400 kcal (or 20% of a 2000 kcal-d* diet) (Welsh et al. 2011).

b. Overview of fructose metabolism

Fructose, or levulose, is mostly found as its D-fructose enantiomer equilibrated in solution
between a-D-fructopyranose and a-D-fructofuranose. Of similar chemical formula (CsH120s;
Mw: 180.16 g-mol?) as glucose or galactose, fructose however distinguishes by a ketone group
that favors glucose and fructose association as sucrose (Hanover and White 1993). This ketone
group may favor amino acids glycosylation by the Maillard reaction (Krajcovicova-Kudlackova

et al. 2002), although its significance in vivo remains debated (Semchyshyn 2013).

Having been previously described in detail (Mayes 1993, Tappy and Le 2010), fructose
metabolism will only be shortly depicted here. In the mouth, sugars fermentation by oral
bacteria can increase dental plaque and carries risk (Frostell 1973), leading the World Health

Organization to recommend to limit dietary sugars below 10% of total energy intake!. The

1 http://www.who.int/mediacentre/news/releases/2015/sugar-guideline/en/
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mouth is also acting as a first sensory interface between dietary carbohydrate and the

organism that is then pursued along the digestive tract.

Fructose is sensed as sweeter than glucose (Nelson et al. 2001), leading to the suspicion that
it may specifically stimulate appetite, may impair satiety and/or act as an addictive substance
(Bray 2007). Remaining controverted (Ochoa et al. 2015), these aspects will not be further
discussed here. Oral receptors may however play additional roles in metabolic regulation and
exercise performance, as was illustrated in mouth-rinsing studies. Glucose presence in the
mouth was shown to activate brain regions associated with reward and improved exercise
performance (Chambers et al. 2009). Whether this may also be observed with fructose

remains unknown, yet, since both sugars induce different neural responses (Luo et al. 2015).

The mouth is also the initiator of carbohydrates digestion. Sucrase, the enzyme responsible
for sucrose hydrolysis into glucose and fructose, is present in saliva in which its content can
increase upon frequent sugar consumption (Karjalainen et al. 1989). Gastric emptying seems
sugar-specific and can also be increased upon frequent fructose consumption (Yau et al. 2014).
These were considered adaptations toward a faster presentation of sugars to small intestine
disaccharidases, which perform most of sugar digestion (Elias et al. 1968). Sucrose was
suspected to induce distinct effects than free fructose and free glucose (provided in a =1:1
ratio in high-fructose corn syrups or in fruits). However, recent data suggest that sucrose
digestion should be considered non-limiting, both at rest or during exercise (Wallis and

Wittekind 2013). Sugar ingestion then results in a rapid substrates delivery to enterocytes.

Unlike glucose, which is actively absorbed through a sodium-mediated co-transport system
(SGLT1), fructose intestinal absorption occurs passively through a low affinity transporter

GLUTS (Km = 6-10 mmol-L). One consequence is that fructose absorption is limited, with even



low doses causing fructose malabsorption (Douard and Ferraris 2013). However,
gastrointestinal symptoms can be much diminished upon habituation (Douard and Ferraris
2008), or when fructose is co-ingested with glucose (Truswell et al. 1988). Interestingly, how
glucose can favor fructose absorption is unknown, but the effect is maximal at an isomolar
ratio (Latulippe and Skoog 2011). During exercise, glucose and fructose co-ingestion was
shown to increase carbohydrate and fluid absorptions (Shi et al. 1995), and this was proposed
a consequence of both hexoses using distinct main transport systems (Jeukendrup 2014). Yet,
sugars absorption may be more complex with other transport systems, ion channels and

intestinal metabolism also involved (Chen et al. 2016).

Fructose can be metabolized by the gut, which possesses all the required enzymes (Haidari et
al. 2002). Yet, the importance and significance of intestinal fructose metabolism both remain
uncertain (lizuka 2017). Intestinal carbohydrate metabolism may affect food intake and
hepatic metabolism through portal sensors (Mithieux and Gautier-Stein 2014). These topics,
as well as the gluco-incretins responses elicited by fructose and glucose (Luo et al. 2015), will

require further research. After absorption, sugars monomers are released in the portal blood.

The liver is the prime site of fructose metabolism. This is due to hepatic positioning in direct
prolongation of the gut, forcing ingested carbohydrates and amino acids to pass through the
liver before appearing in the systemic blood. Invasive animal experiments indicated that
gradients in fructose concentrations between prehepatic and posthepatic blood can be large
(Topping and Mayes 1971). In humans, a dose of 69 g sucrose elevated systemic fructose
concentration, from virtually zero to only 0.3 mmol-L! (Le et al. 2012). In comparison, the
increase in plasma glucose was much larger, and it is considered that >90% of fructose, as

compared to only 15-30% glucose, is extracted by the liver at first-pass (Tappy and Le 2010).



Splanchnic fructose extraction is also explained by the kinetics of fructose metabolism (i.e.
fructolysis). After intracellular entry, fructose phosphorylation can occur through a specific
enzyme, fructokinase, of which the liver isoform has an exceptionally high affinity for fructose
(Diggle et al. 2009). This isoform is also expressed in the gut and the kidneys, but not in skeletal
muscle, adipose tissue or the brain (Diggle et al. 2009). Accordingly, fructose metabolism in
splanchnic organs was found to be extensive, even with intravenous fructose infusions
(Bjorkman et al. 1989, Ahlborg and Bjorkman 1990), and the extent of fructose metabolism in
other organs is considered minimal. Hence, fructose hepatic metabolism is explained by both

anatomy and fructokinase activity to rapidly convert fructose into fructose-1-P.

The second specialized enzyme of fructolysis is aldolase B, cleaving fructose-1-P into
glyceraldehyde and dihydroxyacetone-P. The lower activity of aldolase B than that of
fructokinase (Mayes 1993), explains that active fructolysis is associated with transient
increases in fructose-1-P. In hereditary fructose intolerant subjects, loss of function aldolase
B mutations can cause hepatomegaly, hepatic and renal failure caused by fructose-1-P
accumulation (Cox 1994). In normal subjects, however, aldolase B expression is increased
upon fructose consumption (Liu et al. 2011) to result in fructose metabolism be inducible upon

frequent consumption, similar to its gastrointestinal disposal.

After a last phosphorylation of glyceraldehyde into glyceraldehyde-3-P, fructose carbons then
join intracellular glucose metabolism at the level of trioses-P (dihydroxyacetone-P and
glyceraldehyde-3-P). Interestingly, while the overall cost of fructolysis (2 ATP) is similar to that
of glycolysis up to trioses-P, none of fructolysis enzymes are regulated by cellular energy status
or hormones (Tappy et al. 2013). Bypassing the main regulatory steps of glycolysis, then led

to consider fructose metabolism as unregulated (Bray 2007, Moore et al. 2014).



The main outcome of hepatic fructolysis is a rapid generation of trioses-P, which can then be
directed to several pathways (Figure 1). A knowledge of the most important fates can be
obtained using stable isotopes (i.e. labelling a small fructose amount, then following labelled
products appearance). Recently reviewed (Sun and Empie 2012), these studies indicated that
fructose carbons mainly recirculate as glucose (gluconeogenesis, >50%) and lactate
(lacticogenesis, =25%), with much smaller amounts also converted into fatty acids (de novo
lipogenesis) and glycerol (glyceroneogenesis) assembled as triglycerides (TG). In turn, non-
circulating fructose carbons were assumed to be stored in the liver, either as glycogen
(glyconeogenesis, *15%) or as TG that could later be secreted in the circulation. Total fructose
oxidation, a surrogate for fructose direct oxidation and oxidation of fructose products
(inseparable by current isotopic techniques), can cover =45% of fructose carbons over 6h.
Importantly, these values should be viewed indicative of fructose disposal in overnight-fasted,

resting subjects receiving a pure fructose load and can largely vary (Sun and Empie 2012).
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FIGURE 1: HEPATIC FRUCTOSE METABOLISM IN RESTING SUBJECTS



Fructose disposal is explained by liver function (Wasserman and Cherrington 1991, Moore et
al. 2012). Briefly, the liver acts as a master metabolic organ by simultaneously consuming and
producing substrates, both for its own energy needs and for those of other organs. The liver
plays a main role in blood glucose control, with two complementary pathways
(gluconeogenesis and glycogenolysis) be activated to increase hepatic glucose production and
with two opposite pathways (glycolysis and glycogenesis) allowing glucose preferential and
liver glycogen repletion. Hepatic glucose balance is known to be complexly regulated,
principally by glucose, insulin and glucagon (Unger 1976), to result in glucose consumption

during excess blood glucose availability and glucose production in case of blood glucose need.

Liver glucose metabolism is also interconnected with other pathways, and the balance of
fluxes between glycolysis and gluconeogenesis can direct trioses-P deriving from fructolysis
toward several endproducts. The liver is also central in fat metabolism through esterification
of blood free fatty acids into intrahepatic TG either stored or released as VLDL-TG. Besides
insulin and glucagon, hepatic metabolism is also under control of other hormones (f.eg.
catecholamines), nervous signals or metabolic precursors’ concentrations, with all signals

susceptible to alter fructose disposal (Wasserman and Cherrington 1991, Moore et al. 2012).

Fructose can also catalyze liver metabolism. The fructolytic intermediate fructose-1-P was
indeed shown to allosterically act on key enzymes to alter hepatic glucose balance (Mayes
1993). The fact that this resulted in blood glucose entry and storage as liver glycogen, made
fructose be viewed as a “door-opener” for glucose metabolism (McGuinness and Cherrington
2003). Interestingly, a reverse effect was also reported with glucose also favoring fructose
direction into liver glycogen by unclear mechanisms. Such synergies between glucose and

fructose altogether (and thus of sucrose) can considerably increase hepatic glycogen synthesis



(Parniak and Kalant 1988, Coss-Bu et al. 2009), and fructose was also found to increase glucose
production, resulting in a pseudo hepatic insulin-resistance state (Dirlewanger et al. 2000),

that may be viewed as a means to distribute carbohydrates to the periphery (Figure 2).

Another effect of co-ingested glucose may be to activate fructose conversion into lactate.
Indeed, the mass action of glucose molecules entering the liver, together with a high
insulin:glucagon ratio, may both be suspected to channel trioses-P into pyruvate then lactate
(Wasserman et al. 1991). Interestingly, while a study in rats (Underwood and Newsholme
1965) indeed corroborated such theoretical assumptions, no enhancement in lacticogenesis
from fructose was detected in healthy, resting volunteers ingesting fructose-comprising
mixed-meals supplemented with glucose (Theytaz et al. 2014). One possibility could be

interference by other constituents of the mixed-meals in that study.
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FIGURE 2: EFFECTS OF FRUCTOSE ON HEPATIC GLUCOSE METABOLISM IN RESTING SUBJECTS



Glycolytic intermediate themselves were also pointed to modulate glycolysis and
gluconeogenesis fluxes. The repletion of fructose-1,6-biP by fructose carbons was considered
to block further glycolysis at the phosphofructokinase step. Both fructose-1-P and fructose-
1,6-biP were also shown to increase the activity of L-pyruvate kinase, thus channeling part of
fructose carbons to pyruvate and lactate (Eggleston and Woods 1970). Initially reported in
animal models, these allosteric mechanisms have further been observed in humans (Tounian
et al. 1994, Paquot et al. 1996, Dirlewanger et al. 2000), confirming that fructose induce a

large reorganization of hepatic glucose metabolism independently of the effects of hormones.

Fructose exerts profound effects on fat metabolism. This is considered partly a consequence
of the interconnection of liver metabolic pathways (Bizeau and Pagliassotti 2005), with
fructose-induced pyruvate winning out competition with fatty acids for mitochondrial
oxidation (see below), and with unoxidized fatty acids being then esterified as intrahepatic TG.
Besides a redirection of existing fatty acids, fructose conversion into fat is also considered to
specifically affect fat metabolism. This was shown with a fructose-comprising mixed-meal
inducing more de novo lipogenesis and glyceroneogenesis than an isocaloric glucose-
containing meal, leading to increased postprandial VLDL-TG concentrations (Chong et al.
2007). Similarly, fructose metabolism in the gut can also lead to chylomicrons-TG secretion,

and it remains unclear how both processes are regulated (Steenson et al. 2017).

Chronic effects of fructose may result from the induction of key transcription factors such as
Sterol Regulatory-Element Binding Protein 1c (SREBP1c) and Carbohydrate Response-Element
Binding Protein (ChREBP). Compared to glucose, fructose indeed increases more SREBP1c and
ChREBP expression (Koo et al. 2009), and this is known to induce the genetic expression of

GLUTSs, fructokinase, aldolase B, triokinase, L-pyruvate kinase, glucose-6-phosphatase, acetyl-



CoA carboxylase and fatty acid synthase, that are all key proteins of liver metabolism. This
may again collectively be viewed as an adaptation to favor fructose distribution into glucose,
lactate and fatty acids products (lizuka 2017), consistent with a 4-week high-fructose diet
indeed increasing fasting glucose, lactate and TG concentrations (Le et al. 2006). Yet, other
changesin liver function were also reported (Schaefer et al. 2009), and the long-term outcome
of fructose exposure remains unclear. High-fructose diets can lead to intrahepatic TG
accumulation (Ngo Sock et al. 2010), eventually leading to hepatic steatosis, and it is unclear

how fructose influences hepatic TG metabolism between storage and secretion as VLDL-TG.

c. Overview of the metabolic effects of fructose

As a direct consequence of its hepatic metabolism, fructose ingestion has been long-known to
induce no postprandial raise in blood glucose or insulin concentrations (Young 1957). In turn,
it remains unclear if the low plasma insulin may also participate in increasing postprandial TG
concentrations, another long-known effect of fructose, by limiting adipose tissue TG clearance
(Chong et al. 2007). Similarly, fructose has been reported for decades to increase postprandial
lactate and uric acid, but to lower plasma free fatty acids (FFA) (Froesch et al. 1965), resulting

in a typical distinct profile of circulating substrates than glucose ingested in a meal.

This pattern of circulating substrates made fructose be viewed as a metabolic switch (Mayes
1993). Interestingly, fructose was shown to induce a high thermic effect (Schwarz et al. 1989)
together with increased postprandial carbohydrate oxidation, but lowered fat oxidation
compared to the rates observed after glucose ingestion (Tappy and Jequier 1993). Possibly
related to fructose-induced hyperlactatemia (Brundin and Wahren 1993), these effects would
however not be predicted by postprandial insulin concentrations. The low insulin coupled to

high plasma TG concentrations was also suspected to induce redirection of circulating fat away
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from the adipose tissue, promoting ectopic fat accumulation (Bray et al. 2004). In turn, others
noticed in rodents that, while high-fructose diets increased fructolytic enzymes, they also

downregulated those of glycolysis in the liver (Koo et al. 2008) and in muscle (Mayes 1993).

These effects may only reflect metabolic adaptations to a nutrient, especially since they
generally remain within the physiological range (i.e. beyond pathological thresholds).
Alternatively, since some of the effects of fructose (i.e. loss in hepatic and peripheral insulin
sensitivity, raised fasting and postprandial TG, and raised ectopic fat (Le et al. 2009) have all
been separately classified as non-communicable diseases risk-markers (Kolderup and Svihus

2015), it is unknown if fructose metabolic effects can turn detrimental to some point.

A decade ago, a seminal publication suggested an association between high-fructose corn
syrup consumption and obesity prevalence (Bray et al. 2004). A link between fructose and
noncommunicable diseases was made, in which fructose was suspected to be particularly
detrimental to health and responsible for the “pure, white and deadly” reputation of sugar
(Yudkin 1967). In addition to fructose metabolism, doubts were casted by animal data showing
massive fructose doses inducing various deleterious effects (Hwang et al. 1987, Bizeau and
Pagliassotti 2005). Epidemiological associations between sugar/fructose intake and various
pathologies (Choi et al. 2010, Malik et al. 2010, Fuchs et al. 2014) and all-cause mortality
(Barrington and White 2016), suggested an effect either secondary to weight gain
(Mozaffarian et al. 2011), or through independent disease risk factors (Pollock et al. 2012).
Yet, other epidemiological studies also reported that sugar from fruits was rather associated

with a better health (Siegel et al. 2012) and the debate is continuing, focusing strong attention.

One consequence has been a better knowledge of the many factors influencing fructose

metabolism. Unlike very large fructose overfeeding that was reported to induce specific
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alterations (Seyssel et al. 2016), isocaloric substitution trials did generally not notice any
pathological effect (Choo and Sievenpiper 2015), indicating a clear role of energy balance.
Others found that, besides co-ingested glucose (see above), metabolic effects of fructose were
modulated by amino acids (Bortolotti et al. 2012, Theytaz et al. 2012), fish oil (Faeh et al.
2005), polyphenols (Hokayem et al. 2013) or other constituents of coffee (Lecoultre et al.
2014). Women were shown to be somehow protected against the effects fructose overfeeding
compared to men (Couchepin et al. 2008) and, in some cases, fructose could even be used as
a tool to improve glucose control in diabetics, to increase alcohol metabolism or to improve
mineral balance (Tygstrup et al. 1965, Holbrook et al. 1989). Other potent beneficial effects
include slightly elevated uric acid concentrations acting as an antioxidant, or alleviated neuro-
endocrine stress responses, that will require future studies (Tappy and Le 2015). Interestingly,

these interactions were studied at rest, in which fructose is merely conserved within the body.

Another area in which fructose has found some interest is the sports field. It is indeed well-
known that athletes intuitively choose (Burke et al. 2001) and are recommended (Cermak and
van Loon 2013) to consume large amounts of energy-dense, ready-to-use food items typically
rich in sugars. Sugars and fructose intake can then be large, leading to the ingestion of several
hundred-grams by Tour de France cyclists (Saris et al. 1989) as a performance enhancer. Yet,
if fructose was “toxic” (Lustig et al. 2012) should these habits be stopped or, alternatively,

should be understood to determine when fructose effects turn from pathological to beneficial.

At the end of this overview, fructose appears as a natural nutrient that can cause specific
effects through a complex metabolism. The following will consider fructose as a nutrient
inducing physiological, non-pathological metabolic effects in a context of exercise. To be

understood, these effects first require an overview of muscle metabolism.
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a. Overview of skeletal muscle energetics

From a metabolic standpoint, skeletal muscle is a remarkably plastic organ, able to increase
its energy needs up to 1000-fold during exercise compared to resting conditions. This
extremely high metabolic plasticity implies that muscle can be considered as the main driver
of whole-body metabolism not only during exercise, but also during recovery. In turn, muscle
metabolism requires an exquisite regulation both at the local and systemic levels, and
peripheral fatigue has been associated with an overall failure to match energy requirements
(Meeusen and Roelands 2017). This chapter will consider a few aspects of muscle energetics

(that can also apply to non-muscle cells), before delineating some of its limitations.

Energy required by muscle contraction is obtained by the hydrolysis of adenosine triphosphate
(ATP) into adenosine diphosphate (ADP) and a free phosphate (Pi). Interestingly, body ATP
stores are very small (8 mmol-kglww) despite of very high ATP turnovers at rest and even
more during exercise, with many mechanisms supporting ATP resynthesis. One example is the
phosphagen system that can buffer temporary decreased ATP concentrations by successive
transfers of high energy phosphates. Yet, phosphagen stores are also small (x26 mmol-kglww
at rest) and would still limit muscle energetics if intermediates of this system could not

allosterically activate key cytosolic enzymes of a second system (Baker et al. 2010).

The second ATP production system through cytosolic glycolysis can be activated within
seconds. Starting with glucose (or glycosyl-units) consumption, glycolysis ends with two
pyruvate molecules generated through the sequential action of several enzymes. The net
result is that glucose and NAD* is consumed to produce 2 moles pyruvate, 2 moles NADH and
2 moles ATP that can furnish ATP stores. Unlike the liver, muscle does not express the glucagon

receptor (Maharaj et al. 2012), and glycolytic flux is principally locally regulated.
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In man, muscle glycolysis seems to be rate-limited by phosphofructokinases (PFK) activity,
being allosterically stimulated by AMP and ADP but inhibited by ATP (Newsholme 1971). The
presence of exact opposite influences acting on the reverse enzyme, fructose-2,6-
bisphosphatase (FBP), imply that the whole pathway depends on local energy status. Control
of the PFK step can thus allow muscle to adapt its ATP needs, with these enzymes being also

regulated by training (Jensen and Richter 2012).

A second major cytosolic enzyme is glycogen phosphorylase (PHOS), which controls the rate-
limiting step of glycogenolysis. PHOS varies in its phosphorylation state between
phosphorylase b (less active, favored by ATP) and phosphorylase a (more active, favored by
AMP, contraction). PHOS can also be activated by sympathetic activation that simultaneously
inhibit glycogen synthase, the key enzyme of glycogenesis also balancing between synthase a
(active) and synthase b (less active) (Chasiotis et al. 1982). Since insulin can contrariwise
stimulate glycogen synthase activity and diminish PHOS activity, this results in glycogen

breakdown during stress situations, and glycogen synthesis after meals (Cross et al. 1995).

Interestingly, muscle glycogen is known to be simultaneously degraded (delivering 1 ATP) and
synthesized in many situations, with a potent role in muscle energetics (Shulman and Rothman
2001). How this glycogen cycle is regulated during carbohydrate-fed exercise remains unclear,
yet. Another regulatory factor is glycogen content itself, with a high content promoting
glycogenolysis and a low content limiting glycogen breakdown during exercise (Hargreaves et
al. 1995). In turn, this system can rapidly provide glucose-6-P to glycolysis, thereby raising ATP

production when local energy status is insufficient or in situations of fight or flight.

Local energy status can also be sensed by other mechanisms. An example is AMP-kinase

(AMPK) that, when activated by a high AMP/ATP ratio, can also activate PFK and thus glycolytic

14



flux. Interestingly, since activated AMPK also turns off biosynthetic pathways, it can be viewed
as a molecular switch coupling anabolic and catabolic reactions to local energy status (Hardie
et al. 2012). Other metabolic signals such as the NAD*/NADH ratios may possibly be sensed
(Madsen et al. 2016). A well-established effect of glycolysis is to reduce NAD* into NADH, with
the recycling of NADH into NAD* either transferred to the mitochondria, or coupled to

pyruvate reduction into lactate by lactate dehydrogenase (LDH).

Lactate production was viewed as a consequence of increased glycolytic flux, arising from the
necessity to maintain redox status, buffer hydrogen ions (H*) and process glycolytic pyruvate.
From a stoichiometric point of view, LDH reduction of pyruvate into L-lactate is perfectly
matched to these aims by consuming NADH and H* while regenerating NAD*. Past research
showed that muscle LDH can efficiently process pyruvate into lactate and, with a lower
affinity, lactate into pyruvate (Li 1989). Once thought to be important in metabolic regulation,
the role of interorgan differences in LDH isozymes was more recently minimized, considering

that most LDH isozymes perform both lactate-pyruvate interconversions (van Hall 2010).

The first observations of lactate in amphibian muscle (Fletcher 1907), followed by correlations
between plasma and muscle lactate accumulations and fatigue appearance (Gollnick et al.
1986) led to suspicions of lactate causing fatigue (Hermansen 1981). Lactate was then widely-
popularized to cause burns or cramps synonyms of lactic acidosis during exercise. Yet, the last
decades (Gladden 2004, Brooks 2016) showed that lactate is not a dead-end waste product
and that lactate accumulations during high-intensity exercise are explained by pathways
activities. Since maximal activities of glycolytic and glycogenolytic enzymes are higher than
mitochondrial pyruvate disposal through pyruvate dehydrogenase, maximal stimulation of

this system may result in lactate generation (Spriet et al. 2000). Lactate can also be implicated

15



in redox and pH homeostasis (Morris 2012) together with other mechanisms (Tanaka et al.

2016). Thus, the roles and regulation of muscle lactate production remain misunderstood.

In addition to cytosolic reduction into lactate, pyruvate can also be disposed in the
mitochondria. This pathway depends on mitochondrial density and activity and is therefore
directly related to fiber type (Peters et al. 2001). In turn, the pyruvate dehydrogenase (PDH)
complex is also critically regulated by factors such as AMP, ADP and ATP concentrations to
direct more pyruvate into mitochondrial conversion into acetyl-CoA in situations of energy
needs. Activity of the PDH complex will not be comprehensively depicted here, neither will
the subsequent mitochondrial processing of acetyl-CoA. Of importance, acetyl-CoA can then

be fully oxidized to CO; by means of oxygen consumption as a third system generating ATP.

From the three systems, mitochondrial substrate oxidation is by far the most efficient by
providing up to 15 ATP per mole pyruvate (and thus over 30 ATP per initial mole of glucose).
However, this system requires oxygen and its activity was once thought to be limited by
oxygen availability. Research from the last decades yet indicated that muscle oxygen tension
remains generally sufficient during exercise performed at normobaric pressure, partly by
compensatory vasodilation (Casey and Joyner 2011), and that mitochondrial oxidation is likely
limited by other factors. Interestingly, moderate hypoxia can still dictate muscle phenotypic
adaptations (Desplanches et al. 2014), with the links between oxygen, substrate oxidation and
energy generation still implying that exercise intensity can be measured as a function of local
and systemic VOamax. Exercise intensities higher than that of VOamax typically require an
unsustainable ATP output and cannot be maintained longer than a few minutes.
Consequently, they lead to systemic lactate accumulation (Figure 3), with recent evidence

pointing that lactate production may account for most of glycolysis flux (Rogatzki et al. 2015).
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FIGURE 3: LACTATE PRODUCTION AT 65% AND 250% VO2max. LOWER PDH MAXIMAL ACTIVITY THAN PHOS
AND PFK CAN CAUSE PYRUVATE DIVERSION INTO LACTATE. SYMBOLS: G, GLUCOSE; L, LACTATE; A-COA,
ACETYL-COA; SS, MALATE-ASPARTATE SHUTTLE SYSTEM; G6P AND F6P, GLUCOSE AND FRUCTOSE 6-
PHOSPHATE; FBIP, FRUCTOSE 1,6-BISPHOSPHATE; DHAP, DIHYDROXYACETONE-PHOSPHATE; GAS3P,
GLYCERALDEHYDE 3-PHOSPHATE; 3PG, 3-PHSOPHOGLYCERATE; AND AAT, ALANINE AMINOTRANSFERASE
(REPRODUCED FROM SPRIET AND HEIGENHAUSER 2002)

An aspect that has been so far here ignored is the possibility for muscle to derive energy from
the blood. Expression of membrane receptors indeed allows muscle to import circulating
substrates during both exercise and recovery. One example is GLUT4, of which the
translocation to the plasma membrane is considered responsible for most of blood-borne
glucose entry into myocytes. Interestingly, GLUT4 translocation can be induced by both insulin
and contraction through separate pathways, whereas GLUT4 expression is also induced by
exercise training (Richter and Hargreaves 2013). Working muscle can then obtain substantial
energy from blood glucose that, by furnishing glucose-6-P pool, can inhibit muscle
glycogenolysis. Accordingly, increased plasma glucose concentrations after glucose ingestion
or intravenous glucose infusion could both increase plasma glucose oxidation during exercise
while at the same time limiting glycogen use (i.e. glycogen sparing) (Hawley et al. 1994). This
glycogen sparing effect however seems to be limited by maximal flux through hexokinase (HK),

and can vary with exercise mode or duration (Tsintzas and Williams 1998).
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The oxidation of fat can also provide an extensive energy source to working muscle. Like
glucose, fat delivery first requires increased blood flow toward muscle beds (via vasodilation
and capillary recruitment), together with sufficient plasma precursors concentrations. Fat
essentially circulates as albumin-bound free fatty acids (FFA) and lipoprotein-bound
triglycerides (TG), the latter requiring initial hydrolysis into FFAs and glycerol by lipoprotein
lipase (LPL). The extent of circulating TG hydrolysis remains unclear during exercise due to LPL
kinetics, and most of fat delivery is typically assumed as circulating FFAs deriving from adipose
tissue lipolysis. Fat delivery is generally considered non-limiting during exercise compared to

intracellular muscle fat metabolism (van Hall 2015).

Intramuscular fatty acids entry was long considered to occur by diffusion, until recent
indications that fat can also be transported through specific FAT/CD36/FABPpm proteins.
Interestingly, some of fat transporters seem to be translocated to the sarcolemma by insulin
and contraction in a similar way to GLUT4, although this remains contested (Schwenk et al.
2010). Once into myocytes, fatty acids are converted into acyl-CoA either furnishing an
intramyocellular lipid (IMCL) pool of triglycerides, or transported into the mitochondria.
Control of muscle fat metabolism between fatty acids entry, acyl-CoA synthesis and
esterification as IMCL, together with IMCL hydrolysis and acyl-CoA mitochondrial entry
remains largely unclear, especially since all steps seem to be altered in diverse fashions

depending on exercise modes, precursors availabilities and hormones (van Hall 2015).

Accumulating evidence supports that substrate partitioning (i.e. fuel selection) between
carbohydrate and fat is exquisitely regulated at the level of the mitochondria (Romijn et al.
1993, Brooks and Mercier 1994). Fatty acid oxidation has been long-known to inhibit

carbohydrate oxidation in resting conditions (Randle et al. 1963). Cytosolic fatty acyl-CoA can
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indeed also be transported into the mitochondria, to increase mitochondrial concentrations
of acyl-CoA. Through beta-oxidation, acyl-CoAs are then converted into acetyl-CoA, a part of
which can then furnish mitochondrial and cytosolic citrate. In turn, cytosolic citrate
concentrations were shown to inhibit key steps of glucose metabolism, namely transport
through GLUT4, and HK, PHOS, PFK and PDH activities. The extent of this inhibition is generally
considered most severe at the level of PDH, with alternative works also pointing that glucose
transport may in fact be the main limiting site in human muscle (Roden et al. 1996). These
mechanisms, possibly coupled to other mitochondrial events, explain that fat is the preferred

substrate in any body cells under basal, unstressed conditions (Hue and Taegtmeyer 2009).

Fatty acid inhibition of glucose metabolism can be overruled in certain circumstances. In the
glucose-fed resting state, elevated plasma glucose and insulin increase GLUT4 glucose
transport, glycolytic flux and pyruvate oxidation. In turn, this elevates a cytosolic intermediate,
malonyl-CoA, which is a strong inhibitor of fatty acid mitochondrial entry. Since insulin also
favors fatty acid intracellular transport and cytosolic esterification, this results in diverting
circulating fatty acids into IMCLs. This, and the effects of insulin to favor glucose entry and
glycogen synthesis over glycogenolysis, result in local energy storage as both glycogen and
IMCLs. Such conditions can arise during postexercise recovery, when low muscle glycogen
content together with still translocated glucose transporters (among other local conditions)

can further sensitize muscle to insulin action (Nagasawa et al. 1991).

During exercise, muscle contraction and systemic stress can also further modulate the balance
between carbohydrate and fat oxidations. Once activated, key sensors such as AMPK strongly
drive glycogenolytic and glycolytic fluxes. By favoring PDH activity, this results in increased

pyruvate oxidation leading to malonyl-CoA synthesis. Unlike the fed resting state, however,
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AMPK also favors malonyl-CoA degradation, resulting in restored fatty acid oxidation together
with pyruvate oxidation. This system of multiple substrate switches allows to describe the
dynamics of muscle fuel selection during submaximal exercise with the oxidation of fat being
privileged at low-to-moderate intensity, then being lowered as carbohydrate oxidation
increases with exercise intensity (Romijn et al. 1993). Furthermore, high rates of muscle
glycolysis and glycogenolysis at the beginning of exercise, coupled with the time delay
required to transport circulating substrates from their original organs, explain that local stores
are typically used at the beginning of exercise (Romijn et al. 1993). Finally, muscle adaptations
in enzymatic processes as well as decreased stress response explain that fat oxidation is

increased when exercising at a given workload after training compared to pre-training.

b. Muscle as part of energy systems

Muscle metabolism should however not be seen in isolation, but from a systemic perspective.
The maintenance of euglycaemia needs that glucose consumed by working muscle is replaced
by equal glucose production. In unfed conditions, this is essentially performed by the liver
which can mobilize its glycogen stores and synthesize glucose from gluconeogenic precursors.
The result is an intensity-dependent glucose transfer with maximal reported values at =1.0
g-min’ (Romijn et al. 1993, van Loon et al. 2001). This limit seems to result from endogenous

glucose production, not glucose consumption (Hawley et al. 1994, Tounian et al. 1996).

In turn, the fact that lactate is also a precursor of hepatic gluconeogenesis led to the concept
of an interorgan Cori cycle, in which muscle lactate production is consumed by the liver during
exercise, sustaining hepatic glucose production for muscle energy needs (Simoni et al. 2002).
Further work indicated that the Cori cycle is coupled to a similar cycle in which muscle alanine

can also serve as a gluconeogenic precursor (Connolly et al. 1993) (Figure 4), to represent up
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to 92% of endogenous glucose production in 40h-fasted humans (Katz and Tayek 1998). In

turn, the Cori cycle was also shown to be lowered by glucose ingestion (Kreisberg et al. 1970).
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FIGURE 4: GLUCOSE-LACTATE (I.E. CORI CYCLE) AND GLUCOSE-ALANINE CYCLES BETWEEN THE LIVER AND
MUSCLE DURING EXERCISE (REPRODUCED FROM CHHABRA 2014)

Research from the last decades however indicated that the Cori cycle may be a simplification,
and that lactate should be viewed as an energy substrate that can be “shuttled” between cells
and organs (and also possibly within cells) (Brooks 1986, Gladden 2004). Lactate shuttles were
shown between cells in skeletal muscle, testes and brain tissue (Pellerin et al. 1998), between
predominantly glycolytic (glycolysis > pyruvate oxidation) and oxidative (glycolysis < pyruvate
oxidation) cells. Others broadened the concept to a vast system, in which lactate acts as a
useful means to distribute energy between organs and in which muscle plays a central, pivotal

role by turning from net lactate production into net consumption (van Hall 2010).

Lactate metabolism may also depend on specific transporters called monocarboxylate
transporters (MCTs). Two members of the family, MCT1 and MCT4, were found to be
specifically expressed in oxidative and glycolytic muscle fibers (Pilegaard et al. 1999). While
both MCT1 and MCT4 are in fact co-transporters (lactate and a proton), they distinguish by
very different affinity and saturation kinetics. Accordingly, their expression was considered to

drive unidirectional lactate transport (MCT1 for lactate import and MCT4 for lactate export)
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to explain muscle lactate transfers together with other MCTs, isoforms of LDH (Bonen et al.
1998) and lactate gradients. Increased muscle MCTs after exercise training (Dubouchaud et al.
2000) may partly explain that lactate clearance ability was related to VO2max and sub-maximal
exercise performance (Shephard 1992, Bentley et al. 2009). Others reported that MCT1 and
MCT4 regulation is complex after both acute and chronic exercise, further depending on a
variety of stimuli such as hypoxia, nutrition and metabolic perturbations (Thomas et al. 2012).
Lactate itself was shown to stimulate MCTs and LDH expressions through binding to a specific
membrane receptor (Philp et al. 2005, Brooks 2009), resulting in a feed-forward mechanism
that may partly explain the adaptations observed in the training phenotype. Thus, lactate
exchanges seem modulated by both systemic energy fluxes and transport-related mechanisms

in a complex inter-organ system also susceptible of adaptations, to improve performance.

Fat, the most important energy source, can also be distributed between organs. Fat
metabolism is however largely complicated by the circulation of both FFAs and lipoprotein-
bound TG, and will only be shortly depicted here. Exercise is well-known to increase adipose
tissue lipolysis, resulting in higher FFAs delivery to working muscle (van Hall 2015). The
metabolism of lipoprotein-bound TG (either of intestinal or hepatic origin) remains much less
understood. Circulating TG indeed require initial hydrolysis into glycerol and fatty acids then
transported into cells. The enzyme performing this step, lipoprotein lipase (LPL), is known to
be differently regulated close to tissues. One example is the difference between adipose tissue
and muscle LPL isoforms, which are respectively activated and inhibited by insulin. In mice,
this was shown to have large consequences by directing circulating FFAs and TGs to different
organs when fasted or when fed (Teusink et al. 2003). Yet, since muscle LPL can also be
activated by actual or past contraction, how all signals and hemodynamics coordinate to

dictate fat distribution during exercise and recovery is largely unclear (Goldberg et al. 2009).
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c. Muscle energy stores

Compared to adipose fat (=100°000kcal in a typical 75kg-man with 15% fat mass),
carbohydrate stores are generally assumed to be limited to *3000kcal, mainly as muscle and
liver glycogen (Flatt 1987). In turn, since glycogen can be an important substrate source during
muscle contraction, it is logically decreased by exercise and one adaptation to exercise training

is precisely to increase muscle glycogen storage capacity in some fibers (Gonzalez et al. 2016).

After early indications that hypoglycemia can limit endurance performance, direct
relationships between low muscle glycogen and fatigue appearance were first reported in the
1960s (Bergstrom et al. 1967). These works and many others allowed to delineate glycogen
dynamics during exercise. Briefly, muscle glycogen was viewed as a store that can be lowered
to a critical limit (i.e. “depletion”) below which peripheral fatigue occurs, sending nervous
information to the brain. Others pointed that absolute glycogen depletion is never achieved
and that the critical limit is highly variable and, in presence of between- and within-fiber

heterogeneities, this model is likely an oversimplification (Gonzalez et al. 2016).

Nevertheless, the glycogen depletion model allows to describe how fatigue can also arise from
liver glycogen depletion. Indeed, since myocellular glucose-6-P can result not only from
muscle glycogen breakdown, but also from systemic glucose consumption, raising the
contribution of plasma glucose can spare muscle glycogen. In fasted conditions, systemic
glucose is essentially deriving from liver glycogen, and depletion of glycogen stores either in
muscle or in the liver (causing an inability to match glucose production to glucose use) was
proposed to increase relay to the other store, rapidly leading to fatigue (Gonzalez et al. 2016).
Between sessions, the recovery of muscle glycogen occurs mainly from plasma glucose

uptake, requiring insulin- or prior contraction-mediated GLUT4 translocation.

23



In comparison to glycogen, how IMCL stores affect muscle energetics and exercise
performance remains largely misunderstood (Loher et al. 2016). IMCLs present some
similarities to glycogen, including limited concentrations (mean 5 g-kg~lww for a total of
=3000kcal), a degradation during exercise and a competition with their circulating precursors
as a fuel source (van Hall 2015). IMCL stores (Goodpaster et al. 2001) and IMCL turnover
(Schrauwen-Hinderling et al. 2003) are both increased by training, as part of an adaptation to

efficiently mobilize fat that may participate to improve endurance (Loher et al. 2016).

Studies in the 2000s found that IMCLs are normally replete within a few days fasting, but
indicated that a faster repletion can be induced by diet (Boesch et al. 1999, Decombaz et al.
2000). Similar to high-carbohydrate diets that favor muscle glycogen repletion (Bergstrom et
al. 1967), a 2006 study found that a high-carbohydrate diet supplemented with fat could
restore not only glycogen, but also IMCLs stores (Zehnder et al. 2006). Interestingly, raised
IMCLs were then used in proportion to content during subsequent exercise, suggesting that
recovery diets increasing both circulating carbohydrates and fat precursors (dietary fat
circulates as lipoprotein-bound TG) would favor optimal recovery. Yet, others found that low
IMCLs did not cause premature fatigue (Larson-Meyer et al. 2008) and IMCL regulation, by

involving all the steps of muscle fat metabolism (van Hall 2015), remains largely unclear.

At the end of this chapter, skeletal muscle appears to play a central metabolic role during both
exercise and recovery. During endurance-type exercise, muscle needs are largely met by the
oxidation of substrates from local glycogen and IMCL stores together with circulating glucose,
FFA, lactate and TG. During recovery, the same circulating precursors can also favor muscle
energy stores re-synthesis. The next chapter will return to fructose metabolism, discussing the

situations in which fructose may be used as an exercise fuel.
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VI. Sports Nutrition

Sports Nutrition: Is there a Role for Fructose?

Fructose metabolism: Is there a Role for Exercise?
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a. Overview of fructose uses in sports nutrition

As mentioned in the first chapter, sugars are indeed recommended and used by many athletes
especially in endurance sports (Burke et al. 2001). In turn, the last chapter noticed some limits
in muscle energy furniture (low maximal uptake of plasma glucose, limited glycogen stores),
that can impair exercise performance. The aim of this part is to summarize fructose uses as a
tool in sports nutrition, then describe known metabolic effects of fructose during exercise,

and finally evaluate how exercise may counteract side effects of fructose.

It is typically recommended that the last meal should be consumed 1-4 h before exercise, and
should contain 1-4 g-kg* carbohydrates to ensure that glycogen stores are maximally filled
(Burke et al. 2011). In such conditions, fructose improved subsequent performance compared
to a non-caloric placebo (Okano et al. 1988), and it was proposed that hepatic fructose
metabolism may specifically favor repletion of liver glycogen that had been lowered after an
overnight fast. Fructose’s low glycemic index was also supposed to protect against rebound
hypoglycemia. Whether this occurs during exercise remains contested (Marmy-Conus et al.
1996), yet, and fructose and glucose elicited similar glucose control during subsequent
exercise (Hargreaves et al. 1987). Interestingly, some authors suggested that sucrose may lead

to different effects as a preexercise meal than separate hexoses (Wallis and Wittekind 2013).

Postexercise, most guidelines recommend ingesting ample amounts of carbohydrates in a
degressive scheme (Burke et al. 2011). Fructose, glucose and sucrose have been compared
only in a few studies (Table 1), that seemed to indicate that fructose is a poor precursor for
muscle glycogen resynthesis, but can efficiently replete liver glycogen. This is consistent with
fructose being primarily metabolized in the liver and will not be more commented here, only

to mention that sucrose effects were grossly similar as glucose (Gonzalez et al. 2016).
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TABLE 1: SUMMARY OF STUDIES THAT COMPARED FRUCTOSE, GLUCOSE AND/OR SUCROSE EFFECTS ON POSTEXERCISE LIVER AND MUSCLE GLYCOGEN RESYNTHESIS

Liver glycogen

Muscle glycogen

Species Technique Mode Dose Time Glucose Fructose Sucrose Glucose Fructose Sucrose
Nilsson and 21-26 +76 mmol  +275 mmol +24 mmol +23 mmol
Hultman 1974 Human  Biopsies  Infusion mmol/kg/4h 4h  glycos/kguww glycos/kguww - glycos/kgww glycos/kguww -
Blom et al. 5.7 3.2 6.2
1987 Human  Biopsies Oral 0.7 g/kg/4h 4h -- -- -- mmol/kg/h  mmol/kg/h  mmol/kg/h
+28.7 +22.7 +4.3 -0.8
Conlee et al. Rats -- Oral Ad libitum 2h umol/mg/h  umol/mg/h -- umol/mg/h  umol/mg/h --
1987 +28.2 +39.5 +3.4 +1.3
Rats -- Oral Ad libitum 4h umol/mg/h  umol/mg/h -- umol/mg/h  umol/mg/h --
Youn et al. 72% label
1987 Rats Isotopes  Infusion 1-10 mM 1h -- restraint -- -- -- --
Bjorkman et al.
1989 and Arterial +0.8 +2.3
Ahlborg and fructose: mmol/min mmol/min
Bjorkman 1990 Human Catheters Infusion 5 mmol/L 1h -- A-V diff -- -- A-V diff --
Burke et al. +106 +72
1993 Human  Biopsies Oral 10 g/kg/24h 24 h - - - mmol/kgww mmol/kgww -
Van Den Bergh
et al. 1996 Human MRS Oral 80¢g 8h - - - 4.2 %/h 2.2%/h -
Human MRS Oral 2h +32 mmol/L +53 mmol/L -- - - -
Decombaz et 450 g
al. 2011 Human MRS Oral including MD 45h 445 mmol/L +57 mmol/L - - - -
Human MRS Oral 6.5h +10 mmol/L +50 mmol/L -- - - -
Trommelen et +54 +70 +79
al. 2016 Human MRS Oral 1.5 g/kg/h 5h -- -- -- mmol/kgww mmol/kgww mmol/kguw
+36 +34
Fuchs et al. Human MRS Oral 1.5 g/kg/h 2h +24 mmol/L - mmol/L  +30 mmol/L -- mmol/L
2016 +97 +55
Human MRS Oral 1.5 g/kg/h 5h +67 mmol/L - mmol/L  +50 mmol/L -- mmol/L

MD: MALTODEXTRIN, A SHORT-CHAIN GLUCOSE POLYMER; MRS: MAGNETIC RESONANCE SPECTROSCOPY; A-V DIFF: ARTERIOVENOUS DIFFERENCE



During exercise, current guidelines typically recommend ingesting between 1-1.5 g-min!
carbohydrate (Jeukendrup 2014). Such rates are considered a compromise between maximum
glycogen sparing (Rauch et al. 1995, Jeukendrup et al. 1999), and avoiding gastrointestinal
symptoms. Accordingly, glucose ingestion was found to dose-dependently increase total
glucose production, muscle glucose consumption and carbohydrate oxidation (Jeukendrup et
al. 1999), causing a glycogen sparing both in the liver and in muscle. Yet, an important finding
was that supra-physiological glucose infusions could elevate plasma glucose disposal to =2.5
g-min’t during exercise (Hawley et al. 1994) and =0.7 g-min! at rest (Tounian et al. 1996). Since
this is much higher than values observed in physiological conditions, this suggests that muscle

could consume more glucose if more was entering the circulation.

Compared to glucose, fructose intestinal absorption was found to be markedly lowered by
exercise (Fujisawa et al. 1993). This, and the effect of fructose to induce no postprandial
glycemic peak, led to consider pure fructose of poor interest during exercise (Bjorkman et al.
1984). Accordingly, studies using isotopic labelling found that fructose was poorly oxidized
during exercise (Wagenmakers et al. 1993), but interestingly found that its oxidation increased

when exercising in previously fasted conditions than in the fed state (Massicotte et al. 1990).

Starting with a seminal study in 1994 (Adopo et al. 1994), another line of research noticed that
fructose and glucose co-ingestion can increase total exogenous carbohydrate oxidation during
exercise. Using 3C-labelled sugars, these authors showed that, during exercise at 60% VO2max,
ingestion of 50 g or 100 g fructose led to lower '3CO, production than isocaloric glucose, but
that a mixture of 50 g fructose and 50 g glucose increased *3CO, compared to 100 g glucose
(Adopo et al. 1994). This effect was then considered to depend upon many factors such as

carbohydrate ingestion rate, glucose:fructose ratio, exercise type and duration, training status



or gender, and was largely attributed to an improved gut absorption (Rowlands et al. 2015).
Higher exogenous carbohydrates oxidation (Jentjens et al. 2004), time-trial gains (Currell and
Jeukendrup 2008) and improved gastrointestinal comfort (Wilson and Ingraham 2015) then

supported that glucose-fructose improve performance compared to glucose ingestion.

Ergogenic effects of glucose-fructose may also be metabolic. Besides gastrointestinal effects,
a 2010 study aimed to measure plasma glucose and lactate fluxes in exercising subjects
ingesting glucose-fructose or glucose-based drinks (Lecoultre et al. 2010). Interestingly, results
indicated that glucose-fructose increased both glucose and lactate fluxes by respectively +10%
and +30% compared to glucose ingestion (Figure 5). Furthermore, that study also showed that
13C-fructose participated to *20% and =30% of glucose and lactate fluxes, and that the fate of
fructose carbons was entirely oxidative (Lecoultre et al. 2010). These results indicate that,
during exercise, an important part of fructose circulate as glucose and lactate that can fuel
muscle work. One gap in that study was the involvement of well-trained endurance athletes,
in which direct lactate oxidation is increased (Emhoff et al. 2013), and it was unknown if a

similar lactate shuttle would be observed in exercising or non-exercising untrained subjects.

a Glucose ingestion during exercise b Glucose-fructose ingestion during exercise
<M LN
L“‘J, Glucose turnover = 1,0 g-min L'J Glucose turnover = 1.1 gmin +10%
p | Lactate turnover = 0.6 g'min! ¢ Lactate turnover = 0.8 g-min™ +30%
GLU:2.0 gmin* GLU1.2 g'min*
: + FRU 0.8 g'min**
L o

o
G

Lactate oxidation +30%
Net carbohydrate oxidation +30%

FIGURE 5: EFFECTS OF A) GLUCOSE AND B) GLUCOSE-FRUCTOSE INGESION ON SYSTEMIC GLUCOSE AND
LACTATE FLUXES DURING EXERCISE AT =60% VO2max (RETRIEVED FROM LECOULTRE ET AL. 2010)
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Lactate may be preferred over other fuels (Brooks 1986). During exercise, lactate is indeed
known to be extensively oxidized (Azevedo et al. 2007) and, like glucose, can inhibit fat
oxidation. Compared to glucose, it however offers a more immediate conversion into pyruvate
and is transported through separate transport systems. A few exercise experiments showed
that infused lactate increased its oxidation, but also caused a =40% decrease in glucose
oxidation (Miller et al. 2002, Miller et al. 2002). Similar studies at rest indicated that the
decrease in glucose oxidation was only =20% in hyperinsulinemia (Paquot et al. 1995), to be
related with recent findings that lactate can inhibit both HK and PFK, only in high glycolytic
flux (Leite et al. 2011). Whether lactate can also inhibit glycogenolysis through attenuated
catecholaminergic response (Fattor et al. 2005) is unknown, since no effect was observed in

vitro (Lloyd et al. 2003). Hence, lactate may play a large role in fuel selection during exercise.

The effects of lactate on fuel selection may however differ in the trained state or at rest.
Indeed, since training induces many adaptations in glycolytic enzymes (Baldwin 1985), how an
inhibition of glucose oxidation would be affected in athletes is unclear. Moreover, some
studies that infused lactate at rest noticed, unlike during exercise, that this was associated
with a strong thermogenic effect (Ferrannini et al. 1993). It is therefore possible that providing
muscle with a dual substrate source as both glucose and lactate results in different outcomes
at rest and during exercise. In turn, if lactate derived from fructose, this could also affect
energy efficiency, both in fructose-metabolizing and peripheral cells (Tappy et al. 2013). Such
interactions between glucose, lactate and glycogen have so far been largely ignored and

remain to be studied both at rest and during exercise, possibly by using fructose.

Lactate fates can also be non-oxidative. This was first shown in works with isolated myotubes

that clearly indicated that lactate can serve as a glycogen precursor (Donovan and Pagliassotti
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2000). Interestingly, such experiments also pointed that this may depend on muscle fibers
type, and that glycogen formed from glucose or lactate was stored in different
intramyocellular pools (Ryan and Radziuk 1995). Muscle glyconeogenesis from lactate was
also implicated in post-exercise glycogen resynthesis in absence of food intake (Fournier et al.
2004), but was however estimated minor both in the fed state (when it is prevented by
increased glycolytic flux) and also in the fasted state due to Cori cycle activity (Ferrannini et
al. 1993). Recent evidence however indicate that lactate may contribute to muscle
glyconeogenesis and glyceroneogenesis through a reversal of the pyruvate kinase reaction

that would be thermodynamically more favorable than previously considered (Jin et al. 2015).

Hence, past findings suggest that glucose-fructose induce an interorgan lactate shuttle from
the liver to muscle up to lactate oxidation during exercise. Since lactate plays a role in
metabolic regulation (Sola-Penna 2008), and since chronic fructose can increase lactate fluxes

(Abdel-Sayed et al. 2008), one could suspect lactate to be a major mediator of fructose effects.

b. Exercise protection against fructose’s metabolic effects

Little is known regarding the modulation of other fructose effects by exercise. Several of
fructose outcomes, including insulin resistance, ectopic fat accumulation, fasting and
postprandial hypertriglyceridemia and hyperuricemia, were all classified as cardiometabolic
risk factors (Kolderup and Svihus 2015). Alternatively, athletic populations that are consuming
fructose in large amounts are generally metabolically healthy. This may indeed be related to
exercise, that was shown to increase insulin sensitivity for 12-48 h after each session in direct

relation to exercise energy expenditure (Nagasawa et al. 1991, Wojtaszewski et al. 1997).

Some authors then showed that exercise exerts hypolipemic effects that can largely lower

postprandial TG concentrations after a fat meal (Magkos et al. 2008). The responsible organs
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remain unknown, and it is unclear if this results from a lowered or delayed intestinal TG
secretion and/or an improved blood TG clearance (Plaisance and Fisher 2014). Candidate
organs in which circulating TG can be stored include the adipose tissue (i.e. the normal fat

storage site) and ectopic tissues such as the liver or skeletal muscle and their IMCLs.

Fructose-induced hypertriglyceridemia (i.e. VLDL-TG), is somewhat different than dietary fat
from intestine origin (i.e. chylomicrons-TG). However, both effects can combine with a
fructose-and-fat mixed-meal inducing sustained high plasma TG, likely because of impaired
adipose tissue TG clearance (Chong et al. 2007). A few recent studies indicated that these
indirect effects of fructose could however be prevented by both endurance (Egli et al. 2013,
Bidwell et al. 2014) and resistance (Wilburn et al. 2015) exercise. This may indeed be indicative
of a synergy between fructose diverting dietary fat to ectopic tissues such as muscle (the low
insulin favoring muscle LPL over adipose LPL activity), and previous exercise protecting against
lipotoxicity and storing fat into IMCLs energy stores for the next session. These protective
effects of exercise are likely dependent on energy balance and other factors, and how acute

and chronic exercise could counterbalance other effects of fructose is largely unknown.

At the end of this literature overview, fructose appears as a very specific nutrient that can
through its hepatic metabolism induce wide effects, some of them possibly detrimental during
fructose overfeeding. Exercise is characterized by a large metabolic rate elevation due to
muscle work, that profoundly alters liver function and thereby fructose metabolism. When co-
ingested with glucose, fructose can efficiently fuel muscle work through a specific lactate
shuttle, and may also specifically favor liver glycogen. Fructose-induced hypertriglyceridemia
can be lowered by exercise. A part of this thesis was spent writing two review articles,

manuscripts 1 and 2, which are mentioned next before continuing with the experimental part.
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VIl.  Manuscript 1: Curr Hypertens Rep (2016) 18:44; DOI 10.1007/s11906-016-0652-7

Pathogenesis of Cardiovascular and Metabolic Diseases: Are
Fructose-Containing Sugars More Involved Than Other

Dietary Calories?

Robin Rosset, Anna Surowska and Luc Tappy

Contribution: Literature research, drafting and writing a part of the manuscript and figures.

Abstract: Cardiovascular diseases have become the major cause of mortality and morbidity
worldwide, and were related to environmental factors such as obesity caused by specific
nutrients. Of these, fructose was considered to play a large role by virtue of its hepatocentric
metabolism. By activating de novo lipogenesis, it could increase both visceral, intrahepatic and
circulating triglycerides, as well as being specifically atherogenic by acting on fatty acid
saturation. In turn, it may induce hypertension by activating the sympathetic nervous system,
raising plasma uric acid concentrations and act on kidneys function. Current evidence poorly
supports such assertions, however, but merely suggests that most of the effects of fructose
can be prevented by a healthy lifestyle. Potential future research areas include a better
understanding of the functional significance of de novo lipid synthesis, how stress can

modulate fructose metabolic effects, and how fructose or its intermediates act on the kidneys.
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VIll. Manuscript 2: Sports Med (2017) Mar 22; DOI 10.1007/s40729-017-0692-4

Fructose Metabolism from a Functional Perspective:

Implications for Athletes

Luc Tappy and Robin Rosset

Contribution: Literature research, drafting and writing of the manuscript. Figures preparation.

Abstract: Substantial amounts of fructose are present in our diet. Unlike glucose, this hexose
cannot be metabolized by most cells and has first to be converted into glucose, lactate and
fatty acids in enterocytes, hepatocytes and kidney proximal tubule cells, which all possess
specific fructose-metabolizing enzymes. This particular metabolism may then be detrimental
in resting, sedentary subjects. However, this may also present some advantages for athletes.
First, since glucose and fructose are absorbed through distinct, saturable gut transporters, co-
ingestion of glucose and fructose may increase total carbohydrate absorption and oxidation.
Second, fructose is largely metabolized into glucose and lactate, resulting in a net local lactate
release from splanchnic organs (mostly the liver). This “reverse Cori cycle” may be
advantageous by providing lactate as an additional energy substrate to the working muscle.
Following exercise, co-ingestion of glucose and fructose mutually enhance their own
absorption and storage.

32



X. Working Hypothesis

Working Hypothesis: Delineating the Fructose-Exercise

Relationship



a. Targeting fructose-induced hyperlactatemia and hypertriglyceridemia

The introduction provided an overview of fructose metabolism and muscle function, and the
outcomes of fructose ingestion in an exercise context. The aim of the experimental part was
first to better understand the mechanisms by which exercise can protect from fructose side
effects, and second if new applications could derive from some of fructose effects in an
exercise context. In accordance with the introduction, the experimental part largely focused

on two main effects of fructose: postprandial hyperlactatemia and hypertriglyceridemia.

e Manuscript 3 (Egli et al. 2016) specifically aimed to understand the mechanisms by which
exercise affects fructose metabolism. Suspecting that fructose would be efficiently used as
a fuel during exercise and would be stored during recovery, we studied in a randomized
order the fate of a 3C-labelled oral fructose load provided either before, after, or in a no-
exercise control condition.

e Manuscript 4 (Rosset et al. 2017) compared, between two exercise sessions, the effects of
mixed-meals comprising fructose or glucose together with 13C-labelled fat and protein on
the recovery of muscle energy stores. Our hypothesis was that fructose-induced
hypertriglyceridemia would specifically favor circulating 3C-fat storage in IMCLs, with
fructose carbons also replenishing muscle glycogen, and that this would result in an

improved endurance performance during the second exercise session.

e Manuscript 5 (Rosset et al. 2017) evaluated how chronic ingestion of glucose-fructose
during training sessions could cause specific adaptations in lactate metabolism. We
suspected that repeated exposure to high lactate concentrations during sessions would
raise glucose and lactate fluxes (assessed with 2H,-glucose and '3C-lactate), and that

increased muscle lactate metabolism could further improve exercise performance.
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XI. Manuscript 3: Am J Clin Nutr (2016) 103:348-55; DOI 10.3945/ajcn.115.116988

Exercise Performed Immediately after Fructose Ingestion
Enhances Fructose Oxidation and Suppresses Fructose

Storage

Léonie Egli, Virgile Lecoultre, Jérémy Cros, Robin Rosset, Anne-Sophie Marques, Philippe

Schneiter, Leanne Hodson, Laure Gabert, Martine Laville and Luc Tappy

Contribution: Participation to metabolic tests, data analysis and writing of the manuscript.

This experiment involved three conditions, in which we investigated mechanisms by which
exercise may prevent adverse effects of fructose. After a run-in period, a fructose load (0.75
g-kg™') was provided to overnight-fasted men, and the response to that load was investigated:
with an exercise session prior to fructose (ExFru), with no exercise (Fru) or with an exercise
session after fructose ingestion (FruEx). ExFru increased energy expenditure and carbohydrate
oxidation before fructose ingestion (P<0.01), but this prior depletion did not significantly alter
postprandial fructose disposal compared to Fru (all P=N.S.). In contrast, exercise in FruEx
largely altered fructose disposal (Figure 6), and close to 80% fructose was oxidized over 7h
postprandial (P<0.01 vs. Fru). Fructose conversions into glucose and VLDL-palmitate, and
plasma lactate concentrations were not different between conditions. In ExFru and FruEx,
exercise increased energy expenditure and carbohydrate oxidation when the sessions were

performed (i.e. before, after fructose) compared to Fru (all. P<0.01).
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FIGURE 6: POSTRANDIAL, RESTING CARBOHYDRATE METABOLISM FOR THE NEXT 7H AFTER INGESTION OF A
FRUCTOSE LOAD (0.75 G-KG™') PRECEDED OR FOLLOWED BY AN EXERCISE SESSION. *: FRUEX DIFFERENT FROM
FRU (REDRAWN FROM EGLI ET AL. 2016)
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Xll.  Manuscript 4: Am J Clin Nutr (2017) 105:609-17; DOI 10.3945/ajcn.116.138214

Postexercise Muscle Energy Storage Following Mixed-Meals

Containing Fructose or Glucose

Robin Rosset, Virgile Lecoultre, Léonie Egli, Jérémy Cros, Ayse Sila Dokumaci, Karin Zwygart,

Chris Boesch, Roland Kreis, Philippe Schneiter and Luc Tappy

Contribution: Study design, subject recruitment and metabolic tests, data analysis and

drafting and writing of the manuscript.

This randomized crossover trial evaluated in trained athletes the effects of experimental
mixed-meals (2.5 g-kg™* fat, 1.9 g-kg™* protein and 5.6 g-kg™* carbohydrate) provided over 24h,
on postexercise recovery of muscle energy stores. Replacing glucose (in GLU condition) by
fructose (in FRU) was supposed to favor IMCLs repletion from dietary fat (traced using 3C-
palmitate), while also furnishing precursors for muscle glycogen. Yet, FRU and GLU induced
similar restoration (Figure 7) of IMCLs (+2.4+0.4 vs. +2.0+0.6 mmol-kg ww:24h™!; P=0.45) and
muscle glycogen (+10.9+0.9 vs. +12.3+1.9 mmol-kgtww-24h™; P=0.45). Dietary fat oxidation
and whole-body fat storage were also similar between conditions (unpublished results).

Interestingly, FRU increased postprandial lactate concentrations (P<0.01), that were linearly
associated with glycogen recovery (r=0.75; P=0.03). FRU however also increased net
carbohydrate oxidation followed over 6h postprandial (P<0.01) and decreased whole-body
carbohydrate storage compared with GLU (+117+9 vs. +135+9 g-6h™%; P<0.01). During the

second exercise session performed the day after by overnight-fasted subjects, FRU lowered
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plasma glucose concentrations and impaired endurance performance (P<0.01), presumably

because of lower liver glycogen than in GLU.
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FIGURE 7: A) STUDY DESIGN; B) VASTUS IMCL AND GLYCOGEN CONCENTRATIONS INCREASED POSTEXERCISE
COMPARED TO PREEXERCISE, SIMILARLY IN BOTH CONDITIONS; C) POSTPRANDIAL PLASMA LACTATE AFTER
FRUCTOSE-BASED MIXED-MEALS WERE ASSOCIATED WITH 24H-POSTEXERCISE GLYCOGEN RECOVERY; D) THE
DAY AFTER, FRU DECREASED PERFORMANCE AND PLASMA GLUCOSE COMPARED TO GLU. *: FRU DIFFERENT
FROM GLU; #: BEFORE DIFFERENT FROM AFTER (ADAPTED FROM ROSSET ET AL. 2017)
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Xlll.  Manuscript 5: Nutrients (2017) 9(4), 411; DOI 10.3390/nu9040411

Endurance Training with or without Glucose-Fructose
Ingestion: Effects on Lactate Metabolism assessed in a

Randomized Clinical Trial on Sedentary Men

Robin Rosset, Virgile Lecoultre, Léonie Egli, Jérémy Cros, Valentine Rey, Nathalie Stefanoni,

Valérie Sauvinet, Martine Laville, Philippe Schneiter and Luc Tappy

Contribution: Study design, subject recruitment and metabolic tests, data analysis and

drafting and writing of the manuscript.

This work aimed to evaluate how glucose-fructose drinks can affect lactate metabolism at rest
and during exercise, pre- and post-training. After an initial metabolic evaluation with glucose-
fructose drinks, two groups of sedentary men were endurance-trained while either ingesting
glucose-fructose (GF intervention) or water (C intervention) drinks. By elevating lactate
concentrations during training sessions, GF was expected to induce key adaptations in lactate
metabolism and to improve post-training exercise performance compared to C (assessed in a

second metabolic evaluation with glucose-fructose provided in both groups).

Pre-training, lactate production was increased by exercise compared to rest (P<0.01). Lactate
disposal was mainly non-oxidative at rest, and mainly oxidative during exercise (P<0.01) in
both GF and C. As compared to C, training with GF then increased lactate production and
oxidation at rest (both P<0.05), but not during exercise (both P=N.S.). Both interventions had
similar effects to increase (P<0.01) lactate clearance during exercise (+15.5 + 9.2 and +10.1 +
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5.9 mL-kg™*min~!; P=0.97), suggesting that muscle lactate transport systems were similarly

improved (Figure 8). Both interventions also induced similar performance improvements.
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FIGURE 8: GLUCOSE AND LACTATE FLUXES AT REST AND DURING EXERCISE WITH GLUCOSE-FRUCTOSE
INGESTION. A) AND B), GLUCOSE METABOLISM WAS INCREASED BY EXERCISE COMPARED TO REST, BUT WAS
NOT AFFECTED BY TRAINING WITH/WITHOUT GF DRINKS. C) TO F), LACTATE FLUXES WERE INCREASED BY
TRAINING WITH GF AT REST BUT NOT DURING EXERCISE, AND ALL LACTATE FATES FOLLOWED THESE CHANGES.
G) AND H), INCREASED LACTATE FLUXES TRANSLATED AT REST INTO A HIGHER GLUCONEOGENESIS FROM
LACTATE, WHILE A STABLE PROPORTION OF LACTATE WAS OXIDIZED DURING EXERCISE, AND DIRECTED
TOWARD ENERGY CONSERVATION AT REST. $: REST DIFFERENT FROM EXERCISE; #: PRE-TRAINING DIFFERENT
FROM POST-TRAINING; *: GF AND TRAINING INTERACTION (REDRAWN FROM ROSSET ET AL. 2017)
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XIV. General discussion

General Discussion: Lessons for Fructose Metabolism in an

Exercise Context



a. Anintegrative model of fructose metabolism

The purpose of this thesis was to investigate how fructose metabolism can be modulated by
exercise, and evaluate if some of fructose metabolic effects can improve performance. Our
results suggest that fructose effects on fat metabolism were not altered by exercise, and could
also not further replenish IMCL stores, questioning if there was a limitation in blood flow
dynamics, in muscle fat uptake, or at any intracellular regulating point of muscle fat
metabolism. The experimental protocols may also have not allowed to capture small or
delayed changes in fat or IMCL metabolisms. Our results were more conclusive regarding
fructose-induced hyperlactatemia and carbohydrate metabolism, indicating very different
outcomes when fructose was ingested at rest or during exercise. This led to propose a simple,

provisional model of fructose metabolism (Figure 9).

Our model is based on two fundamental rules: First, entropy or the measure of a system’s
disorder, is a natural law that needs to be fight by all living organisms. Second, mitochondria
may derive from a former internalization of a prokaryotic into a eukaryotic cell (Martin et al.
2015), itself later organized as a pluricellular organism (giving a strict compartmentation:
mitochondria<cells<organism). Each compartment may ensure its own energy homeostasis
before sharing substrates with the next. Entropy would rapidly deplete all energy if
uncontrolled, and varied strategies were developed to save as much energy as possible and

only allowing for a limited, useful entropy to occur at a given time (Stettner and Segre 2013).

According with the previous postulate, fructose entry in fructose-metabolizing cells would
result in a massive influx of energy, that would be first naturally directed downward of the
energy gradient (fructose: AG® =220 kgcal in aqueous solution (Krebs et al. 1957)) to full

oxidation as CO; (providing 31.5 ATP-mol™). At some point, ATP generation could however find
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a maximum, after which it would be controlled by the mitochondria to ensure a proper
functioning. Fructose was indeed shown to alter liver ATP equilibrium (Gaussin et al. 1997,

Abdelmalek et al. 2012), yet being unable to specifically determine mitochondrial ATP.

Fructose oxidation occurs as pyruvate in the mitochondria, replenishing mitochondrial
intermediates, blocking fat oxidation and directing fat toward esterification (Hue and
Taegtmeyer 2009). The result may be an indirect link between fructose oxidation and fat
esterification (Softic et al. 2016), that may explain why high-fructose diets can cause
intrahepatic fat accumulation (Bortolotti et al. 2012). In turn, raised mitochondrial
intermediates would lead to energy crisis if there was no compensation. Interestingly, high
ATP and high mitochondrial intermediates is perfectly adapted to de novo lipogenesis which,
by consuming both precursors, may serve as a local buffer. Manuscript 3 indeed indicated a
constant, low-grade de novo lipogenesis independent on metabolic rate (Egli et al. 2016), and

future studies could focus on a relation between fructose oxidation and de novo lipogenesis.

A consequence of the coupling between fructose oxidation and de novo lipogenesis could be
a sort of balance, after which fructose carbons may be directed to the most favorable fates
according to energy gradients. Glycolysis is well-known to present a free energy gradient with
three difficultly-reversible reactions. Our model then speculates that this would direct trioses-
P from fructose to pyruvate and lactate. Interestingly, recent results indicate that fructose can
be directed to glutamate (Varma et al. 2015), questioning if fructose may alter splanchnic
amino acids fluxes in vivo. Fructose direction to pyruvate and lactate could then be

constitutively activated when local energy homeostasis is met.

The fate of lactate produced from fructose is then to be shared in a vast system (van Hall 2010)

in which it can serve as a fuel or can be disposed non-oxidatively as glucose, glycogen and
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possibly lipids. Our model will not cover the complexity of lactate exchanges, but will consider
thermodynamics of the whole system. Interestingly, lactate action to limit upstream glycolytic
activity at the PFK step (Leite et al. 2011), may be viewed as a possible energy conservation
mechanism limiting use of carbohydrates of higher free energy. Lactate seems then to be
preferred over other fuel sources (Brooks 1986), and manuscript 5 indicated that =20% and
=80% of lactate disposal was oxidized at rest and during exercise, respectively (Rosset et al.
2017). While this confirms that lactate oxidation depends on metabolic rate, our data also

indicate that an important part of lactate is directed to non-oxidative, anabolic fates.

Accordingly, manuscript 4 indicated that postprandial lactate concentrations were associated
with muscle glycogen storage, but also that whole-body carbohydrate storage was impaired
by fructose ingestion (Rosset et al. 2017). Manuscript 3 confirmed that fructose was
extensively oxidized when followed by exercise but, interestingly, indicated that fructose was
not further stored when preceded by exercise (Egli et al. 2016). This may support that lactate
from fructose is shared in a vast system of organs in which its ideal entropic fate would be
oxidation, but in which each cell first considers its metabolic needs and prefers to store
currently unnecessary substrates at the prize of an energy cost when escalating glycolysis.
Lactate, but also acetate and beta-hydroxybutyrate infusions, have all been shown to induce
thermic effects at rest when the metabolic rate was insufficient (Chiolero et al. 1993), but to

our knowledge not during exercise when entire oxidation is possible.

A consequence of this model is that, if fructose conversion to lactate is actually rate-limited,
then the liver should massively store fructose as glycogen and/or intrahepatocellular fat. This
seems indeed to be the case, but to a limited extent (Tappy and Le 2010), yet, possibly due to

mechanisms trying to keep energy stores constant and preventing too much local energy
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storage. Such effects have been largely documented for muscle glycogen (Hargreaves et al.
1995), and whether this also exists for liver glycogen (Gonzalez et al. 2016) and/or intrahepatic
and intramuscular fat remains unclear. Interestingly, fructose can affect hepatic glucose and
glycogen cycling by varied mechanisms (Tounian et al. 1994, Dirlewanger et al. 2000), possibly

indicating an adaptation against excessive storage.

Our results support that mechanisms trying to stabilize glycogen may also echo in a systemic
manner. In manuscript 4, we observed that previously exercised muscle was efficiently replete
by fructose, likely at the expense of liver glycogen (Rosset et al. 2017). This is at odds with
fructose being generally considered efficient for liver but not muscle glycogen storage (Conlee
et al. 1987), and our work is also one of the single (Burke et al. 1993) having compared fructose
and glucose for a long recovery period (>8h). It is therefore also possible that exercised muscle
progressively recovered its glycogen from the liver over time, and that this effect was revealed
by suboptimal carbohydrate amounts in our study (Gonzalez et al. 2017). Muscle glycogen
storage from lactate was previously shown in extreme conditions (Fournier et al. 2004), and

whether fructose causes an inefficient transfer through lactate will require future evaluation.

These examples illustrate that fructose is unique in furnishing carbohydrate energy at the
trioses-P level, while other sources (f.eg. galactose) can also target the liver, their entry at a
higher free energy level results in similar effects than glucose regarding energy conservation.
In turn, the absence of regulation of fructolysis forces fructose carbons to enter the lower part
of the glycolysis energy gradient, from which an anabolic disposal (gluconeogenesis,

glyconeogenesis) may explain its higher thermic effect than glucose (Tappy et al. 2013).

Exercise is particular in that it causes working muscle literally “pump” circulating substrates to

meet increased energy needs. This indeed causes lactate use as a fuel as supposed in the
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model, but the extremely high metabolic rate of working myocytes also requires glucose
uptake (and muscle glycogen consumption) that will translate in more constraint put on liver
glucose production. A result is that fructose can be directed to glucose during exercise and,
more generally, at any time when plasma glucose control requires counter-regulation. This
may also depend on the larger mass of muscle to that of the liver, implying that plasma glucose
comes as a last possibility for fructose carbons, but that can be put first (or at least second) in
case of impaired glucose homeostasis sensed by hypothalamic neurons. Fructose fates as CO,,
de novo lipogenesis, lactate, glycogen then glucose would be primarily locally mediated, and
interactions between systemic metabolic rate, plasma lactate and glucose would come as an
overriding factor under central command. Yet, each situation in which an intermediate is
moved to an upper free energy level (potential energy) would be associated with a cost for

the cell first, for the living organism second, and thus would be avoided if possible.
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FIGURE 9: PROPOSED DISTRIBUTION OF FRUCTOSE CARBONS MAY FOLLOW ENERGY GRADIENTS IN A FIRST-
LOCAL, THEN-SYSTEMIC MANNER. 1. AFTER SATURATION OF CO2 AND DE NOVO LIPOGENESIS, FRUCTOSE
CONSTITUTIVE EFFLUX AS LACTATE IS NUTRITIONNALY TRAINABLE. 2. LACTATE INFLUX IS INCREASED BY
EXERCISE, NOT FRUCTOSE TRAINING AND METABOLIC RATE (OXIDATIVE CAPACITY) THEN DICTATES THE PART
OF LACTATE OXIDIZED (FRUCTOSE FREE ENERGY OPTIMALLY USED) OR DIRECTED TOWARD ANABOLIC FATES
(ENERGY COST). 3. DEPENDING UPON CONDITIONS, THE PERIPHERY CAN PUMP PLASMA GLUCOSE. 4.
COUNTER-REGULATION THEN CAUSES FRUCTOSE REROUTING TOWARD GLUCONEOGENESIS (ENERGY COST)
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Several limitations may arise from this model. First, it overemphasizes the role of energy,
without considering alternative regulation of the many enzymes involved. Second, it does not
address whether fluxes derive from transport limitations, enzymes kinetics or precursors
concentrations. It also little considers fat and protein metabolisms, hormones or blood flow
control. Far from denying these aspects, they may however come as supplementary sources
of regulation that alter fructose metabolism on top of the basal tendency to fight entropy

(f.eg. lactate transport limitations may delay compartment equilibrations (Omlin et al. 2014)).

Finally, this model does not consider transfers going in the opposite direction such as the Cori
and glucose-alanine cycles. These cycles may be driven by peripheral metabolism (MacRae et
al. 1992), while the “reverse Cori cycle” induced by fructose ingestion results from fructose-
lactate conversion and/or lactate efflux from fructose-metabolizing cells. A compilation of
studies suggests that glucose and lactate fluxes are raised by carbohydrate ingestion during
rest and exercise, and indicates that lactate production may depend on fructose dose (Figure
10). How fructose contribution, that was only once measured during exercise as =30% of
lactate fluxes (Lecoultre et al. 2010), adapts to exercise modalities is unknown, yet. A similar

reverse cycle may also apply to glycerol, also converted to a triose-P (Trimmer et al. 2001).
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FIGURE 10: EFFECT OF METABOLIC RATE ON GLUCOSE AND LACTATE FLUXES IN CARBOHYDRATE-FED AND
UNFED SUBJECTS. REVERSE CORI CYCLE ACTIVITY MAY BE PROPORTIONAL TO CARBOHYDRATE INGESTION
RATE WHILE TOTAL LACTATE PRODUCTION DEPENDS ON METABOLIC RATE (RETRIEVED FROM FERRANNINI ET
AL. 1993, HAESLER ET AL. 1995, PAQUOT ET AL. 1995, TAPPY ET AL. 1995, HUIE ET AL. 1996, FRIEDLANDER ET
AL. 1997, FRIEDLANDER ET AL. 1998, BERGMAN ET AL. 1999, BERGMAN ET AL. 1999, JEUKENDRUP ET AL. 1999,
MILLER ET AL. 2002, MILLER ET AL. 2002, TRIMMER ET AL. 2002, ABDEL-SAYED ET AL. 2008, LECOULTRE ET AL.
2010, EMHOFF ET AL. 2013, EMHOFF ET AL. 2013, ROSSET ET AL. 2017)

b. Practical implications

A first consequence of this work is that fructose may be optimally used as a fuel for athletes
when the reverse Cori cycle activity is maximal. Unpublished results from this thesis suggest
that glucose-fructose can differently alter lactate concentrations at varied exercise intensities,
guestioning how the reverse Cori cycle interacts with muscle metabolism. One possibility
would be an increased muscle carbohydrate uptake and oxidation during exercise. How such
effects can be optimized by glucose-fructose co-ingestion to improve performance compared

to glucose-fed exercise was discussed in a last publication, manuscript 6.

In other situations than exercise, when systemic metabolic rate may not match with available
lactate free energy, fructose appears to be associated with diminished energy conservation.
Consequently, fructose may not be recommended for the recovering athlete aiming for future
performance, or should be ingested in higher amounts than pure glucose to obtain the same
glycogen repletion. Not restricted to muscle (Balon et al. 1992), this energy loss may also

protect against fructose overfeeding by providing an accessible way to dispend energy.

Indirect effects of fructose on plasma TG were also investigated in manuscript 4 but, as
mentioned, were inconclusive regarding IMCL metabolism (Rosset et al. 2017). Interestingly,
this study provided very high fructose doses (308+13 g-24h™!) being, to our knowledge, the

largest used in humans. Even at these doses, fructose induced no noticeable effect on insulin
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resistance or cholesterol profiles in fasted subjects (unpublished results). This supports that
the variable of interest regarding fructose pathophysiological effects is energy balance, and
suggests that there may be no reason to target fructose more than another nutrient for the
current epidemic of metabolic diseases. Of note, the entry of fructose as trioses-P may even

be associated with an obligatory energy cost when at rest.

Having ingested glucose-fructose during training sessions did not further increase lactate
fluxes during exercise. This suggests that splanchnic adaptations to fructose were minor
comparing to the effects of training on muscle lactate metabolism (MacRae et al. 1992) and/or
that a limitation in the gut or the liver prevented splanchnic adaptations to fructose and
muscle adaptations to training to act in synergy. How this limitation was related to glucose co-
ingestion is unknown. If confirmed, our results may suggest that habituation toward
carbohydrates ingestion during exercise do generally not further increase carbohydrate fluxes
after training due to hepatic limitations. Alternatively, suspicions that chronic fructose

ingestion may induce peripheral insulin resistance were not observed.

c. Conclusions

The results from this thesis have allowed for a better understanding of fructose metabolism
and the consequences of fructose ingestion in an exercise context. Experimental results
indicate that fructose ingested as an exercise fuel, as a precursor for energy storage or aiming
to reinforce adaptations all induced very different outcomes. We stipulate that this was largely
due to fructose conversion into lactate, referring to previous suspicions that conversion into
lactate may protect against fructose overfeeding (Brundin and Wahren 1993). However, our
work allowed to reconcile this concept with results showing increased lactate fluxes after

glucose-fructose co-ingestion during exercise (Lecoultre et al. 2010), to further understand
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the fructose-exercise relationship. Fructose disposal as lactate may then be viewed as an
important mechanism of distribution of fructose energy to the periphery to maintain proper
liver function. In turn, the peripheral fate of lactate between oxidative and non-oxidative
disposal can be viewed as largely dependent on metabolic rate. As a whole, this system would
then imply that fructose, as a subsidiary substrate, causes a systematic energy cost when
metabolized, and that the only means to completely use fructose energy is through complete
oxidation. Comparison of data collected at rest and during exercise indicate a large
dependency on metabolic rate, in line with lactate being used as a preferred fuel whenever

metabolic rate is sufficient, and be otherwise stored for an extra cost.

Future studies could further investigate fructose lactate conversion that may be key to
fructose metabolic effects. How lactate from fructose may furnish extrahepatic glycogenesis,
lipogenesis and gluconeogenesis remains unclear, similarly as how it may affect substrates
hierarchy. Besides its roles as an energy substrate, lactate is also known to have diverse effects
on metabolic regulation, such as hormone-like actions in the brain (Proia et al. 2016), and how
fructose itself (Moulin et al. 2017) or through its metabolite lactate may induce non-metabolic
signaling will require further studies. To which extent these conclusions similarly apply to

fructose ingested with other nutrients such as glucose (f.eg. in sucrose) is also unknown.

From an evolutionary perspective, fructose may interestingly have served as a metabolic
driver. During fructification periods, its ingestion by animal species may have signaled a period
of energy storage necessary to maintain body mass in prevision of winter times. In turn, its
conversion into secondary metabolites that can be oxidized during exercise may also be seen
as a means to escape from predators. This thesis then only partly unveiled a history that has

been lasting since the apparition of physically active animals ingesting natural carbohydrates.
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Glucose-Fructose Ingestion and Exercise Performance: The

Gastrointestinal Tract and Beyond

Robin Rosset, Léonie Egli and Virgile Lecoultre

Contribution: Literature research, drafting and writing of the manuscript. Figures preparation.

Abstract: Carbohydrate ingestion can improve endurance exercise performance. In the past
two decades, research has repeatedly reported the performance benefits of formulations
comprising both glucose and fructose (GLUFRU) over those based on glucose (GLU). This has
been usually related to additive effects of these two monosaccharides on the gastrointestinal
tract whereby intestinal carbohydrate absorption is enhanced and discomfort limited. This is
only a partial explanation, since glucose and fructose are also metabolized through different
pathways after being absorbed from the gut. In contrast to glucose that is readily used by
every body cell type, fructose is specifically targeted to the liver where it is mainly converted
into glucose and lactate. The ingestion of GLUFRU may thereby profoundly alter hepatic
function ultimately raising both glucose and lactate fluxes. During exercise, this particular
profile of circulating carbohydrate may induce a spectrum of effects on muscle metabolism
possibly resulting in an improved performance. Compared to GLU alone, GLUFRU ingestion
could also induce several non-metabolic effects which are so far largely unexplored. Through
its metabolite lactate, fructose may act on central fatigue and/or alter metabolic regulation.
Future research could further define the effects of GLUFRU over other exercise modalities and

different athletic populations, using several of the hypotheses discussed in this review.
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Abstract There is increasing concern that sugar consumption
may be linked to the development of metabolic and cardiovas-
cular diseases. There is indeed strong evidence that consump-

tion of energy-dense sugary beverages and foods is associated

with increased energy intake and body weight gain over time.
It is further proposed that the fructose component of sugars
may exert specific deleterious effects due to its propension to
stimulate hepatic glucose production and de novo lipogenesis.
Excess fructose and energy intake may be associated with
visceral obesity, intrahepatic fat accumulation, and high
fasting and postprandial blood triglyceride concentrations.
Additional effects of fructose on blood uric acid and sympa-
thetic nervous system activity have also been reported, but
their link with metabolic and cardiovascular diseases remains
hypothetical. There is growing evidence that fructose at phys-
iologically consumed doses may exert important effects on
kidney function. Whether this is related to the development
of high blood pressure and cardiovascular diseases remains to
be further assessed.
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Abbreviations

ATP, ADP, Adenosine tri-, di- and monophosphate

AMP

ChREBP Carbohydrate-responsive element-binding
protein

SREBP-1c Sterol-regulatory element-binding protein
1c

CoA Coenzyme A

ACC Acetyl-CoA carboxylase

FAS Fatty acid synthase

SCD Stearoyl-CoA desaturases

HDL High-density lipoproteins

VLDL Very low-density lipoproteins

SNS Sympathetic nervous system

NO Nitric oxide

Introduction

Obesity prevalence was low in Western societies and virtually
absent in most South-American, African, and Asian countries
at the beginning of the twentieth century. The number of in-
dividuals overweight or obese (i.e., body mass index
225 kg m™2) has however increased dramatically since then,
to presently affect close to 40 % of the population worldwide
[1]. This augmentation closely paralleled rises in the preva-
lence of coronary heart diseases, hypertension, and stroke [2].
The development of obesity results from a long-lasting
imbalance between energy intake and energy expenditure
and may occur following the excess consumption of any
energy-containing nutrient. There has however been a grow-
ing concern that the deposition of body fat may be particularly
favored by dietary sugars, that would at first sight appear at
odds with the recommendations to consume at least five daily
servings of fruits and vegetables. Yet, these adverse health
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effects were specifically assigned to Bfree” sugars, defined as
Bmono- and disaccharides added to foods by the manufacturer,
cook, or consumer, plus sugars naturally present in honey,
syrups, and fruit juices™ [3]. Collectively, free sugars are esti-
mated to represent =20 % of daily energy intake in western-
ized countries, mostly as mixtures of glucose and fructose [4].

Why May Fructose Specifically Contribute
to Cardiometabolic Risk?

Suspicions on fructose were initially raised by observational
studies showing associations between cardiometabolic dis-
eases and consumption of fructose-containing sugars (i.e., su-
crose, high-fructose corn-syrup, and fruit juices) but not with
lactose (a glucose-galactose dimer). These considerations
were also confirmed by several pre-clinical and clinical studies
globally showing that dietary fructose can induce several met-
abolic alterations bearing close similarity with the metabolic
syndrome [5, 6]. The existence of direct causal link between
fructose intake and the development of metabolic and cardio-
vascular diseases, however, remains also disputed [7, 8].

Unlike glucose and fatty acids that are key energy sub-
strates and are metabolizable by most cells, fructose cannot
be used as such and requires to be pre-processed in splanchnic
organs [9]. In the liver, fructose undergoes a three-step inter-
mediate metabolism (i.e., Bfructolysis™) generating trioses-
phosphates that join the glycolysis pathway. Since the main
phosphorylating enzyme governing this sequence
(fructokinase, converting fructose to fructose-1-phosphate) is
unregulated, fructose intake has been proposed to lower he-
patic ATP pools, thus stimulating hepatic nucleotide turnover
and uric acid production [10]. Furthermore, fructose was con-
sidered to induce an overload of trioses phosphates that could
either be converted to glucose, lactate, glycerol or fatty acids,
or be directed to mitochondrial oxidation. The synthesized
products, in turn, could be secreted in the circulation or furnish
liver glycogen and triglycerides pools [11¢]. As a remarkable
result of this hepatocentric metabolism, fructose induces very
little insulin secretion. These fructose-induced increases in
hepatic glucose production and VLDL-TG secretion were
proposed by several authors as being early markers of cardio-
metabolic diseases [5, 6]. In the next sections, we will discuss
how fructose could specifically increase cardiovascular risk
by promoting visceral and intrahepatic fat deposition,
hypertriglyceridemia, and hypertension.

Effects of Fructose on Visceral and Intrahepatic Fat
Deposition

Results from many large and medium-sized cohort studies

clearly indicate that the consumption of sugar, and more spe-
cifically of sugar-sweetened beverages, is related with weight

@ Springer

gain over time [12¢]. This association becomes weaker when
adjusted for total energy intake, however, indicating that it is
confounded by obesity. Of interest, some small-sized short-
term intervention studies noticed that dietary fructose may be
more specifically associated with visceral fat than glucose.
The mechanisms responsible remain to be understood, yet,
particularly since this effect was observed only in males in
one of these trials [13]. If these data were to be replicated in
other well-controlled larger studies, such an effect of fructose
would indeed be a major health concern, given the strong
association between visceral adipose tissue and both insulin
resistance and cardiovascular risk.

The relationship between cardiovascular and/or metabolic
risk and visceral fat depots in general has been recently
reconsidered in favor of a prevailing role of intrahepatic fat.
It is indeed well established that the prevalence of non-
alcoholic fatty liver disease is very high among subjects with
abdominal obesity and insulin resistance. Furthermore, the
study of subgroups of subjects with similar visceral fat mass
but differing intrahepatic fat suggested that ectopic fat depots
in the liver, rather than omental fat, may be directly linked
with insulin resistance and cardiovascular risk [14].
Interestingly, it was observed that switching healthy volun-
teers from a low to a high-fructose diet significantly increased
intrahepatic fat content within a few days [15]. This effect may
be related with the conversion of a portion of fructose carbons
into lipids through hepatic de novo lipogenesis. In this ener-
getically costly anabolic pathway, mitochondrial citrate is first
transported to the cytosol, then converted to acetyl-CoA and
to malonyl-CoA. The latter, in turn, acts as a precursor for the
iterative addition of two-carbon acetate chains to acetyl-CoA,
resulting in the synthesis of palmitate (C16:0). Palmitate can
be elongated to stearate (C18:0) and to fatty acids of longer
carbon backbone by elongases, and both palmitate and stea-
rate can be desaturated to palmitoleate (C16:1) and oleate
(C18:1), respectively (Fig. 1).

The net effect of de novo lipogenesis on cardiovascular risk
remains unclear and could largely depend on factors beyond
the net mass of acetyl-CoA polymerized. The type of synthe-
sized fatty acids may be particularly important, especially
since high concentrations of palmitate have been well-
described to promote atherogenesis. Alternatively, the activa-
tion of ChREBP and specifically of SREBP-1c could limit
palmitate and stearate accumulation by promoting their
desaturation into palmitoleate and oleate by SCD. Oleate, in
turn, was found in vitro to protect against palmitate-induced
lipotoxicity [16]. Consistent with a key role of saturated to
unsaturated fatty acid ratio (SFA:UFA), SCD-deficient mice
are highly insulin-sensitive and resistant to diet-induced
obesity [17]. Similarly, the ratio of dietary fatty acids was
also shown to critically affect carbohydrate-induced steatosis
[18]. How these effects interplay in humans, and how
they alter cardiovascular health could be investigated in
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Fig. 1 Potential roles of fructose-derived de novo lipogenesis on
cardiovascular health. De novo lipogenesis, i.e., synthesis of long-chain
fatty acids from acetyl-coA precursors, can occur following the pre-
respiratory degradation of any nutrients. This pathway is particularly
active during fructose overfeeding experiments, however, and the high
lipogenic potential of fructose is due to (1) an unregulated synthesis of
pyruvate and acetyl-CoA and (2) a stimulation of lipogenic transcription
factors CHREBP and SREBP-1c by intracellular fructose metabolites. In
turn, this stimulation of de novo lipogenesis may be associated with
increased VVLDL-triglyceride secretion and intrahepatic fat accumulation.

Inuits, in which specific variants of desaturases and elongases
were recently found [19].

Fructose has been amply documented to stimulate hepatic
de novo lipogenesis more efficiently than glucose, and this
was proposed to account for its role in non-alcoholic fatty liver
disease. Recent short-term intervention studies, however, re-
vealed that hypercaloric high-fructose and high-glucose diets
both increased intrahepatic fat content to the same extent in
healthy human volunteers [15, 20<]. The same was also ob-
served for high-fat hypercaloric diet [21]. In contrast, the
consumption of weight-maintenance high-fructose diet led to
a moderate stimulation of hepatic de novo lipogenesis [22¢.,
23+], but neither high-fructose nor high-glucose diets were
associated with increased intrahepatic fat content [20¢]. This
suggests that, more than fructose per se, excess energy intake
may be responsible for the development of hepatic steatosis.

Effects of Fructose on Fasting and Postprandial
Triglycerides

Many epidemiological studies indicated a strong association
between sugar intake and blood triglyceride concentrations
[24]. Fructose, in particular, was found in numerous short-
term intervention studies to further increase fasting and
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The outcome of this process may also depend on the ratio of saturated to
unsaturated fatty acids (SFA:UFA) in blood lipids, affected by dietary fat
as well as by the relative activities of the enzymes involved in synthesis
(fatty acid synthase), elongation (elongases), and desaturation (stearoyl-
CoA desaturase) of newly generated fatty acids. Abbreviations: ChREBP
carbohydrate-responsive element-binding protein, SREBP-1c sterol
regulatory element-binding protein 1c, CoA coenzyme A, ACC acetyl-
CoA carboxylase, FAS fatty acid synthase, SCD stearoyl-CoA
desaturases, VLDL-TG triglycerides in very low-density lipoprotein
fraction, SFA:UFA saturated-to-unsaturated fatty acids ratio

postprandial triglycerides [13, 25] and may also alter choles-
terol metabolism [26].

The mechanisms underlying fructose-induced hypertri-
glyceridemia remain controversial. On one hand [27], the con-
version of fructose carbons into fatty acids by de novo lipo-
genesis may be responsible for both increased hepatic triglyc-
eride synthesis and VLDL-triglyceride secretion, concomi-
tantly enhancing circulating triglycerides appearance [28].
On the other hand, fructose was suggested to impair plasma
clearance of triglyceride-rich lipoproteins, since co-ingested
fructose enhanced the triglyceride response to a mixed meal
[25]. In turn, both processes may vary according to popula-
tion, fructose dose, and co-ingested nutrients.

Since high fasting and postprandial blood triglyceride are
recognized to be independent risk factors for cardiovascular
diseases, their augmentation following fructose intake is con-
sistent with a role of fructose in cardiovascular risk.
Accordingly, when fructose replaced starch in weight-
maintaining controlled diets, it significantly raised blood tri-
glyceride concentrations. Interestingly, these increases were
larger and mainly observed when fructose was administered
as part of hypercaloric diets, suggesting a modulation of this
effect by energy balance. In turn, other factors may be in-
volved, since moderate exercise normalized fasting and
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postprandial triglycerides concentrations, even in conditions
of neutral energy balance [23¢]. The available data, however,
clearly indicate that fructose-induced hypertriglyceridemia
generally remains within the normal range (i.e., under patho-
logical thresholds), and whether this reflects a normal effect of
fructose [29] or a true risk factor is still debated.

Effects of Fructose on Blood Pressure and Hemodynamics

Recent epidemiological data from large cohort studies show a
strong positive relationship between sugars [24] or fructose
[30] intake and hypertension. Both associations, interestingly,
were markedly attenuated when adjusted for body weight,
suggesting that obesity was an important confounder. Few
short-term intervention studies reported the effects of altering
dietary fructose content on blood pressure. Although most of
them did not report any significant effect of on blood pressure
[13, 31], one study documented a 6 % increase in ambulatory
blood pressure in middle-aged men with the metabolic syn-
drome [32]. Several mechanisms may potentially account for
hypertensive effects of fructose (Fig. 2) [33]:

—  Sympathetic Nervous System (SNS) Activation

Carbohydrate ingestion and intravenous infusion of
glucose both increase sympathetic nervous system activ-
ity, the effects of which are highly complex and only
partly elucidated. SNS activity was suspected to be pro-
tective against obesity in some individuals through
allowing energy wasting. Consequently, it has been inten-
sively investigated in studies measuring the concentra-
tions and turnover of norepinephrine [34], as well as
organ-specific microneurography [35]. These reports,
however, resulted in little support of an anti-obesogenic
effect, but demonstrated that SNS activation was much
more complexly orchestrated than previously thought,
and was differentially regulated in various organs.

The functional significance of food-induced sympa-
thetic activation remains largely hypothetical. Glucose
and insulin infusion both increase markers of SNS

Fructose

Insulin resistance Endothelial
Hyperinsulinemia dysfunction

Increased Insulin-induced
SNS activity: Na reabsorption

Hypertension

Fig. 2 Potential mechanisms linking dietary fructose and hypertension.
See text for detailed descriptions

@ Springer

activity, and at the same time, stimulate resting energy
expenditure. Since this effect can be partially inhibited
by administration of beta-adrenergic antagonists [36],
SNS was considered to be involved in adaptive thermo-
genesis. Such SNS-mediated heat generation was initially
proposed to mainly occur in brown adipocytes in rodents
[34] and in skeletal muscle in humans [37]. This concept,
however, may need to be revised following demonstra-
tions of brown adipose tissue existence in healthy human
adults [38]. These specialized cells, alike recently discov-
ered Bbeige” adipocytes [39], can generate heat by
uncoupling mitochondrial respiration from ATP synthesis
and may be active during stressful situations such as cold
exposure or exercise [40]. Whether this is related to food-
induced sympathetic activation and regulation of body
temperature remains speculative, however.

SNS activation varies according to the type of carbo-
hydrate consumed and to the organ considered. Glucose
administration, either intravenous or oral, stimulates mus-
cle sympathetic nerve activity [41]. This effect of glucose
appears to be primarily mediated by insulin and is
coupled with insulin-induced NO-ergic vasodilation of
skeletal muscle arterioles [42, 43]. Interestingly, fructose,
as glucose, increases postprandial energy expenditure,
and this effect could be lowered by about 30 % using
beta-adrenergic antagonists [44]. However, glucose acti-
vates muscle sympathetic nerve activity while fructose
does not, suggesting that stimulation of adaptive thermo-
genesis by fructose is independent of insulin secretion
and does not involve muscle sympathetic nerve activa-
tion.

The effects of the sympathetic nervous system on car-
diovascular and hemodynamic functions are highly com-
plex and only partially elucidated. They involve the co-
ordinated activation of several subsets of sympathetic ner-
vous fibers, as was illustrated by studies on mental stress
[45, 46]. Mental stress can be elicited in animals by forced
immobilization and in humans by complex experimental
paradigms reproducing what happens in a prey when en-
countering a predator. Activation of the sympathetic ner-
vous system altogether with stimulation of glucocorti-
coids and catecholamines from the adrenal medulla then
elicits a set of coordinated hemodynamic and metabolic
responses to allow for Bfight or flight* responses (i.e.
aiming to immediately optimize muscle functions to out-
run the predator or eventually to fight for life). These
include increases in cardiac output and ventilation in or-
der to raise systemic blood flow and oxygenation.
Simultaneously, circulating substrates are raised follow-
ing the stimulation of hepatic glucose output and adipose
tissue lipolysis by glucocorticoids and sympathetic medi-
ators. Finally, muscle sympathetic nerve activation oc-
curs, inducing a local vasodilation that favors as a whole
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an increased delivery of oxygen and energy substrates to
skeletal muscle, ensuring optimal immediate response.

Food intake also elicits a set of integrated hemody-
namic adaptations to favor blood perfusion in digestive
organs at the expense of most other tissues excepting the
brain. SNS activation, again, is instrumental in many of
these effects, notably by increasing both heart rate and
contraction force, thus raising cardiac output [47]. Even
if digestive organs vasodilation is essentially produced by
local autoregulatory mechanisms, episodes of severe
postprandial systemic hypotension in individuals with au-
tonomic neuropathy indicate that SNS activation is still
required to maintain physiological blood pressure [48].
This is mainly attained by alpha-adrenergic vasoconstric-
tion of arterioles in non-digestive vascular beds in the
kidneys and the skin. Surprisingly, ingestion of a meal
is associated with sympathetic nerve activation altogether
with arteriolar vasodilation in skeletal muscle. This effect
appears mediated by insulin-induced release of nitric ox-
ide from muscle endothelium, possibly triggered by acti-
vation of sympathetic NO-ergic fibers. This unexpected
vasodilation in skeletal muscle induced by meal ingestion
has also now been recognized to contribute to insulin
sensitivity by facilitating the delivery of both glucose
and insulin to skeletal muscle.

Acute administration of a fructose drink, but not of
glucose, produces a small and transient increase in systol-
ic and diastolic blood pressure in healthy humans [49].
This may indicate that fructose activates vasoconstrictive
sympathetic fibers in some non-digestive organs to a larg-
er extent than glucose and hence may favor the develop-
ment of hypertension is some individuals. This effect was
however observed with administration of pure fructose
only, but disappeared when glucose and fructose were
co-ingested due to glucose-induced, insulin-dependent
muscle vasodilation [50]. This therefore suggests that in-
gestion of fructose-containing sweeteners such as su-
crose, honey, and high-fructose corn syrup is unlikely to
produce large acute increases in blood pressure.
Hyperuricemia

Intravenous infusion of large fructose loads has been
recognized since several decades to result in several met-
abolic perturbations including hyperlactatemia, hypogly-
cemia, and hyperuricemia [10]. The same effects can be
observed when subjects with hereditary fructose intoler-
ance ingest even small amounts of fructose or sorbitol.
This condition is due to an inherited deficiency of aldol-
ase B, with the consequence that fructose is phosphory-
lated to fructose-1-P in fructokinase-expressing cells, a
reaction which is associated with ATP consumption
[51]. The absence of aldolase B thereafter impairs further
metabolism of fructose-1-P and thus prevents ATP regen-
eration. This leads to ATP depletion and energy crisis in

fructokinase-expressing cells such as hepatocytes, in
which this impairs glucose production, thus leading to
hypoglycemia. In the Kidneys, it leads to proximal tubular
dysfunction and acidosis. In addition, ATP depletion
stimulates the degradation of ADP to AMP and inositol,
thus increasing uric acid production [52]. It is likely that,
in normal subjects, the i.v. administration of large
amounts of fructose leads to a rapid phosphorylation of
fructose to fructose-1-phosphate, which outpaces tempo-
rarily the ability of aldolase B to clear fructose-1-phos-
phate. It results that i.v. administration of fructose is as-
sociated with an acute increase in blood uric acid and can
occasionally cause acute metabolic defects similar to
those encountered in hereditary fructose intolerance.

Administration of oral physiological fructose loads is
occasionally associated with moderate postprandial in-
creases in blood uric acid concentration, the latter effect
being however inconstant [53]. In contrast, an increase in
dietary fructose intake is associated with moderate, yet
highly significant elevations in fasting uric acid concen-
trations [53]. This effect is consistently observed in
hypercaloric, high-fructose diets when fructose iso-
energetically replaces starch or fat. This long-term mod-
erate hyperuricemia is unlikely to be explained by ATP
depletion, since it is not associated with the landmark
effects of energy crisis in liver cells (i.e., hypoglycemia)
or in renal tubules (i.e., proximal tubule dysfunction and
renal acidosis). Instead, most subjects with hyperuricemia
secondary to ingestion of a high-fructose diet present ev-
idence of increased hepatic glucose production and de
novo lipogenesis [54], two energy-requiring metabolic
processes unlikely to be active in ATP-depleted cells. In
turn, consumption of a high-fructose diet is almost invari-
ably associated with an increase in blood lactate concen-
trations [46], but this merely reflects a physiological con-
version of fructose into a more ubiquitously usable ener-
gy substrate, rather than a state of acidosis. Early isotope
studies indicated that fructose may stimulate the
endogenous synthesis of uric acid [55], but the exact
mechanism and functional significance of this remains
unknown. In turn, the study of kidneys transporter pro-
teins has dramatically progressed over the past decades
and provides additional putative mechanisms. Uric acid
and lactate share the same transporter in proximal tubule
cells, URAT1, and the high blood lactate concentrations
observed after fructose intake may compete with uric acid
filtration and decrease uric acid renal clearance (Fig. 3)
[56].

Interestingly, it has recently been documented that uric
acid may exert important regulatory effects in several
physiological processes [52]. Hyperuricemia potently ac-
tivates the NALP3 inflammasome (cryopyrin) [57] and
may therefore trigger a low-grade chronic inflammation
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Fig. 3 Potential deleterious effects of fructose-induced hyperuricemia.
Fructose may increase plasma uric (i.e., hyperuricemia) acid through (1)
transient intrahepatocellular energy depletion (due to ATP consumption
by fructokinase following large i.v. fructose loads), (2) stimulation of
endogenous uric acid synthesis from purine and glycine precursors (by
unknown mechanisms), and (3) decreased uric acid excretion (by
competition with lactate for secretion into urinary tubules). In turn, hy-
peruricemia may contribute to the metabolic effects of fructose by
triggering inflammation through the NALP3 inflammasome or by
impairing endothelial function, in turn promoting insulin resistance and
hypertension. Hyperuricemia may also activate lipogenic enzymes (not
shown). ATP adenosine triphosphate, Fructose-1-P fructose-1-phosphate

secondarily responsible the development of insulin resis-
tance [58]. An increase in uric acid in the liver may stim-
ulate fructose metabolism [59¢] and lipogenic enzymes
[60°] and may thus contribute to further enhance de novo
lipogenesis. High uric acid concentration may also impair
normal endothelial function and may contribute to the
development of hypertension or to that of insulin resis-
tance by preventing insulin-induced vasodilation [61].
The latter mechanisms have been reported in rodent
models of high-fructose diet, while human observations
were more mitigated. One study reported that middle-
aged, hypertensive, obese high-fructose consumers had
significantly reduced blood pressure when their blood
uric acid concentrations were lowered with administra-
tion of allopurinol [32]. However, this was not associated
with any improvement of markers of insulin resistance
such as glucose and insulin concentration nor of
dyslipidemia.
— Kidneys Dysfunction

The effects of dietary fructose on blood pressure re-
main altogether highly controversial. Fructose is associ-
ated with the development of hypertension in some, but
not all rat models fed a high-fructose diet. The explana-
tion responsible between studies differences remains
unknown, but other co-variables are likely to be involved.
Some investigators have suggested that hypertension
occurring in some high-fructose fed animals may be due
to some experimental artifacts such as diet copper [62] or
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magnesium [63] deficiencies.

Of more importance, there is growing evidence that
fructose enhances the effects of a high-salt diet on blood
pressure [64+<]. This may result from multiple effects of
fructose on renal handling of sodium and other ions.
Fructose has indeed been shown to increase the reabsorp-
tion of sodium in the proximal tubule through various
mechanisms, including enhanced bicarbonate reabsorp-
tion and increased sodium-hydrogen exchangers [65].

Major regulatory steps of sodium and water metabolism
linked to blood pressure control take place in the distal renal
tubule. Of interest, filtered glucose is normally completely
reabsorbed from the primary urine in the proximal tubule and
does not reach the distal renal tubule apart in overt diabetes
mellitus. Chronic hyperglycemia and glycosuria in diabetes
mellitus are associated with increased Kidneys size and the
progressive development of renal and cardiovascular dys-
function. Compared to glucose, blood fructose concentra-
tions remain most of the time very low and can only tran-
siently reach 0.5-0.8 mmol L™ following a fructose-
containing meal. Under such conditions, however, fructose
can be filtered by the kidneys and appears in primary urine.
In contrast to glucose, which can be efficiently reabsorbed in
the proximal tubule through an active sodium-glucose co-
transport, fructose is only removed from the proximal tubule
by passive diffusion. It seems thus conceivable that dietary
fructose can reach the distal parts of the nephron, where its
effects on renal function remain to be evaluated [66].

Epidemiological studies show an association between
sugar [24] and fructose [30] intake and the development of
hypertension or cardiovascular diseases, yet obesity is an
important confounder in these analyses. There is strong ev-
idence that a high sugar intake is frequently encountered in
obese subjects, and part of these associations may therefore
be related to excess body weight or insulin resistance. In
support of this hypothesis, insulin-resistant subjects have
chronically elevated hyperinsulinemia, which has been
shown to increase renal sodium reabsorption [67]. There is
also evidence that endothelial function is frequently im-
paired in insulin resistant subjects, possibly due to lipid-
mediated endothelial toxicity. Such endothelial dysfunction
have minimal effects on resting arterial pressure, but can be
associated with excessive blood pressure rise in response to
external stimuli such as stress [45, 46].

Conclusion

In a well-balanced analysis, Casazza and colleagues noticed that
Bpassionate interests, the human tendency to seek explanations
for observed phenomena, and everyday experience appear to
contribute to strong convictions about obesity” [68]. In the con-
text of fructose research, these words of caution sound
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particularly pertinent, and many mechanisms still need to be
understood before reaching definitive conclusions. There is in-
deed a strong evidence that a high sugar intake is present in many
obese patients, and that can be associated with the development
of non-communicable diseases. In our opinion, this is mostly
explained by the hedonic properties of sugary foods, which tend
to favor the overconsumption of highly palatable energy-dense
foods when available. Compared to other nutrients such as glu-
cose or fat, fructose is first processed in splanchnic organs and
then released as glucose, lactate, or VLDL-TG into the systemic
circulation. This may contribute to the development of and he-
patic insulin resistance during chronic excessive intake of both
total energy and sugar. Additional effects of fructose on blood
uric acid and sympathetic nervous system activity have also been
reported, but their link with metabolic and cardiovascular dis-
eases remains hypothetical. Interestingly, there is growing evi-
dence that more fructose may escape first pass hepatic liver me-
tabolism than previously thought, and that systemic low fructose
concentrations may exert important effects on kidney function.
Whether this is related to the development of high blood pres-
sure and cardiovascular diseases remains to be further assessed.
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Abstract Substantial amounts of fructose are present in
our diet. Unlike glucose, this hexose cannot be metabo-
lized by most cells and has first to be converted into
glucose, lactate or fatty acids by enterocytes, hepatocytes
and kidney proximal tubule cells, which all express
specific fructose-metabolizing enzymes. This particular
metabolism may then be detrimental in resting, sedentary
subjects; however, this may also present some advantages
for athletes. First, since fructose and glucose are absorbed
through distinct, saturable gut transporters, co-ingestion of
glucose and fructose may increase total carbohydrate
absorption and oxidation. Second, fructose is largely
metabolized into glucose and lactate, resulting in a net
local lactate release from splanchnic organs (mostly the
liver). This ‘reverse Cori cycle’ may be advantageous by
providing lactate as an additional energy substrate to the
working muscle. Following exercise, co-ingestion of glu-
cose and fructose mutually enhance their own absorption
and storage.
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1 Introduction: Fructose from an Historical
Perspective

Carbohydrates have been at the root of the co-evolution
of plants and animals. On one hand, some plants devel-
oped a supraphysiological production of glucose, fructose
and sucrose to attract pollinators and/or seed dispersers,
while, on the other hand, mutualistic animal species
adapted to detect and metabolize these compounds. Since
these interrelations may explain speciation [1], the
ancestors of many present animal species acquired the
capacity to metabolize both glucose and fructose. Fruc-
tose, in particular, is naturally present in fruits, vegeta-
bles, nectars and honey. It is present either as a
monosaccharide (i.e. ‘free’ fructose) or as part of sucrose
(hereby referred to as sugar), a disaccharide formed from
one molecule of glucose linked to one molecule of fruc-
tose. As such, fructose has been a nutrient long before the
appearance of humans.

Fructose, sucrose and glucose, when present in agueous
solutions, activate sweet taste receptors present in the
mouth, particularly on the tongue [2]. The resulting
pleasant sensation has been shown to be associated with
activation of dopaminergic reward pathways located in the
mesolimbic nervous system [3]. This positive hedonic
response to sugars is thought to have developed as a means
of promoting the consumption of energy-dense, sugary
foods. Interestingly, food protein and fat contents are also
detected by umami taste receptors and fat transporting
proteins (fatty acid transporter cluster of differentiation 36
[FAT/CD36]) expressed in taste buds, and could similarly
reinforce the consumption of protein-rich and fat-rich
energy dense foods, respectively [4]. The implications of
fructose being sensed as sweeter than both sucrose and
glucose remain misunderstood.
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In pre-agricultural, hunter-gatherer humans, dietary
patterns showed a high geographic variability, with vege-
tal-based products being principally consumed in most
temperate areas. In such places, the proportion of energy
derived from fruits was estimated to be as high as 42%,
which is noteworthy and suggests that fructose consump-
tion may have been substantial [5]. However, at that time,
fructose intake was likely to show important fluctuations
with geographical migrations and seasonal rhythmicity. In
the Neolithic period, with the introduction of farming,
cereals became the main food component until modern
times (at least in European regions), and the most prevalent
carbohydrate source was starch, a glucose polymer. With
the appearance of trade, some sugar extracted from sug-
arcane was imported from the Middle East, but it remained
a very expensive product that was mostly used as a spice. It
was only during the colonial period that sugar became
widely available at an affordable price in Europe and North
America, and its consumption increased markedly in the
17th and 18th centuries. Interestingly, this was also asso-
ciated with the consumption of novel plant extracts such as
tea, coffee and chocolate [6].

More recently, sugar consumption further increased with
the invention of sodas, ice creams, chocolate bars, and
many other sugary products. At the turn of the second
millennium, estimated sugar intake was 100-150 kg per-
son~" year™! in Europe, North America and Australasia,
but remained markedly lower (30-50 kg person™ year™)
in Asia and Africa [7]. In 1997, total individual fructose
consumption, accounting for all fructose present in natural
and artificial foods either as sucrose, high-fructose corn
syrup (HFCS) or free fructose, was, on average,
60 g day™" in the US. Of this, approximately 75% was
from sugar-sweetened beverages and industrial foods (ce-
real products, confectionary, candies) to which sugar had
been added, and only 25% from fresh fruits and vegeta-
bles [8, 9]. Thus, the major part of our dietary fructose
presently comes from refined sugar (sucrose) and HFCS, a
North-American industrial mixture of free glucose and
fructose comprising 42-55% fructose. Since both contain
approximately as much glucose as fructose, 60 g-day™*
fructose corresponds to 120 g-day™* of sugar, containing
approximately 500 kcal-day ™, i.e. 20-25% of total energy
requirements; however, these values can vary greatly
among individuals depending on age, sex and country.

2 Fructose Metabolism in the Liver

Glucose represents the preferred substrate for eukaryotic
cells and can be used as an energy source by all cells of the
human organism. Due to the need for conserving energy
between meals, and the fact that fat is more compact and

lighter than carbohydrate as an energy storage form, most
human cells (with the exception of the brain) have evolved
to rely on glucose in the hours after meals, and on fatty
acids otherwise (Fig. 1a). Accordingly, starch (which, after
digestion, is absorbed as glucose) and fat provide the bulk
of our daily energy intake.

In addition to these nutrients, we also consume foods
containing protein (constituted of approximately 25 dif-
ferent amino acids), sugars or alcohol. Since the energy
contained in these nutrients requires a large number of
specific enzymes, it would not be efficient to express all of

a  Primary substrates

Starch
Lipids

b Subsidiary substrates

Energy loss

I\ '—'."‘
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Protein, lactose,
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Fig. 1 Metabolism of ‘primary’ and ‘subsidiary’ substrates. Dietary
GLU (pure or from starch) and lipids (containing FAs) are absorbed
from the gut as GLU, triglycerides and other lipids. Both GLU and
FA can then be directly used as energy substrates by most cells of the
organism with minimal transformation (a). Other nutrients, including
protein, lactose, sucrose and alcohol, also result in the absorption of
metabolites such as AAs, GAL, FRU and ETOH, which cannot be
directly used by most cells. These subsidiary substrates are dispens-
able and are inconstantly present in our diet. They need to be
processed into GLU and FAs by specialized tissues (mainly the liver)
before becoming a source of energy for other cells; this processing
results in energy loss. They may also be processed into LAC and
ACET, which, as metabolites of GLU and fat, can also be used by all
cells as sources of energy (b). GLU glucose, FAs fatty acids, AAs
amino acids, GAL galactose, FRU fructose, ETOH ethanol, LAC
lactate, ACET acetate
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them in every single cell, including highly specialized cells
such as brain cells or skeletal muscle. Instead, these ‘sub-
sidiary’ energy substrates are first metabolized in the liver,
which is a specialized metabolic organ expressing all
needed metabolic enzymes. There, they are converted into
glucose, fatty acids, lactate (which, as the product of glu-
cose degradation in glycolysis, can be used by any cell), or
acetate (which, as a precursor of acetyl-coenzyme A
[acetyl-CoA], can also be used by any cell) (Fig. 1b).
Fructose is typically a ‘subsidiary substrate’. It is
metabolized in the liver through a pathway known as
“fructolysis’ by a set of three specific enzymes: (1) fruc-
tokinase, which catalyzes the synthesis of fructose-1-
phosphate; (2) aldolase B, which further catalyzes the
degradation into glyceraldehyde and dihydroxyacetone-
phosphate (DHAP); and (3) triokinase, which finally con-
verts glyceraldehyde into glyceraldehyde-3-phosphate
(GAP) [10]. The end-products of fructolysis, the triose
phosphates GAP and DHAP, are also intermediates of
glycolysis and hence further metabolic steps share those of
glucose metabolism. When glucose is used as an energy
substrate in the liver or in any cell type of the organism,
glycolysis is tightly regulated to match cellular energy
demand. This is attained by an inhibition of phosphofruc-
tokinase (the enzyme converting fructose-6-phosphate into
fructose 1,6-bisphosphate in the glycolytic pathway) by
adenosine triphosphate (ATP) and citrate levels. In con-
trast, when fructose is metabolized in hepatocytes, there is
no negative feedback on fructolysis enzymes, and fructose
molecules are completely converted into triose phosphates,
which are then further processed into acetyl-CoA, lactate,
glucose, and eventually fatty acids and triglycerides [11].
The relative proportion of fructose metabolized to each of
these end-products has been generally evaluated in isotope
studies. Over 4-6 h postprandial, a pure fructose load was
shown to be mostly directed to glucose-6-phosphate syn-
thesis (gluconeogenesis), with 40-50% being slowly
released as circulating glucose and 10-15% being stored as
hepatic glycogen [12]. In comparison, the well-known effect
of fructose to increase blood lactate concentration by
inducing a net hepatic lactate release [13, 14] was relatively
understudied, but estimated to occur with up to 25% of
ingested fructose [10]. Dietary fructose oxidation was also
shown to be significant, with 40-50% of fructose carbons
being recovered in breath carbon dioxide (CO,) over 4-6 h
postprandial. Of note, this method cannot discriminate direct
and indirect (issuing from newly synthesized substrates)
fructose oxidation, and the relative proportions remain lar-
gely unknown [15]. In addition, some fructose carbons can
be metabolized to acetyl-CoA, which is then converted into
fatty acids later assembled into triglycerides in a metabolic
pathway known as ‘de novo lipogenesis’. The exact
importance of this fate is not known accurately, but it is
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Fig. 2 Metabolism of fructose in liver, jejunum and kidney special-
ized cells. Fructose is thought to be essentially metabolized in cells
expressing specific fructose-metabolizing enzymes, i.e. fructokinase,
aldolase B, and triokinase. These enzymes are responsible for the
degradation of fructose into Triose-P. This process, called fructolysis,
is equivalent to glycolysis for glucose metabolism. In order to further
process triose phosphates into glucose, lactate and circulating lipids,
fructose-metabolizing cells also express gluconeogenic enzymes such
as glucose-6-phosphatase and lipogenic enzymes, and can promote
lactate efflux. They can also store fructose carbons as glycogen or
intracellular triglycerides. VLDL very-low-density lipoproteins, Chylo
chylomicrons, LDH lactate dehydrogenase, MCTs monocarboxylate
transporters, ApoB apolipoprotein B, Triose-P triose phosphates

generally recognized as quantitatively small, based on esti-
mates of fructose metabolism in other pathways [12]. Yet, de
novo lipogenesis is nonetheless associated with increased
secretion of very-low-density lipoproteins (VLDL) by the
liver [16], as well as with some intrahepatocellular triglyc-
eride storage [17]. While the factors governing fructose
distribution between these fates are still incompletely
understood, recent studies showed that fructose conversion
into glucose and postprandial fructose oxidation, albeit
somewhat less common, remain the major disposal path-
ways for fructose ingested in a mixed meal [18].

As a consequence of these multiple fates, fructose
metabolism in hepatocytes, in addition to fructolytic
enzymes, requires the presence of a whole set of metabolic
enzymes and transporters not expressed in most other cells
of the organism. In particular, hepatocytes express the
proteins, allowing for the synthesis and systemic release of
glucose and lactate, as well as fat synthesis, and lipoprotein
secretion (Fig. 2).

3 Fructose Metabolism in Kidney Proximal
Tubule Cells and Enterocytes

While it is generally assumed, for simplification, that
fructose is almost entirely metabolized in the liver, it has
long been known that renal proximal tubule cells also



Fructose Metabolism and Athletes

express fructolytic enzymes. The functional significance
and possible pathological dysfunctions of kidney fructose
metabolism still remain largely unexplored. It may merely
metabolize whatever fructose escaped first-pass hepatic
metabolism. Circulating fructose concentrations generally
do not exceed 0.6 mmol-L™* after meals [19, 20], but can
increase up to 1-3 mmol-L™! as a result of intravenous
fructose infusion. Under such conditions, the Kkidneys
contribute up to 20% of total fructose metabolism [21, 22].
Like hepatocytes, kidney proximal tubule cells are among
the few cell types that express the enzyme glucose-6-
phosphatase, a glucose transporter (GLUT) able to carry
fructose (i.e. GLUT2), and monocarboxylate transporters,
and are hence able to release fructose carbons as glucose or
lactate in the systemic circulation [23, 24]. In addition,
kidney cells also express lipogenic enzymes [25].

Beside hepatocytes and kidney proximal tubule cells,
small bowel enterocytes also express the complete enzy-
matic machinery required for fructose metabolism
[26, 27]. Enterocytes thus contribute to overall gluco-
neogenesis from fructose and endogenous glucose pro-
duction, as well as de novo lipogenesis and secretion of
triglyceride-rich lipoprotein particles; however, the local
function of these pathways in enterocytes, and the relative
contribution of the gut to overall fructose metabolism,
both remain speculative. One hypothesis is that intracel-
lular fructose metabolism may be instrumental in pro-
moting gut fructose absorption. Unlike glucose, which is
mostly absorbed through a secondary active sodium-glu-
cose cotransport, fructose absorption is relatively slow
compared with glucose, and some degree of fructose
malabsorption is commonly encountered when pure fruc-
tose is ingested; however, co-ingestion of glucose sub-
stantially facilitates gut fructose absorption [28]. An
active fructose metabolism may therefore be a requisite
for maintaining intracellular fructose concentrations lower
than in the gut lumen, and passive fructose diffusion into
the cells. In addition, enterocytes may well have yet
unrecognized metabolic functions, and it can be specu-
lated that intestinal fructose conversion into glucose may
increase portal blood glucose concentration and may thus
elicit regulatory signals through activation of portal glu-
cose sensors [29]; however, these functional roles for
intestinal fructose metabolism (Fig. 3) will require further
dedicated research.

4 Effect of Fructose Overfeeding in Humans

In healthy subjects, fructose overfeeding is associated with
increased endogenous glucose production, elevated fasting
and postprandial plasma triglycerides and lactate concen-
trations, as well as increased intrahepatocellular lipid

Fructose
77777777777777777777777777777777 Gut lumen
Glucose TG
Lactate , Chylo-TG
. Fructose
,,,,,,,,,,,,,,,,,, Portal vein
Portal signal Fructose Adipose TG synthesis
Insulin secretion  gradient Low blood TG
Food intake Low IHCL

Fig. 3 Putative functional significance for fructose metabolism in
enterocytes. Unlike glucose, which is absorbed through a secondary
active transport, fructose is mainly absorbed from the gut by a
facilitated diffusion operated by facilitated fructose transporters
(mainly GLUTS). This requires fructose concentration to be lower
inside the enterocytes than in the gut lumen. Fructose metabolism
within the enterocyte may primarily facilitate fructose absorption by
maintaining low intracellular fructose concentrations. In addition, it
can be hypothesized that fructose conversion into glucose and lactate
increases the concentration of these substrates in the portal vein, and
may activate sensors responsible for the regulation of hepatic glucose
metabolism, insulin secretion, or food intake. It can also be
hypothesized that de novo lipogenesis in enterocytes may favor the
storage of newly synthesized fat into adipocytes, thus limiting IHCL
storage or very-low-density lipoprotein secretion. Chylo-TG chylomi-
crons containing triglycerides, IHCL intrahepatocellular lipid, GLUT5
glucose transporter 5

concentrations. These metabolic alterations are the direct
consequence of fructose processing in fructokinase-ex-
pressing cells in the splanchnic area, and hence may be
considered as normal adaptations to a fructose-rich diet;
however, when associated with a high-energy intake and
low physical activity, they may favor the development of
diabetes and cardiovascular diseases [17, 30]. Nonetheless,
a few recent reports also indicate that early markers of
these alterations can be corrected when appropriate phys-
ical activity is performed [31, 32].

5 Fructose Metabolism During Exercise

During exercise, athletes face a very high energy need and
hence a high requirement for metabolic substrates for their
contracting muscles. This energy can be obtained either
from carbohydrate (glucose) or fat oxidation, or, still (for a
short period of time only), from glycolysis alone. The
relative contributions of blood glucose, hepatic and muscle
glycogen, blood fatty acids and intramyocellular lipids vary
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according to the type and intensity of exercise performed,
as well as sex, nutritional and training status of the exer-
cising subject [33].

Carbohydrate oxidation during exercise is also depen-
dent on exogenous carbohydrate intake. Indeed, glucose
ingestion was found to increase total carbohydrate oxida-
tion in a dose-dependent manner, partly replacing
endogenous carbohydrate sources [34]. Importantly, this
effect may be mediated by increased exogenous glucose
oxidation, which is measurable by *C-labeling and was
shown to be maximal at rates of glucose ingestion close to
1.1 g-min—? [34]. The widely-accepted explanation for this
plateau relates to the intestine, where glucose absorption is
saturable during exercise. Many studies have also evalu-
ated the potential benefits of fructose ingestion, and **C-
labeled fructose was indeed shown to be oxidized during
exercise [35]; however, pure fructose did not confer any
advantage compared with glucose, but caused gastroin-
testinal distress secondary to incomplete gut absorption
[36].

Nonetheless, fructose may have beneficial effects when
administered together with glucose by increasing total
absorption of gut hexoses. Indeed, it enters the enterocyte
through a different apical transporter (GLUT5) than glu-
cose or galactose, and several authors have shown that a
larger maximal total and exogenous carbohydrate oxidation
(up to 1.75 g-min~') was obtained with ingestion of fruc-
tose-glucose mixtures than with glucose alone [35, 36].
The increase in total carbohydrate oxidation with the
addition of fructose to glucose drinks in exercising athletes
may appear surprising given the absence of fructokinase in
skeletal muscle, and the fact that muscle hexokinase has
much lower affinity for fructose than glucose. When **C-
labeled fructose is ingested immediately before or during
exercise, breath *CO, elimination nonetheless increases
rapidly and may account for between 50 and 100% of
fructose carbon disposal [35]. This most likely reflects
oxidation of glucose synthesized from fructose in skeletal
muscle.

5.1 Reverse Hepatic-Muscle Cori Cycle During
Exercise

Although fructose administration has been repeatedly
reported to elevate arterial lactate concentrations, the
functional role of this effect has been largely ignored.
Interestingly, there are rare inborn errors of fructose
metabolism that help better understand the consequences
of normal fructose metabolism. Inherited absence of
fructokinase causes essential fructosuria, a benign condi-
tion associated with high plasma fructose concentration
and urinary fructose excretion after ingestion of fructose-
containing meals. In contrast, a deficiency of aldolase B

causes hereditary fructose intolerance, a severe pathology
associated with life-threatening hypoglycemia and renal
tubular acidosis after ingestion of even small amounts of
fructose or sorbitol [10]. In patients with hereditary
fructose intolerance, lactic acidosis reflects the conse-
quences of acute liver energy depletion on glucose and
glycogen metabolism [37, 38]. Similarly, intravenous
administration of large doses of pure fructose can cause
acute hyperlactatemia and hyperuricemia, consistent with
acute hepatic energy crisis [39]. This has led to consid-
eration of fructose-induced hyperlactatemia as a possible
toxic effect of fructose.

In contrast to the preceding, there is solid experimental
evidence that fructose conversion into lactate in splanchnic
tissue is one significant metabolic pathway for fructose
disposal. Catheterization studies in dogs have documented
that the liver maintains a net lactate uptake in fasting
conditions and after a glucose meal, but switches to a net
lactate production after fructose administration [40]. Other
animal studies have postulated that up to 25% of fructose
carbons may be disposed through this pathway in resting
conditions [41]. In humans, the administration of 3C-
fructose was associated with an increase in plasma 3C-
lactate, indicating that fructose was indeed a precursor for
lactate production [12].

There are very few human studies that have actually
assessed lactate kinetics and fructose-lactate conversion in
humans during exercise. Using stable isotopes, one trial
documented the pathways used for fructose disposal in
athletes fed glucose alone or glucose with fructose during
prolonged exercise (Fig. 4) [42]. When glucose was
administered orally as repeated bolus drinks at a rate of
2.0 g-min~* (Fig. 4a), whole-body glucose production and
utilization (corresponding to the sum of endogenous glu-
cose production and glucose having been absorbed from
the gut minus hepatic glucose uptake) was estimated to be
approximately 1.0 g-min~%, and was equal to whole-body
carbohydrate oxidation. Lactate production and utilization
were approximately 0.6 g-min~!, and mainly reflected
glucose-lactate shuttles between skeletal muscle fibers
[43]. In contrast, when some of the ingested glucose was
replaced by fructose 0.8 g-min~* (Fig. 4b), total carbohy-
drate oxidation further increased by 30%. Further analyses
showed that this was accounted for by increases in the
oxidation of fructose released as blood glucose and lactate.
In this condition, lactate was presumably produced from
splanchnic organs, then extracted and used by peripheral
tissues, including contracting skeletal muscle. This con-
trasts with the general concept that lactate is mainly pro-
duced by skeletal muscle to be used by the liver to
synthesize glucose (Cori cycle) [44] and by other muscle
fibers to be oxidized as an energy fuel (concept of cell-cell
lactate shuttle) [43].
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Fig. 4 GLU and LAC fluxes in exercising subjects consuming GLU
or a GLU-FRU mixture. In these experiments, subjects performed a
prolonged exercise session at 60% of maximal oxygen uptake while
ingesting 2.0 g-min~! of GLU (a) or a GLU-FLU mixture (b) while
monitoring total GLU turnover by [6,6-2H,]glucose infusion. Oral
FRU was **C-labeled on one occasion to monitor FRU conversion
into GLU and net FRU oxidation, and intravenous C-LAC was
administered on another occasion to calculate LAC fluxes and
oxidation. Compared with GLU alone, ingestion of GLU-FRU
increased total GLU turnover by 10% and both total LAC turnover
and oxidation by 30%. This indicates that approximately 50% of
ingested FRU was released from splanchnic tissues as GLU, and the
other 50% as LAC, before being oxidized to CO, in skeletal muscle.
GLU glucose, FRU fructose, LAC lactate, CO, carbon dioxide, PYR
pyruvate Adapted from Lecoultre et al. [42], with permission

5.2 Energetics of Fructose and Glucose During
Exercise

The indirect oxidation of fructose as glucose or lactate in
skeletal muscle has potential effects on energy efficiency
that have remained largely unexplored (Fig. 5) [45]. The
metabolism of one molecule of glucose, which remains the

‘standard’ energy source for skeletal muscle, uses 6 O, and

2 ATP and produces 6 CO, and 29.5 ATP, corresponding
to 27.5 ATP gained in working muscle, i.e. 4.58 ATP per
oxygen (Fig. 5a). In comparison, when fructose is con-
verted into glucose in splanchnic organs (mostly the liver)
to be secondarily oxidized in muscle, an additional 2 ATP
are consumed, decreasing the net gain of ATP from 27.5 to

25.5 and corresponding to 4.25 ATP per oxygen (Fig. 5b).
Interestingly, this pathway is associated with increased
energy expenditure in liver cells, but energy yield in
skeletal muscle is identical to that of glucose [45].

In a third pathway, splanchnic fructose-metabolizing
cells convert fructose into lactate, which is subsequently
oxidized in contracting muscle (Fig. 5¢c). Overall, this
process is very similar to muscle glucose processing by
using 6 O, and 2 ATP, and producing 6 CO, and
29.5 ATP; however, the consequences of splanchnic fruc-
tose-lactate conversion may be different at the organ level.

In the liver and other fructose-metabolizing organs, fruc-
tolysis consumes 2 ATP, and conversion of DHAP and
GAP into pyruvate produces 4 ATP, resulting in 2 ATP
gained. In skeletal muscle, two lactates are transported into
the cells through facilitated diffusion, i.e. without energy
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Fig. 5 GLU and FRU energy efficiency in skeletal muscle. The
majority of GLU bypasses the liver to be metabolized in skeletal
muscle (a), where it requires the initial hydrolysis of 2 ATP for the
synthesis of FRU-1-6 diphosphate, and generates a total of 29.5 ATP
when FRU-1-6 diphosphate is oxidized to CO, and water. This
corresponds to a net gain of 27.5 ATP, or 4.6 ATP per O, consumed.
FRU is metabolized as a first step in specialized cells or certain organs
(e.g. the liver) and as a second step in muscle. When it is converted
into GLU in FRU-metabolizing cells before being oxidized in muscle,

4 ATP are used in splanchnic organs; 2 for the synthesis of triose
phosphates, and 2 for synthesizing GLU from triose phosphates. The
oxidation of GLU in muscle then uses 2 ATP and produces 29.5 ATP.
The whole process thus consumes 6 ATP and produces 29.5 ATP,
corresponding to a net gain of 23.5 ATP. However, the additional
energy is only expended in splanchnic FRU-metabolizing cells, and
the yield of net ATP gained per O, in muscle is the same as for GLU
(b). When FRU is first converted into LAC in specialized cells (c),
this process generates a net gain of 2 ATP (4 ATP synthesized during
conversion of two 1,3-diphosphoglycerates into two 2,3-phospho-
glycerates and two phosphoenol pyruvates into two pyruvates, minus

2 ATP used for the synthesis of 2 triose phosphates). Oxidation of
two molecules of LAC in skeletal muscle then proceeds without any
ATP hydrolysis, but generates only 25.5 ATP (i.e. 29.5 ATP as for
GLU minus 4 ATP generated in splanchnic organs by glycolytic
metabolism of triose phosphates). The whole process thus consumes

2 ATP and produces 29.5 ATP, corresponding to a net gain of
275 ATP, as for GLU. However, 2 ATP are gained in FRU-
metabolizing cells, and only 25.5 ATP are gained in muscle,
corresponding to 4.3 ATP per O, consumed. GLU glucose, FRU
fructose, ATP adenosine triphosphate, CO, carbon dioxide, O,
oxygen, LAC lactate
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cost, bypassing the glycolysis pathway. Then, complete
mitochondrial oxidation requires 6 O, and produces 25.5
ATP, corresponding to 4.25 ATP per oxygen. In summary,
the energy efficiency for fructose oxidation in muscle is
somewhat lower than for dietary glucose or starch oxida-
tion. Oxidation of glucose synthesized from fructose is
associated with an increased energy use in fructose-me-
tabolizing splanchnic cells, while oxidation of lactate
synthesized from glucose is associated with a lower energy
gain in muscle.

Based on these theoretical considerations, one may
consider that fructose may not confer any energetic
advantage to the working muscle. Alternatively, in situa-
tions in which glycolytic flux would be rate-limiting
muscle ATP synthesis, hepatic fructolysis into lactate may
provide support to the contracting myocytes. Lactate is
indeed well known to be a preferred energy substrate for
working skeletal muscle, and the existence of muscle lac-
tate shuttling, i.e. glycolytic glucose metabolism in some
muscle fibers linked to oxidative metabolism of lactate by
other muscle fibers, has been well documented [43]. In
addition, similar cooperative intercellular shuttles have
been described in the brain between astrocytes and neurons
[46], or in testes between Sertoli cells and germ cells [47].
However, the common view remains that muscle lactate
production during exercise exceeds muscle lactate utiliza-
tion [48], resulting in net lactate and alanine efflux from the
muscle to the liver, net hepatic lactate uptake and recycling
of lactate carbons to glucose through gluconeogenesis
(Cori and glucose-alanine cycles) [44, 49].

Whether muscle performance would actually be modi-
fied when fructose replaced part of the glucose in exercise
drinks, and what the maximal hepatic lactate output and
muscle lactate utilization during exercise would be, remain
to be investigated.

6 Effects of Exogenous Fructose During Recovery

After exercise, athletes face a second metabolic challenge
by having to restore their initial muscle and liver energy
stores. This is a major issue when involved in repeated
strenuous activity, such as multiday cycling or running
races, as well as in general training. In these cases, the
recovery of energy stores plays a fundamental role in
performance and training adaptation.

Froma theoretical point of view, hepatic glycogen
synthesis from fructose requires that fructose is first con-
verted into triose phosphates that enter gluconeogenesis
and then glycogen synthesis. In comparison to glycogen
directly synthesized from glucose, these additional meta-
bolic steps require the use of ATP, and hence glycogen
storage from fructose is certainly less efficient than from

glucose [45]. The same considerations apply to muscle
glycogen synthesis, whether from fructose-derived glucose
or lactate (Fig. 5). The storage of fructose as intrahepato-
cellular lipids or intramyocellular lipids is even less energy
efficient since de novo lipogenesis is associated with
approximately 30% energy losses.

In contrast to these energetic predictions, it has been
well documented that both hepatic and muscle glycogen
synthesis can occur after ingestion of fructose [50]. Some
studies even suggested that postprandial hepatic glycogen
synthesis was larger after ingestion of fructose than glucose
[51]. There is also limited evidence that a high fructose diet
may also increase intramyocellular lipid concentrations
[52]. A definitive conclusion regarding the effect of fruc-
tose is complicated by the fact that the recovery of these
energy stores is affected not only by diet but also by the
timeframe of ingestion. Whether it may be advantageous to
ingest fructose to accelerate energy recovery has not been
definitely assessed.

Interestingly, whether in fruits or honey, refined cane or
beet sugar, or HFCS, fructose is always associated with
approximately equivalent amounts of glucose. This con-
stant association may be more than fortuitous since both
hexoses participate in each other’s metabolism in the gut
and liver (Fig. 6). Indeed, the maximal rate of absorption of
pure fructose is limited in many individuals, and partial
malabsorption, with or without gastrointestinal symptoms,
is frequently observed after ingestion of large fructose
loads [53]. Interestingly, the co-ingestion of glucose toge-
ther with fructose enhances gut fructose absorption and
prevents malabsorption [53], and some data indicate fruc-
tose absorption to be maximal when equivalent amounts of
glucose are provided. In the long-term, glucose has also
been considered to increase fructose transporter activity
and expression in enterocytes [54].

The synergies between fructose and glucose may be
even more important in the liver. It has been documented,
both in humans and dogs, that small amounts of fructose
ingested together with glucose significantly enhance hep-
atic glucose disposal and glycogen synthesis [55]. Indeed,
the fructolysis intermediate fructose-1-phosphate has been
shown to interact with a glucokinase regulatory protein,
releasing and activating glucokinase. With the activity of
glucokinase being specifically to phosphorylate glucose to
retain it in the liver, this process results in a several-fold
increase in hepatic glucose disposal. Interestingly, the
fructose-1-phosphate concentrations needed to achieve this
effect are low, and hence this can be elicited by small
‘catalytic’ doses of fructose added to a glucose meal [56].
Thus, both fructokinase (producing fructose-1-phosphate
from fructose in an unregulated manner) and glucokinase
can act in synergy to increase the hepatic metabolizing
capacity of glucose and fructose. This, as well as the
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Fructose Glucose

Fig. 6 Synergic effects of fructose and glucose for energy storage.
Glucose increases the expression and activity of a specialized gut
fructose transporter, and hence hastens fructose absorption and
reduces the amount of unabsorbed fructose. F-1-P issued from
fructose metabolism then catalyzes glucokinase activity to favor
glucose phosphorylation to G-6-P. The overall effect of these
synergies is to promote absorption and storage of hexoses as hepatic
glycogen. F-1-P fructose-1-phosphate, G-6-P glucose-6-phosphate

unique ability to convert fructose into fat, may actually be
important physiological mechanisms, allowing the rapid
storage of energy from energy-dense fruits and honey, for
instance in hibernating animals and migratory birds.
Whether these intestinal and hepatic interactions could also
have implications for athletes with a limited recovery
timeframe remains to be properly assessed.

7 Conclusions and Perspectives

Fructose can constitute a substantial energy source in the
human diet. It is obviously a dispensable nutrient, and no
adverse effects of a fructose-deprived diet have been
reported. However, specific fructose-metabolizing enzymes
are expressed in most mammals, including humans, indi-
cating that this source of energy most likely conferred
some metabolic advantage at some point during evolution.
While glucose and fatty acids remain the primary energy
substrates for contracting skeletal muscle, fructose presents
some potential advantages for individuals involved in
strenuous physical exercise.
The current knowledge of fructose physiological effects

in relation to exercise can be summarized as follows:

e There is no risk associated with ingesting reasonable
amounts of fructose when performing physical activity,
and exercise attenuates the possibly deleterious effects
of fructose overfeeding.

< Immediately before and during exercise, fructose can
be conveniently ingested in easily consumed, energy-
rich, solid or liquid foods. Compared with glucose, it

elicits minimal glycemic responses. It is metabolized in
a two-step process, characterized by the initial conver-
sion of fructose into glucose or lactate in splanchnic
fructose-metabolizing cells. As a consequence, it is, in
part, oxidized as lactate in skeletal muscle through a
‘reverse Cori cycle’. This, and the fact that it is
absorbed by different intestinal transporters as those for
glucose absorption, may allow it to increase muscle
energy provision when glucose utilization is maximally
stimulated.

< In the recovery period, fructose administered together
with glucose may be a convenient, well tolerated way
of increasing total energy intake. Furthermore, fructose
and glucose exert mutually synergic effects to enhance
intestinal fructose absorption, hepatic energy uptake
and glycogen synthesis.
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ABSTRACT

Background: Exercise prevents the adverse effects of a high-fructose
diet through mechanisms that remain unknown.

Objective: We assessed the hypothesis that exercise prevents fructose-
induced increases in very-low-density lipoprotein (VLDL) triglycerides by
decreasing the fructose conversion into glucose and VLDL-triglyceride
and fructose carbon storage into hepatic glycogen and lipids.

Design: Eight healthy men were studied on 3 occasions after 4 d con-
suming a weight-maintenance, high-fructose diet. On the fifth day, the
men ingested an oral *C-labeled fructose load (0.75 g/kg), and their
total fructose oxidation (**CO, production), fructose storage (fructose
ingestion minus "*C-fructose oxidation), fructose conversion into blood
13C glucose (gluconeogenesis from fructose), blood VLDL-">C palmi-
tate (a marker of hepatic de novo lipogenesis), and lactate concentra-
tions were monitored over 7 postprandial h. On one occasion,
participants remained lying down throughout the experiment [fructose
treatment alone with no exercise condition (NoEx)], and on the other 2
occasions, they performed a 60-min exercise either 75 min before
fructose ingestion [exercise, then fructose condition (ExFru)] or 90 min
after fructose ingestion [fructose, then exercise condition (FruEx)].
Results: Fructose oxidation was significantly (P < 0.001) higher in the
FruEx (80% = 3% of ingested fructose) than in the ExFru (46% * 1%)
and NoEx (49% = 1%). Consequently, fructose storage was lower in the
FruEx than in the other 2 conditions (P < 0.001). Fructose conversion
into blood "*C glucose, VLDL-"*C palmitate, and postprandial plasma
lactate concentrations was not significantly different between conditions.
Conclusions: Compared with sedentary conditions, exercise per-
formed immediately after fructose ingestion increases fructose ox-
idation and decreases fructose storage. In contrast, exercise performed
before fructose ingestion does not significantly alter fructose oxidation
and storage. In both conditions, exercise did not abolish fructose con-
version into glucose or its incorporation into VLDL triglycerides. This
trial was registered at clinicaltrials.gov as NCT01866215. Am J
Clin Nutr 2016;103:348-55.

Keywords: de novo lipogenesis, energy output, fructose, gluco-
neogenesis, lactic acid

INTRODUCTION

It has been proposed that dietary fructose may play a causal
role in the development of obesity, diabetes, and cardiovascular
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diseases. The consumption of a diet rich in fructose or fructose-
containing caloric sweeteners causes hepatic insulin resistance
(1, 2), stimulates hepatic de novo lipogenesis (3), increases
blood triglyceride concentrations (4), and promotes liver-fat
deposition (5) in humans. There is currently much concern
that these alterations may contribute to the development of
insulin resistance and nonalcoholic liver disease in the long
term.

An increase in physical activity has been shown to efficiently
improve metabolic homeostasis and reduce cardiovascular dis-
ease risk in patients with the metabolic syndrome as well as in
healthy participants (6-8). Several studies have specifically re-
ported that an increase in physical activity also prevented
fructose-induced metabolic alterations (9, 10) possibly by al-
tering the metabolic fate of fructose ingested before or while
exercising.

The disposal of ingested fructose carbons is mainly parti-
tioned into lactic acid production, fructose conversion into
plasma glucose and hepatic glycogen, and lipid synthesis (11,
12). Because lactic acid production is more energy efficient
than fructose conversion into glucose and glycogen is and
much-more efficient than lipid synthesis is (13), we have
proposed that fructose conversion into glucose and fat would
occur mainly when lactic acid production is saturated (14).
Therefore, in this study, we assessed the hypothesis that ex-
ercise may prevent a fructose-induced rise in VLDL tri-
glycerides (VLDL-TGs)® by decreasing fructose conversion
into glucose and VLDL-TGs and fructose carbon storage into
hepatic glycogen and lipids.

To evaluate this hypothesis, we assessed how a single exercise
session altered the metabolic fate of a pure fructose load in
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a group of healthy nonobese subjects. Because exercise is
expected to differentially affect endogenous glycogen and blood
glucose use when performed in the fasting state or after ingestion
of ameal (15, 16), we monitored the fate of an acute BCfructose
load ingested either immediately before or immediately after
a standardized exercise (Figure 1). We specifically assessed the
partitioning of fructose carbons into oxidation and storage by
monitoring breath '*CO, production and the conversion of
fructose carbon into blood glucose by monitoring total '*C
glucose appearance with intravenous deuterated glucose. We
also assessed the effects of exercise on blood lactate and
VLDL-"?C palmitate concentrations as potential clues to exercise-
induced alterations of hepatic lactate production from fructose
and de novo lipogenesis, respectively.

METHODS

Subjects

Eight sedentary male volunteers [mean * SD age: 22.5 £ 2.2 y;
mean * SD BMI (in kg/rnz): 22.8 £ 0.8] participated in the
study. The subjects were in good health, nonsmokers, and not
presently taking any medications and had no history of diabetes
in their first-degree relatives. The study protocol was approved
by the Human Research Ethics Committee of Canton de Vaud,
and the participants provided informed written consent. The
procedures were conducted in accordance with the Helsinki
Declaration of 1975 as revised in 1983. This trial was registered
at clinicaltrials.gov as NCT01866215.

Hepatocytes '
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Study design

Participants were studied on 3 occasions with fructose ingested
on one occasion in sedentary conditions (i.e., without exercise
[fructose treatment alone with no exercise condition (NoEx)] or
on the other occasions with an exercise bout performed imme-
diately before fructose ingestion (exercise, then fructose con-
dition (ExFru)] or after fructose ingestion [fructose, then exercise
condition (FruEx)] in a randomized order. On each occasion,
subjects received a controlled, high-fructose, weight-maintenance
diet that contained 55% carbohydrate (30% fructose, 20%
starch, and 5% nonfructose sugars), 30% lipids, and 15% proteins
during the 4 d before each experiment. Dietary intake was cal-
culated for each participant according to the Harris-Benedict
equation (17) and a physical activity factor of 1.5. Diets were
provided as prepacked food items and drinks. Fructose was provided
as lemon-flavored drinks. Volunteers received instructions to con-
sume all the foods and beverages that they received at specified
times and to not consume any other foods or beverages except water.
Subjects were also requested to restrain from physical activity
during these 4 d.

On the fifth day, subjects underwent one of 3 experimental tests
(Figure 2). For this purpose, they reported to the Clinical Re-
search Center of Lausanne University Hospital at 0700 after
a 12-h overnight fast. On arrival, subjects were weighed (Seca
708; Seca GmbH), and their body compositions were measured
with the use of a bioelectrical impedance analysis (Imp DF50;
ImpediMed). Participants were transferred to a bed, and a cannula
was inserted into a vein of the right forearm for blood sampling.

. | Allcells

Unlabeled Glycogen
13C-Glycogen
Glycogen

= synthesis

Unlabeled CO,

13C02 + ATP

> TRL3C-TG

- Fructose ingested
———>> Fructose oxidation

Fructose storage = Fructose ingested — fructose oxidized

> Glycogen breakdown= net carbohydrate ox. — fructose ox.

FIGURE 1 Overview of major pathways used for fructose metabolism. Fructose absorbed from the gut (solid black arrow) is mainly extracted by hepatic
cells expressing fructokinase and aldolase B (i.e., hepatocytes, intestinal cells, and proximal renal tubule cells) where it is converted into lactate, glucose, and
fatty acids. These metabolites are ubiquitous energy substrates that can be released into the bloodstream to be either oxidized or stored as glycogen or
triglycerides in all cells of the organism. Because of the complexity of its metabolism, no single tracer method accurately assesses all pathways of fructose

disposal. When a '3C-labeled fructose load is administered, breath '*CO, production provides an estimate of total fructose oxidation (direct oxidation of

trioses-phosphate formed from fructose in the liver (not shown) and extrahepatic oxidation of lactate, glucose, and fatty acids synthesized from fructose). With
the assumption that all '*C-labeled fructose is completely absorbed during the experiment, (fructose ingested) — (fructose oxidized) represents fructose storage
as intracellular triglycerides or glycogen. The measurement of net carbohydrate oxidation with the use of indirect calorimetry does not differentiate the

oxidation of glycogen, glucose, lactate, or fructose because all these substrates have the same respiratory quotient, and it provides an estimate of the sum of

their net oxidations. Note that standard indirect calorimetry equations compute the oxidation of glucose synthesized from amino acids as being part of net
protein oxidation and not of net carbohydrate oxidation. The immediate oxidation of VLDL-TG synthesized from fructose can be assumed to be small, and
thus was neglected. When a pure fructose load is ingested, [net carbohydrate oxidation (indirect calorimetry)] — [fructose oxidation 3o, corresponds to
the oxidation of endogenous glycogen (i.e., glycogen breakdown), and the rate of '3C—glucose appearance in blood (measured with intravenous tracer infusion
of deuterated glucose) corresponds to the release of fructose carbons as glucose in the systemic circulation. ox., oxidized; TG, triglycerides; TRL, triglyceride-

rich lipoproteins.
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A second cannula was inserted into a vein of the left forearm for
tracer infusion. A primed, continuous infusion of [6,6-2H2]-g1ucose
(Cambridge Isotope Laboratories) (bolus: 3 mg/kg body weight;
continuous infusion: 30 ug - kg71 - min~") was administered
throughout the test. Blood samples were collected at baseline
(T = 0) and after 60, 120, 180, 240, 300, 360, 420, 480, and
540 min for the measurement of plasma substrate concentrations
and isotopic enrichments. Energy expenditure and substrate
oxidation were measured with the use of indirect calorimetry
(Quark RMR; Cosmed Srl). An oral fructose load (0.75 g/kg
body weight; D-Fructose, Fluka Analytic; Sigma Aldrich) that
was enriched with 0.1% [U-13C6]-fructose (Cambridge Isotope
Laboratories) was given at time 120 min. Breath samples were
collected every 60 min to measure breath 3C0O, enrichment. A
timed urine collection was performed throughout the test to
determine urinary nitrogen excretion.

Each volunteer was studied during 3 experimental conditions
according to a randomized order. The sequence of conditions was
determined with the use of computer-generated random numbers
(R software, version 3.0.2; CRAN). A 4-wk washout period
separated the following 3 experimental conditions.

I) No exercise (NoEx): the participant remained installed
in bed over the 9 h of the metabolic test and received
a fructose load at time 120 min.

2) Exercise before fructose ingestion (ExFru): the subject cy-
cled during 1 h at 100 W starting at time 45 min and received
a fructose load at time 120 min while remaining in bed the rest
of the time. The cycling exercise was performed on an ergom-
eter (Ergoline GmbH). During exercise, oxygen uptake and

Fructose

4

2H,-glucose

EGLI ET AL.

carbon dioxide production were measured breath by breath
(SensorMedicsVmax; Sensormedics Corp.) during 5 min ev-
ery 20 min. Blood and breath samples were also collected 20,
40, and 60 min after the beginning of the exercise session.

3) Exercise after fructose ingestion (FruEx): the participant
received a fructose load at time 120 min and performed 1 h
of cycling exercise at 100 W starting at time 210 min.
To account for the exercise-induced increase in glucose
fluxes, the 6,6-*H,-glucose infusion rate was increased to
75 ug - kg~ - min~ " at the beginning of exercise and was
reduced to 30 ug - kg~ - min~ " at the end of exercise.

Analytic procedures

Plasma glucose, lactate, nonesterified fatty acids (NEFAs),
triglycerides, and urinary urea were measured with the use of
enzymatic methods (Randox Laboratories). Insulin and glucagon
were measured with the use of a radioimmunoassay (Millipore).
The VLDL subfraction was separated by ultracentrifugation as
previously described (18). VLDL concentrations were measured
with the use of an enzymatic method (Randox Laboratories).

For the plasma glucose isotopic analysis, plasma was depro-
teinized with the use of barium hydroxide, neutral compounds
were isolated by passing the supernatant over anion- and cation-
exchange resins, and glucose penta-acetyl derivatives were
obtained by adding acetic anhydride and pyridine. Plasma
6,6-°H, isotopic enrichment was measured with the use of gas
chromatography—mass spectrometry (Agilent Technologies).
Plasma '*C glucose isotopic enrichment was measured with the
use of gas chromatography—combustion—isotope ratio mass
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FIGURE 2 Experimental design of day 5 for each condition. In the NoEx, the participant remained in bed over the 9 h of the metabolic test and received
a fructose load enriched with 0.1% [U-'3Cg]-fructose, which was given at time (7) = 120 min (striped arrow). Blood and breath samples (black arrows) were
collected at baseline (7 = 0) and after 60, 120, 180, 240, 300, 360, 420, 480, and 540 min for measurements of plasma substrate concentrations and isoto;i)ic
enrichments as well as measurements of breath '>CO, enrichment. [6,6-*H,]-glucose (bolus: 3 mg/kg body weight; continuous infusion: 30 ug - kg™ ' -
min~") was infused throughout the test. In the ExFru, the subject cycled during 1 h at 100 W starting at 7 = 45 min and received a fructose load at 7 = 120 min
while remaining in bed the rest of the time. White bars represent the time when the volunteers were resting, and gray bars represent the exercise sessions.
Blood and breath samples were also collected 20, 40, and 60 min after the beginning of the exercise session. The [6,6->H,]-glucose infusion rate was increased
to 75 ug - kg~ ' - min~! during exercise. In the FruEx, 1 h of cycling exercise at 100 W was performed starting at 7 = 210 min. The 3 experimental conditions
were followed in a randomized order. Ex, 60-min exercise; ExFru: exercise, then fructose condition; FruEx, fructose, then exercise condition; NoEX, fructose

treatment alone with no exercise condition.

/T0Z ‘9z |udy uo 1sanb Aq 610 uonuinu-uafe woly papeojumoq


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

EXERCISE AND FRUCTOSE METABOLISM

TABLE 1
Anthropometric variables and fasting metabolic substrates and hormones'
NoEx ExFru FruEx
Body mass, kg 719 £53 71.1 £48 723 49
Fat mass, kg 134 £35 13.1 40 137 =36
Systolic blood pressure, mm Hg 118 = 6 120 £ 8 119 £ 6
Diastolic blood pressure, mm Hg 69 * 4 70 = 4 70 £ 5
Glucose, mmol/L 4.89 = 0.38 4.92 = 0.37 4.89 + 0.41
Lactate, mmol/L 0.84 = 0.36 0.80 = 0.17 0.84 = 0.32
Insulin, mU/mL 7.50 = 2.12 8.00 £ 342 7.89 = 3.04
Glucagon, pg/mL 67.5 = 32.2 69.7 = 384 69.0 = 249
Triglycerides, mmol/L 1.01 = 042 0.87 £0.25 1.07 £05
VLDL-TGs, mmol/L 0.33 £ 0.12 0.29 = 0.09 0.34 = 0.13
NEFAs, mmol/L 0.40 £ 0.11 041 £0.09 046 = 0.15

'All values are means * SDs (n = 8 participants in each analysis;
analyzed by original assigned groups). The normality of the distribution
was inspected visually and checked with the use of Shapiro-Wilk tests.
Skewed distributions (lactate) were log transformed before the statistical
analysis. Changes in anthropometric variables and fasting metabolic vari-
ables at 7'= 0 min of each condition were assessed by Student’s paired 7 tests
with Bonferroni corrections for multiple testing. P < 0.05 was considered
significant. Participants showed no significant difference in anthropometric
variables and fasting metabolic substrates and hormones between the 3 tests
performed. All P values were NS. ExFru, exercise, then fructose condition;
FruEx, fructose, then exercise condition; NEFA, nonesterified fatty acid;
NoEx, fructose treatment alone with no exercise condition; VLDL-TG,
VLDL triglyceride.

spectrometry (Isoprime; Isoprime Ltd.) at the Centre for Re-
search in Human Nutrition Rhone-Alpes.

Breath '*CO, enrichment was measured by isotope-ratio mass
spectrometry (Sercon Ltd.). '>C-palmitate enrichment and con-
centrations in VLDL were measured after total lipid extractions
from plasma and the preparation of fatty acid methyl esters from
triglyceride fractions. The palmitate '*C:'*C ratio in fatty acid
methyl ester derivatives was determined with the use of Delta
Plus XP GC-combustion isotope ratio mass spectrometry
(Thermo Electron Corporation, Bremen, Germany). VLDL-TG
palmitate content (percentage of weight) was measured by GC-
isotope-ratio mass spectrometry (Thermo Electron, Bremen,
Germany) as reported previously (9).

Calculations
Plasma concentrations of VLDL '3C palmitate (nmol/L) were
calculated as

[VLDL-TG-"*C-palmitate isotopic enrichment (atom percent excess)]
X weight % palmitate X [VLDL-TG (nmol/L)]

(1)

Fructose conversion into plasma glucose was calculated as

EGP X {(P"CG, + *CG,) +2 +pV X [(G| + G3)+2

)
X (PGy=1G)+ (—t1)]} + °CF

where EGP is the endogenous glucose production (g - kg~ ' - h™ ")
calculated with [6,6-"H,]-glucose and Steele’s equations for
non-steady state conditions (19), 13CG is the isotopic enrichment
of plasma glucose (atom percent excess), G is the glucose con-
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centration (g/L), 3CF is the isotopic enrichment of oral fructose,
p is the pool fraction (set at 0.75), V is the glucose distribution
space (set at 0.2 L/kg body weight), and ¢ is the time (h).

Total fructose oxidation (g/min) was calculated as

VCO,
0.134

CO, IE
Fructose IE X 0.8

180
10°

(3)

where CO, IE is the isotopic enrichment of breath carbon dioxide,
and fructose IE is the isotopic enrichment of the oral fructose
load, both of which are expressed as the atom percent excess,
0.8 is the recovery of 13C from fructose in breath carbon dioxide,
VCO, is the total respiratory carbon dioxide (mL/min), 0.134 is
the volume of carbon dioxide (mL) produced by the oxidation of
1 pmol fructose, 180 is the molar weight of fructose, and 10°
allows for the conversion from micrograms to grams.

When cumulated over a 7-h postprandial period, the absorption
of ingested fructose can be assumed to be essentially complete,
although a few grams may be malabsorbed (20). In such con-
ditions, the amount of fructose ingested minus fructose oxidation
represents the sum of fructose carbons retained in the body as
glycogen and fat (i.e., fructose storage).

The net carbohydrate oxidation calculated with the use of
indirect calorimetry (21) includes the conversion of fructose (or
glucose) into fat as long as the fat synthesis does not exceed fat
oxidation (i.e., nonnet fat synthesis) (22). With the ingestion of
pure fructose (i.e., with no exogenous carbohydrate other than
fructose), the difference between the amount of fructose ingested
and the cumulated net carbohydrate oxidation represents ex-
clusively the net storage of hepatic and muscle glycogen. The net
glycogen storage between times 120 and 540 was calculated as

Fructose ingested (g) — net carbohydrate oxidation (g) (4)

Glycogen breakdown between times 120 and 540 (g) was
calculated as

(Net carbohydrate oxidation) — ("*C fructose oxidation) (5)

Statistical analysis

Anthropometric variables are expressed as means = SDs, whereas
all other values are expressed as means = SEMs. The normality of
the distribution was inspected visually and checked with the use of
Shapiro-Wilk tests. When necessary, skewed distributions (baseline
lactate) were log transformed before statistical analyses.

Changes in anthropometric variables and fasting metabolic
variables at 7 = 0 min of each condition were assessed with the
use of Student’s paired ¢ tests with Bonferroni corrections for
multiple testing. Metabolic effects of the conditions (NoEx, ExFru,
and FruEx) were evaluated by the calculation of incremental
AUGC:s either over 9 or 7 h after fructose consumption and com-
pared with the use of Student’s paired ¢ tests with Bonferroni
correction for multiple testing. All statistical calculations were
performed with R software (version 3.0.2). P < 0.05 was con-
sidered statistically significant.

RESULTS

All participants were recruited and completed the 3 experi-
mental conditions between July 2012 and June 2013. One
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participant who was initially included had to stop the exercise
session (because of faintness) and was removed from the analysis
and replaced to reach the number of 8 completed participants that
were needed on the basis of the sample size calculation. No other
harms or unintended effects were reported by participants or
observed by investigators during the metabolic tests.

Anthropometric variables and fasting metabolic variables

Participants showed no significant differences in body weight,
body fat mass, or blood pressure between the 3 experimental
conditions (Table 1). Their fasting plasma metabolite and hormone
concentrations were also not significantly different (Table 1).

Metabolic effects of fructose without exercise (NoEx)

Fructose ingestion in subjects remaining awake and lying in
their bed (NoEx) induced a slight increase in blood glucose and
insulin, a marked increase in blood lactate, and a marked sup-
pression of NEFA (Figure 3). Estimated pathways used for oral
fructose disposal, total energy expenditure, and net substrate
oxidation, cumulated over 2-h basal and over 7 h postprandial
are shown in Table 2. Postprandial oxidation of exogenous
fructose corresponded to 49.3 £ 0.9%, total fructose storage to
50.7 £ 0.9%, net glycogen storage to 25.3 = 5.6%, and fructose
conversion into plasma glucose to 15.5 = 0.7% of the ingested
load (Table 2). Blood '*C-palmitate enrichment and '*C pal-
mitate concentrations in VLDL increased progressively from
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time 120 to reach a peak at time 300, and declined slowly
thereafter (Figure 4).

Effects of exercise performed before fructose ingestion
(ExFru)

In the ExFru, total energy expenditure and net carbohydrate
oxidation (P < 0.001 compared with NoEx; Table 2) were
significantly higher than in the NoEx during the preprandial 2-h
period during which exercise was performed. Glycogen break-
down during this period amounted to 139.0 = 6.0 g over 2 h
(data not shown). Thereafter, the ingestion of the fructose load
elicited plasma glucose and lactate responses that did not sig-
nificantly differ from those in the NoEx (all P = NS compared
with NoEx; Figure 3). In contrast, plasma insulin concentrations
tended to be lower (P = 0.06 compared with NoEx; Figure 3),
and plasma NEFA concentrations were significantly lower (P <
0.01 compared with NoEx; Figure 3). Fructose oxidation
(45.7 = 1.2%), fructose storage (54.3 = 1.2%), net glycogen
storage (41.3 = 4.5% of the fructose load), and glycogen
breakdown that were cumulated over 7 h postprandial, did
not show any significant difference compared with in the NoEx
(all P = NS; Table 2).

Postprandial total plasma triglyceride concentrations were not
significantly altered (P = NS compared with NoEx), but VLDL-
TG concentrations were lower (P < 0.05 compared with NoEXx).
AUCs for VLDL-"C palmitate enrichment and concentrations
were not significantly different from those in the NoEx (Figure 4).
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FIGURE 3 Mean = SEM glucose, insulin, lactate, and NEFA concentrations and postprandial AUCs. n = 8 participants in each analysis; analyzed by
original assigned groups. The normality of the distribution was inspected visually and checked with the use of Shapiro-Wilk tests. All data were normally
distributed. Metabolic effects of the conditions (NoEx, FruEx, and ExFru) were evaluated by the calculation of the iAUC over 7 h after fructose consumption
and compared with the use of Student’s paired 7 test, with Bonferroni corrections for multiple testing. P < 0.05 was considered significant. In the ExFru,
insulin tended to be lower (P = 0.06 compared with NoEx). *P < 0.05 compared with NoEx; **P < 0.01 compared with NoEx; *P < 0.01 compared with
ExFru. ExFru, exercise, then fructose condition; FruEx, fructose, then exercise condition; iAUC, incremental AUC; NEFA, nonesterified fatty acids; NoEx,

fructose treatment alone with no exercise condition.
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TABLE 2
Estimated pathways used for oral fructose disposal, total energy expenditure, and net substrate oxidation'
P
Period AUC, min NoEx ExFru FruEx NoEx vs. ExFru NoEx vs. FruEx ExFru vs. FruEx
Fructose oxidation, g over 7 h 120-540 26.6 = 1.0 244 10 435 £ 19 0.053 <0.001 <0.001
Fructose storage, g over 7 h 120-540 273 = 0.6 28.9 * 0.8 10.7 £ 14 0.25 <0.001 <0.001
Net glycogen storage, g over 7 h 120-540 135 £29 223 27 —116.7* 58 0.24 <0.001 <0.001
Glycogen breakdown, g over 7 h 120-540 13.8 = 3.0 6.6 =22 1274 = 5.1 0.32 <0.001 <0.001
Fructose conversion into 120-540 84 £ 05 84 04 8.6 £ 0.7 1.00 1.00 1.00
plasma glucose, g over 7 h
Energy expenditure, kcal 0-120 141 =52 6353 =121 1523 £6.9 <0.001 0.21 <0.001
over2,7,0or 9 h 120-540 537.0 = 162 528.6 = 20.4 1034.8 = 29.9 1.00 <0.001 <0.001
0-540 678 =209 11639 * 28.6 1187.1 = 36.3 <0.001 <0.001 0.81
CHOX, g over 2,7, 0r 9 h 0-120 9.3 =09 139 £ 6 77 £ 1.6 <0.001 0.81 <0.001
120-540 404 * 3.5 31 =19 1709 = 6.4 0.20 <0.001 <0.001
0-540 49.8 = 42 170 = 6.0 178.6 = 7.5 <0.001 <0.001 1.00

'All values are means + SEMs (n = 8 participants in each analysis; analyzed by original assigned groups). The normality of the distribution was inspected
visually and checked with the use of Shapiro-Wilk tests. All data were normally distributed. Metabolic effects of the conditions (NoEx, FruEx, and ExFru)
were evaluated by the calculation of incremental AUCs over 120 min (prefructose load), 420 min (after fructose load), or 540 min (overall) and comparison
with the use of Student’s paired # tests with Bonferroni corrections for multiple testing. P < 0.05 was considered significant. CHOX, carbohydrate oxidation;
ExFru, exercise, then fructose condition; FruEx, fructose, then exercise condition; NoEXx, fructose treatment alone with no exercise condition.

Effects of exercise performed after fructose ingestion
(FruEx)

In the FruEx, there were no significant differences in plasma
insulin, lactate, and triglyceride concentrations compared with
those in the NoEx and ExFru except for a lower plasma glucose
concentration over the 7 h after fructose ingestion (P = 0.038
compared with NoEx’ Figures 3 and 4). Exercise performed
90 min after fructose ingestion significantly increased the total
energy expenditure and net carbohydrate oxidation (both P <
0.001 compared with NoEx; Table 2) to values similar to those
observed in the ExFru, whereas lipid oxidation remained com-
parable to that in the NoEx and ExFru (data not shown). Post-
prandial fructose oxidation (80.2 = 2.6% of the fructose load)
was nearly doubled compared with the NoEx and ExFru (both
P < 0.001), and glycogen breakdown was higher than in the NoEx
and ExFru (P < 0.001). Fructose storage (19.8 = 2.6% of the
fructose load) and net glycogen storage were both lower than in
the NoEx and ExFru (all P < 0.001; Table 2)

The AUC of VLDL-"’C palmitate enrichment was signifi-
cantly reduced compared with in the NoEx (P = 0.039 compared
with NoEx; Figure 4). In contrast, AUCs for VLDL-'C-
palmitate concentrations were not significantly different from those
in the NoEx (Figure 4).

DISCUSSION

To our knowledge, this study allowed us to obtain novel
original data regarding the effects of exercise on the fructose
metabolic pathways used for its postprandial metabolism.

When fructose was administered in resting conditions, 49%
of the exogenous load was oxidized over 7 h postprandial.
The amount of newly synthesized, labeled glucose released in the
systemic circulation during this time corresponded to 15% of the
fructose load. Fifty-one percent of ingested fructose was stored,
but the net glycogen storage corresponded only to 25% of
ingested fructose. The remaining 26% may be explained by the
loss of '*C carbon labels that were due to /) whole-body gly-
cogen turnover (i.e., storage of '*C-labeled glycogen with the

simultaneous breakdown and oxidation of unlabeled glycogen),
2) storage of fructose as fat, or 3) incomplete gut absorption of
oral fructose. The appearance of '*C carbons in VLDL palmitate
unequivocally indicated that hepatic de novo lipogenesis from
fructose occurred. However, a quantitative estimate of hepatic
fat synthesis was not possible. Therefore, we conclude that he-
patic de novo lipogenesis was active after fructose ingestion.
However, the total amount of fat synthesis was likely to be
small.

When exercise was performed before fructose ingestion,
postprandial fructose oxidation tended to be lower, whereas
fructose storage was not significantly different from that in
sedentary conditions (i.e., without exercise). Cumulative energy
expenditure was largely superior to the energy content of the
fructose meal, resulting in an energy deficit of 950 kcal. As
a consequence, glycogen utilization during exercise was not fully
compensated by glycogen storage after fructose ingestion, which
resulted in a global glycogen deficit of 146 g over the total 9 h.
Labeled fructose carbons were nonetheless recovered as VLDL
palmitate, which indicated that de novo lipogenesis remained
active and, hence, that fructose carbons were not exclusively
channeled toward glycogen storage.

In contrast, exercise performed immediately after fructose
ingestion had substantial effects on postprandial fructose me-
tabolism. It increased the total energy expenditure and net car-
bohydrate oxidation to the same extent as with the ExFru and
resulted in the same total energy and glycogen deficits. However,
it markedly enhanced fructose oxidation and decreased fructose
and net glycogen storage. Despite this preferential fructose ox-
idation, the fructose conversion into blood glucose was un-
changed, and fat synthesis was still active, as documented by the
ongoing incorporation of labeled carbons in VLDL palmitate.
Blood lactate, insulin, and triglyceride concentrations were
hardly altered compared with in the other 2 conditions.

Our current data support our postulation that exercising after
fructose ingestion increases fructose conversion into lactic acid
followed by its oxidation in the working muscle. This process has
previously been shown with the use of 13C-labeled tracers in
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FIGURE 4 Mean + SEM TG concentrations, '*C-palmitate enrichment, '*C palmitate concentrations in VLDL, VLDL-TG concentrations, and post-
prandial AUCs. n = 8 participants in each analysis; analyzed by original assigned groups. The normality of the distribution was inspected visually and checked
with the use of Shapiro-Wilk tests. All data were normally distributed. Metabolic effects of the conditions (NoEx, FruEx, and ExFru) were evaluated by the
calculation of the iAUC over 7 h after fructose consumption and compared with the use of Student’s paired ¢ tests with Bonferroni corrections for multiple
testing. P < 0.05 was considered significant. *P < 0.05. ExFru, exercise, then fructose condition; FruEXx, fructose, then exercise condition; iAUC, incremental
AUC; NEFA, nonesterified fatty acids; NoEx, fructose treatment alone with no exercise condition; TG, triglyceride; TTR, tracer-to-tracee ratio.

exercising subjects who were fed glucose-fructose mixtures
(23). In contrast, the data do not confirm our hypothesis that
exercising before fructose ingestion would massively divert
fructose carbons into glycogen storage. Furthermore, our ob-
servations that exercise did not decrease fructose conversion into
plasma glucose and did not abolish de novo lipogenesis were in
contradiction with our starting hypothesis that de novo lipo-
genesis would become active only when other pathways were
saturated.

It has been reported that exercise can revert hyper-
triglyceridemia induced by high-fructose or high-carbohydrate
weight-maintenance diets (9, 24), and this effect has been pro-
posed as one major mechanism by which exercise may protect
against the development of cardiovascular diseases. However, in
our current experiments, exercise had no significant effects on
plasma triglyceride concentrations. This finding was not un-
expected because the ingestion of pure fructose elicits no or only
minimal increases in plasma triglyceride concentrations. The
addition of fructose to a mixed meal is known to enhance
postprandial triglyceride excursions, possibly by impairing ex-
trahepatic triglyceride clearance (25). Such an effect could not be
observed in our experiment because no exogenous lipids were
administered together with fructose. Our current data provide
targeted information regarding the effects of exercise on fructose
disposal but provide little information on how exercise specifi-
cally prevents the development of hypertriglyceridemia. Pre-

viously, we have documented that hepatic de novo lipogenesis
activity increased over time in subjects who were fed a weight-
maintenance high-fructose diet. In addition, we have also
reported that exercise prevented both this upregulation of hepatic
de novo lipogenesis and the development of fasting and post-
prandial hypertriglyceridemia (9). The mechanisms that are re-
sponsible for these effects of exercise on short-term adaptations
to dietary fructose remain unknown. We can only speculate that
exercise, when performed after fructose ingestion, may con-
tribute to this effect by decreasing the need to store fructose
carbons within the organism.

Our current study had important limitations. First, the moni-
toring of breath '*CO, release provided a reasonable estimate of
total fructose oxidation but did not allow for the differentiation
of '3CO, produced from lactate, glucose, and fatty acids. Sec-
ond, we did not monitor intestinal fructose absorption in this
study. Nonetheless, we are confident that fructose malabsorp-
tion, if present, was quantitatively small because participants did
not get diarrhea or bloating, which are side effects typically
elicited by malabsorption of as little as 5-10 g carbohydrate
(20). However, it remains possible that fructose malabsorption
<5g passed undetected in some of the participants and, hence,
that fructose storage was somewhat overestimated (26). Third,
we obtained only qualitative estimates for de novo lipogenesis
from fructose because the need to simultaneously assess '*CO,
production and the cost of '*C fructose precluded the use of
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highly enriched fructose and the calculation of intrahepatic
acetyl-CoA enrichment by mass isotopomer analysis. Fourth, the
amount of fructose disposed through systemic lactate was not
measured by tracer methods because this would have required
a duplication of all tests in each volunteer to separately monitor
glucose and lactate kinetics. As a consequence, our data did not
allow for a quantitative estimate of the amount of fructose ul-
timately stored as glycogen and fat or in which organs or tissues
this action occurred. Nonetheless, the data provide reliable es-
timates for fructose oxidation, fructose conversion into plasma
glucose, and net glycogen storage and do not support allegations
that fructose is mainly converted into fat (27). Nonetheless, fat
synthesis from fructose, even if quantitatively minor, may play
an important role in the development of fructose-induced hy-
pertriglyceridemia (5).

In conclusion, our results indicate that exercise performed after
fructose ingestion markedly enhances fructose oxidation and
decreases fructose storage, whereas a similar exercise performed
before fructose ingestion does not alter postprandial fructose
disposal in healthy individuals. Exercise does not inhibit fructose
conversion into plasma glucose and does not abolish
fructose conversion into fat. These results suggest that exercise
improves sugar-induced hypertriglyceridemia by other mechanisms.
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ABSTRACT

Background: Postexercise nutrition is paramount to the restoration of
muscle energy stores by providing carbohydrate and fat as precursors of
glycogen and intramyocellular lipid (IMCL) synthesis. Compared with
glucose, fructose ingestion results in lower postprandial glucose and
higher lactate and triglyceride concentrations. We hypothesized that these
differences in substrate concentration would be associated with a differ-
ent partition of energy stored as IMCLs or glycogen postexercise.

Objective: The purpose of this study was to compare the effect of
isocaloric liquid mixed meals containing fat, protein, and either
fructose or glucose on the repletion of muscle energy stores over
24 h after a strenuous exercise session.

Design: Eight male endurance athletes (mean = SEM age: 29 = 2 y;
peak oxygen consumption: 66.8 * 1.3 mL - kg~ ' - min~ ") were
studied twice. On each occasion, muscle energy stores were first low-
ered by a combination of a 3-d controlled diet and prolonged exercise.
After assessment of glycogen and IMCL concentrations in vastus mus-
cles, subjects rested for 24 h and ingested mixed meals providing fat
and protein together with 4.4 g/kg fructose (the fructose condition;
FRU) or glucose (the glucose condition; GLU). Postprandial metabo-
lism was assessed over 6 h, and glycogen and IMCL concentrations
were measured again after 24 h. Finally, energy metabolism was eval-
uated during a subsequent exercise session.

Results: FRU and GLU resulted in similar IMCL [+2.4 * 0.4 compared
with +2.0 = 0.6 mmol - kg~ wet weight - d™'; time X condition
(mixed-model analysis): P = 0.45] and muscle glycogen (+10.9 = 0.9
compared with +12.3 = 1.9 mmol - kg~ " wet weight - d'; time X
condition: P = 0.45) repletion. Fructose consumption in FRU increased
postprandial net carbohydrate oxidation and decreased net carbohydrate
storage (estimating total, muscle, and liver glycogen synthesis) compared
with GLU (+117 = 9 compared with +135 = 9 g/6 h, respectively;
P < 0.01). Compared with GLU, FRU also resulted in lower plasma
glucose concentrations and decreased exercise performance the next day.
Conclusions: Mixed meals containing fat, protein, and either fructose or
glucose elicit similar repletion of IMCLs and muscle glycogen. Under
such conditions, fructose lowers whole-body glycogen synthesis and
impairs subsequent exercise performance, presumably because of lower
hepatic glycogen stores. This trial was registered at clinicaltrials.gov as
NCT01866215. Am J Clin Nutr 2017;105:609-17.

Keywords: athletes, intramyocellular lipids, muscle glycogen,
recovery, hypertriglyceridemia, lactate shuttle

Am J Clin Nutr 2017;105:609—17. Printed in USA. © 2017 American Society for Nutrition

INTRODUCTION

Adequate recovery of endogenous energy stores is critical for
exercise performance and is largely dependent on nutrition (1, 2).
The maintenance of muscle glycogen, in particular, has been
considered a major challenge for endurance athletes because of
its limited content, importance as a substrate source, and asso-
ciation with the development of fatigue during exercise (3, 4).
Consequently, most nutritional guidelines recommend the in-
crease of postexercise dietary carbohydrate content to favor
muscle glycogen repletion between sessions (2).

Consumption of beverages or foods containing glucose or
maltodextrins is generally advocated to improve postexercise
muscle glycogen repletion because of the increase in plasma
glucose and insulin concentrations they elicit. In contrast,
fructose is considered not to be a prime energy source for muscle,
and most (5-7) but not all (1) studies have found lower muscle
glycogen repletion after fructose ingestion than after glucose
ingestion. However, these observations were made with pure
glucose and maltodextrin rather than with mixed meals. In ad-
dition, muscle glycogen synthesis was monitored during the
hours immediately after exercise (<8 h postexercise), which
corresponds with a period in which muscle insulin sensitivity is
enhanced. Unlike glucose, fructose is primarily metabolized in
the liver, and pure fructose was shown to efficiently restore
hepatic glycogen after exercise (8). Substantial amounts of
fructose are also released as blood glucose and lactate from the
liver (9, 10). In addition, fructose metabolism can be modulated
by coingested nutrients such as glucose or amino acids (9, 10). For
these reasons, the comparison of the presence of fructose and
glucose in a mixed meal on muscle glycogen repletion still re-
mains unclear. Fructose and glucose could also differentially af-
fect muscle fat storage. Indeed, beside glycogen, intramyocellular
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FIGURE 1 Setting of the 5-d experimental sequences. Subjects were studied on 2 occasions, each consisting of a 5-d sequence of dietary and physical
activity control. Having first ingested a weight-maintenance controlled diet between day 1 and day 3, subjects were supervised while cycling for 2 h 30 min at
50 Wax (Ex1: 1230-1500 on day 3). Lowered IMCL and glycogen stores in vastus muscles were then measured by MRS (MRS 1: 1700-1800 on day 3) before
subjects started a 24-h period of dietary recovery during which they remained inactive and received the experimental diets. A total of 2.5 g fat/kg, 1.9 g
protein/kg, and 5.6 g carbohydrate/kg, including 4.4 g/kg of either pure fructose or pure glucose, was administered in 8 liquid mixed meals provided at 1800,
2000, and 2200 (day 3), and 0800, 1000, 1200, 1400, and 1600 (day 4). The effect of 3 of these meals was assessed during a postprandial metabolic follow-up
of 6 h (0800-1400 on day 4), and muscle energy stores were again measured after the end of the 24-h period of recovery (MRS2, day 4: 1700-1800). To improve
compliance, subjects received a standardized small sandwich to ingest at the end of day 4. Finally, subjects, who fasted overnight, participated in a second endurance
session to assess the effect of the previous diet on energy metabolism and subsequent exercise capacity (Ex2: 0900-1200 on day 5). Ex, exercise; FRU, fructose
condition; GLU, glucose condition; IMCL, intramyocellular lipid; MRS, magnetic resonance spectroscopy; W.x, maximal workload.

lipids (IMCLs) represent an alternative energy source to muscle
glycogen, which can be mobilized during exercise (11). As for
muscle glycogen, IMCL stores are repleted in the postexercise
period. However, the relative contributions of plasma free fatty
acids (FFAs) (12) and lipoprotein-bound triglycerides from die-
tary fat (13) to postexercise IMCL repletion remain controversial
(14). High-fructose diets are consistently associated with in-
creased fasting and postprandial plasma triglyceride concentra-
tions (15). These effects are accounted for by both increased
hepatic VLDL triglyceride secretion (16) and decreased adipose
tissue triglyceride clearance (17). We therefore hypothesized that
the consumption of fructose might stimulate IMCL repletion more
efficiently than might glucose consumption.

The primary aim of this study (NCT01866215) was therefore
to compare the effectiveness of isocaloric mixed meals con-
taining fat and protein with either pure fructose or pure glucose
on IMCL and muscle glycogen repletion over a 24-h period
after a strenuous exercise session. We also wanted to assess
whether these mixed meals containing fructose (the fructose
condition; FRU) or glucose (the glucose condition; GLU) had
different effects on whole-body metabolism during a subsequent
standardized exercise session.

METHODS

All variables are presented as means = SEMs. Eleven well-
trained young men were recruited from local triathlon and cy-
cling clubs. Two of them dropped out during the experiment
because of gastrointestinal symptoms during the fructose con-
dition. One subject completed the study but was excluded from
analysis because of apparent failure to comply with dietary in-
structions (see Results section). The 8 remaining subjects [age:
29 + 2'y; weight: 71.2 + 1.9 kg; BMI (in kg/m?): 226 * 04
peak oxygen consumption: 66.8 = 1.3 mL - kg - min"
maximal workload (W ,,,): 368 = 12 W] were nonsmokers and

5 Abbreviations used: FFA, free fatty acid; FRU, fructose condition; GLU,
glucose condition; IMCL, intramyocellular lipid; MRS, magnetic resonance
spectroscopy; Wax, maximal workload; WW, wet weight.

weight-stable, took no medication, had no family history of di-
abetes and had =3 y of cycling training and racing experience.
In addition, all of them were fully informed about the nature of
and risks involved in the testing procedure and provided
written consent before beginning the study. Except for mag-
netic resonance spectroscopy (MRS) measurements, which
were done at the Department of Clinical Research and Radi-
ology, University of Bern, the experiments were performed at
the Clinical Research Center, University of Lausanne, Switzerland.
The experimental protocol was approved by the Ethics Committee
of the Canton de Vaud, Lausanne, Switzerland, and all procedures
were performed in accordance with the 1983 revision of the
Declaration of Helsinki.

Study design

The subjects of this double-blind, crossover-controlled, ran-
domized clinical trial were studied on 2 occasions separated by
2-4 wk. The experiments (Figure 1) started with a run-in period
aimed at lowering the muscle energy stores by using a 2.5-d con-
trolled diet (day 1 to 1130 on day 3) followed by a prolonged ex-
ercise session (exercise 1: 1230-1500 on day 3). IMCL and muscle
glycogen concentrations were then measured (MRS1: 1700 on
day 3). Thereafter, 2 experimental isocaloric mixed diets that
contained either fructose or glucose were provided as 8 liquid
meals ingested at 1800, 2000, and 2200 on day 3, and at 0800,
1000, 1200, 1400, and 1600 on day 4. To evaluate the effects of
these diets, plasma metabolic markers and energy metabolism
were monitored after an overnight fast (0800 on day 4) and over
6 h postprandial (0800-1400 on day 4). Thereafter, IMCLs and
muscle glycogen were measured at 1700 (MRS2). The next day,
all subjects reported to the Clinical Research Center after an
overnight fast to have their metabolism monitored during 3 h of
standardized exercise (exercise 2: 0900—1200 on day 5).

Preliminary visit

Between 1 and 2 wk before the first experimental condition,
subjects performed an incremental test to exhaustion on an
electrically braked leg cycle ergometer (Excalibur; Lode). Peak
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oxygen consumption was determined by the continuous moni-
toring of respiratory gas exchange with the use of indirect cal-
orimetry (Quark CPET; Cosmed) as previously described (18).
Briefly, after a 5-min warm-up at 60 W, ergometer power was
increased by 35 W every 3 min. W, was calculated by linear
regression of the time completed and was used for setting sub-
sequent exercise intensities.

Experimental sequences: run-in period (day 1 to 1700 on day 3)

The purpose of this period was to lower muscle energy stores
at the beginning of the 2 experimental periods. Subjects were
provided an outpatient weight-maintenance diet (day 1 to 1130 on
day 3) providing 1.5 times calculated basal energy expenditure
(19) and containing 55% carbohydrate, 30% fat, and 15% protein.
Food items were weighed (P10; Mettler Toledo) and prepacked
by the experimenters. Subjects were instructed to ingest all the
food supplied and nothing else except water, and were asked to
return emptied containers. To further standardize muscle energy
stores, subjects were instructed to perform, under both condi-
tions, 1 h of endurance exercise on day 1, remain sedentary on
day 2, and perform a supervised constant-load cycling exercise
session (exercise 1: 2.5 h at 50% W ,,,) between 1230 and 1500
on day 3. After this session, subjects traveled by public trans-
portation to the MRI scanning facility for an initial assessment
of muscle IMCL and glycogen concentrations by MRS (MRS1:
1700-1800 on day 3). Travel time was ~90 min, with a walk
of <5 min. Subjects were escorted by an investigator to en-
sure that physical activity remained minimal and that no food
was consumed. Altogether, a comparable protocol was pre-
viously used to standardize baseline IMCL and muscle gly-
cogen concentrations (13).

MRS measurements

Noninvasive measurements of IMCLs, followed by glycogen
concentrations, in the vastus muscles were performed with the
use of a 3-Tesla whole-body scanner (Verio; Siemens) before
(MRS1: 1700 on day 3) and after (MRS2: 1700 on day 4) the
dietary interventions. To ensure reproducible anatomical posi-
tioning, the subjects’ right legs were fixed in a specially designed
cast and the first session positioning served as an intraindividual
reference. Care was taken to minimize MRI-visible extramyocellular
lipids in the voxel, and measurements were performed at the same
time of day, by the same operator. A double-tuned, linearly po-
larized proton-MRS/"*C-MRS surface coil (Lammers Medical
Technology) was used, and constant magnetic field was assessed
by a shimming package (Siemens), followed by post hoc calcu-
lation of the shim currents. To determine vastus intermedius
IMCL contents by proton MRS, a 9 X 9 X 18 mm’ voxel was
used, and nonwater-suppressed spectra (1 acquisition) and water-
suppressed spectra (96 averages) were acquired with the use of a
point-resolved spectroscopy localization sequence (retention
time: 3 s; echo time: 30 ms). Glycogen measures by 3C-MRS
targeted a larger region in the vastus lateralis and medialis, and
3 consecutive spectra (retention time: 200 ms; 2048 averages each;
7 min/spectrum) were acquired and compared with a reference
spectrum (retention time: 200 ms; 32 averages; chromium-doped
acetone, keto-group singlet on center frequency). Relaxation ef-
fects were not corrected, and spectra were analyzed with the use of

JMRUI version 3.1 (20). Water and total creatine signals were used
as internal standards to determine IMCL and glycogen concen-
trations, respectively [water reference: 39.8 mol/kg wet weight
(WW); total creatine reference: 33.8 mmol/kg WW] (13, 21).

Dietary intervention (1700 on day 3 to 1700 on day 4)

The experimental diets were provided during the whole ex-
perimental period, and were consumed partly under investigators’
supervision. Random assignment and meal preparation were
performed by an experimenter who was not otherwise involved
in the experiments, leaving subjects and investigators blinded.
Both FRU and GLU contained the same total energy and mac-
ronutrient composition (3508 = 154 kcal as 5.6 g carbohydrate/kg,
2.5 g fat/kg, and 1.9 g protein/kg), and were consumed as 8 equal
liquid meals (308 = 13 mL each) ingested at 1800, 2000, and
2200 (day 3, unsupervised), and 0800, 1000, 1200, 1400, and 1600
(day 4, supervised). This timing was selected to ensure continuous
energy provision while limiting the effect of prior exercise. The
choice of a liquid meal was made because of the convenience of
preparing accurate, tailor-made liquid diets according to the en-
ergy needs of each subject. The total energy administered
during the experimental period was calculated to match total
energy expenditure. This was done by summing each partici-
pant’s daily metabolic requirements [basal energy expenditure
(19) with a 1.4 physical activity level to account for the fact
that subjects remained in bed most of the day] and the energy
expended during exercise 1 (assuming a muscle energy effi-
ciency of 25%). Fat was provided with the use of a mixture of
fresh full cream, soy cream, and soy milk, and protein was
provided with the use of soy milk protein and whey proteins
(Whey Protein 94; Sponser Sport Food). All of these products
are available commercially. Carbohydrate was added as either
5.0 g glucose/kg in GLU, or 4.4 g fructose/kg with 0.6 g glucose/kg
in FRU [D-(+)-Glucose and D-(—)-Fructose; Sigma-Aldrich].
Using small amounts of glucose in the fructose meals prevents
intestinal fructose malabsorption (22). After MRS2, subjects
were instructed to ingest a small sandwich (347 = 11 kcal
containing 0.6 g carbohydrate/kg (mainly starch), 0.1 g fat/kg,
and 0.5 g protein/kg) under both conditions, and to continue
fasting thereafter (except for water).

Metabolic follow-up (0800-1400 on day 4)

The metabolic effects of the experimental diets were directly
assessed on day 4 (0800-1400). Fasting subjects reported to the
Clinical Research Center at 0700 and were installed on a bed
after a void. A venous cannula was inserted into a forearm vein
to allow repeated blood sampling at 0800 (baseline), 0830, 0900,
1000, 1030, 1100, 1200, 1230, 1300, and 1400. Respiratory
exchange measurements (indirect calorimetry) were performed
continuously in the fasting state (0730-0800) and, after the
provision of 3 experimental meals, at 0800, 1000, and 1200.
Throughout the test, urine was collected in a container to de-
termine urea nitrogen excretion and the exact time at which
urine collection was ended. The exact time elapsed since the
initial miction was used to calculate urinary urea excretion rate.
At 1400, metabolic follow-up was discontinued, and the subjects
were instructed to ingest the last 2 liquid meals (1400 and 1600)
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while traveling to the MRS laboratory to repeat measurements
(MRS2: 1700-1800 on day 4).

Energy metabolism during standardized endurance
exercise (0900-1200 on day 5)

The effect of the experimental diets on energy metabolism were
evaluated on day 5 during a prolonged cycling exercise session
performed in the fasting state. Upon arrival at the laboratory
(0700), subjects were asked to void. They were then weighed,
and a cannula was inserted into a forearm vein for repeated blood
sampling (0800, 0830, 0900, 0920, 0940, 1000, 1020, 1040, 1100,
1120, 1140, and 1200). After an initial baseline resting period
(0800-0900), subjects mounted the ergometer and started cycling
at a constant workload for 3 h or until exhaustion (exercise 2:
50% W max, 0900-1200). Subjects had free access to water, but
otherwise remained in a fasting state. Their energy expenditure,
respiratory exchange ratio, and substrate oxidation were measured
by indirect calorimetry. As on the previous day, urine was col-
lected throughout the test to determine protein oxidation.

Analyses

Blood samples were collected in EDTA-coated tubes and
centrifuged (10 min; 2800 X g; 4°C), and plasma aliquots were
stored at —20°C until analyzed. Plasma FFAs, triglycerides,
glucose, lactate, and urinary nitrogen were measured by enzy-
matic methods (RX Monza; Randox Laboratories), and insulin
and glucagon were determined by radioimmunoassay with the use
of commercial kits (Merck Millipore).

Calculations

Energy expenditure (kilocalories per minute) and net carbo-
hydrate, lipid, and protein oxidations (grams per minute) were
calculated from respiratory gas exchanges with the use of standard
indirect calorimetry equations (23). Net rates of oxidation mea-
sured by indirect calorimetry are a reflection of each nutrient’s
balance, but it is not possible to specify the metabolic pathways
used for each nutrient’s oxidation. For example, net carbohydrate
oxidation represents the sum of exogenous glucose, fructose, and
endogenous glycogen oxidation, without including oxidation of
glucose formed from amino acid precursors, which would be in-
cluded in net protein oxidation (24). Net protein oxidation was
calculated while assuming that urinary urea nitrogen represented
85% total nitrogen excretion, which may be overestimated during
exercise because of sweat losses. During the postprandial follow-
up, net lipid and carbohydrate oxidations were calculated post-
prandially over 6 h. Net carbohydrate storage was obtained by
subtracting cumulated net carbohydrate oxidation over 6 h from
total carbohydrate ingested over the same period, assuming
complete carbohydrate absorption. This calculation does not in-
clude the eventual storage of newly synthesized fat because de
novo lipogenesis from glucose or fructose is computed as carbo-
hydrate oxidation by indirect calorimetry equations, and, hence,
provides an estimate of net whole body glycogen storage (without,
however, differentiating between hepatic and muscle glycogen
synthesis) (24). Net IMCL and muscle glycogen synthesis over
24 h were calculated by subtracting MRS1 from MRS2 values.

ROSSET ET AL.

Statistics

Treatment allocation was determined by random generation of
blocks of 4 sequences until completion of the study. A sample size of
8 subjects was calculated (1-8: 80%; « = 0.05) to detect an ~35%
difference in IMCL recovery between fructose and glucose con-
sumption. Outlier subjects were detected by a Grubb test. Distri-
bution normality and homoscedasticity were verified with the use
of Shapiro-Wilk and Bartlett tests and data were log-transformed
when appropriate (postprandial test: glucagon, triglycerides, and
FFAs; exercise test: lactate and glucagon). Unless otherwise
specified, significance was determined with the use of a paired
Student’s ¢ test. Significance of changes over time was determined
with the use of mixed-models analysis, with fixed effects of time
and condition, and random effects for subject-specific intercepts
and slopes. Time and condition interaction and baseline values
were included in the models whenever the goodness of fit was
improved. Pearson’s correlation test was used to determine linear
associations. Subsequent exercise capacity was evaluated by plot-
ting the cycling time of subjects as a cumulative survival curve, and
both conditions were compared with the use of the log-rank test.
Analyses were performed with the use of R, version 3.0.3, and the
level of significance was set as 2-tailed P = 0.05.

RESULTS

The experimental part of the study was completed between
March 2013 and March 2014. All subjects reported that they
strictly followed the outpatient dietary and physical activity
instructions before both conditions. However, 1 subject had
highly variable muscle glycogen (FRU: 68.2 mmol/kg WW,
compared with GLU: 34.2 mmol/kg WW) and IMCL (FRU:
11.5 mmol/kg WW, compared with GLU: 7.8 mmol’kg WW)
concentrations on day 4, and was identified as an outlier
(Grubb’s test: P < 0.05). Furthermore, his muscle glycogen
concentration did not increase between day 4 and day 5. Be-
cause dietary intake was not directly supervised before MRS1
(day 3), we speculated that this subject did not adhere to the
run-in instructions, and he was therefore removed from all
analyses. In the remaining 8 subjects, body weight and heart
rate during exercise 1 were similar across conditions, as well as
day-4 IMCL (FRU: 6.5 = 1.0 mmol/kg WW compared with
GLU: 6.0 = 0.9 mmol’kg WW; P =0.22) and muscle glycogen
(FRU: 32.7 = 4.0 mmol/kg WW compared with GLU: 35.9 =
3.1 mmol/kg WW; P = 0.44) concentrations.

Follow-up of the metabolic effects of fructose and glucose
(day 4, 0800-1400)

Fasting glucose, fructose, insulin, glucagon, lactate, and tri-
glyceride concentrations were not different between FRU and
GLU (all P > 0.05) (Figure 2A-E), but fasting FFA concen-
trations were lower in FRU than in GLU (0.6 = 0.0 mmol/L
compared with 0.9 = 0.1 mmol/L, respectively; P = 0.01)
(Figure 2F). Thereafter, postprandial glucose and insulin re-
sponses were lower, and glucagon, lactate, and triglyceride
concentrations were higher in FRU than in GLU (all time X
condition: P < 0.01) (Figure 2A-E). Postprandial FFA concen-
trations were almost completely suppressed under both conditions
(Figure 2F).
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FIGURE 2 Plasma markers during postprandial follow-up (day 4, 0800-1400). Changes over time in plasma glucose (A), insulin (B), glucagon (C),
lactate (D), triglyceride (E), and free fatty acid (F) concentrations after ingestion of the meals in FRU and GLU. Values are means = SEMs, n = 8§ subjects.
Postprandial glucose and insulin responses were lower and glucagon, lactate, and triglyceride concentrations were higher in FRU than in GLU (all time X
condition: P < 0.01). Distribution normality was visually inspected and checked with the use of a Shapiro-Wilk test; glucagon, triglyceride, and free fatty acid
data were log-transformed for analyses. Metabolic effects of FRU and GLU were compared with the use of a mixed model with time and condition as fixed
effects. Time and condition interaction and baseline values were included in the models whenever the goodness of fit was improved. Paired contrasts were used
to determine differences between conditions at specific time points, *P < 0.05 and **P < 0.01. Lines: FRU and GLU significantly different over all covered
time points. Arrows: meal ingestion (0800, 1000, and 1200). FRU, fructose condition; GLU, glucose condition.

Fasting resting metabolic rate, respiratory exchange ratio,
and substrate oxidation were similar in FRU and GLU (data not
shown). Postprandial energy expenditure was higher in FRU
than in GLU (567 = 21 compared with 542 * 21 kcal/6 h,
respectively; P = 0.03), corresponding to a higher respiratory ex-
change ratio (0.81 = 0.01 compared with 0.78 = 0.01, respectively;
P < 0.01), and, hence, to an increased net carbohydrate oxidation
(FRU: 47 = 4 g/6 h compared with GLU: 29 = 3 g/6 h; P < 0.01).
Because the same amount of carbohydrate was ingested under
both conditions (165 = 7 g/6 h), carbohydrate balance (ac-
counting for whole-body glycogen storage) was lower in FRU
than in GLU (+117 = 9 compared with +135 = 9 g/6 h, re-
spectively; P < 0.01). In contrast, lipid oxidation was lower in
FRU than in GLU (31 = 2 compared with 35 * 3 g/6 h,

respectively; P = 0.02), resulting in a higher lipid balance
(FRU: +36 = 2 g/6 h compared with GLU: +32 = 2 g/6 h; P =
0.02) (Table 1). Protein oxidation and balance over 6 h were similar
across both conditions (data not shown).

Recovery of muscle energy stores (day 3, 1700, to day 4,
1700)

Two MRS measurements were performed 24 h apart to de-
termine the effects of diet on IMCL and muscle glycogen re-
pletion (Figure 3). Both FRU and GLU were effective in raising
IMCL concentrations from MRS1 to MRS2, but with no dif-
ference between treatments (FRU: +2.4 * 0.4 mmol’kg WW
compared with GLU: +2.0 = 0.6 mmol/kg WW; time: P < 0.01;

TABLE 1
Whole-body substrate balance over the 6-h follow-up (day 4, 0800—1400)"
Intake Net oxidation Storage
FRU GLU FRU GLU FRU GLU
Carbohydrate, g 165 = 7 165 =7 47 = 4% 29 & 3% 117 = 9** 135 = 9**
GLU 17 £ 1 134 = 6 — — — —
FRU 117 =5 — — — — —
Other 315 315 — — — —
Fat, g 67 =3 67 =3 31 = 2% 35 £ 3% 36 = 2% 32 = 2%

!"Values are means = SEMs, n = 8 subjects. Intake values correspond to the 3 experimental meals ingested during the postprandial metabolic follow-up.
Substrate oxidation data were averaged over the entire 6-h period, and whole-body storage was calculated by difference from intake values. ***FRU and GLU
significantly different as assessed by Student’s paired ¢ test, *P << 0.05 and **P < 0.01. FRU, fructose condition; GLU, glucose condition.
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concentrations. Distribution normality was visually inspected and checked with
the use of a Shapiro-Wilk test; no transformations were necessary for analyses.
Metabolic effects of FRU and GLU were compared with the use of a mixed
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condition interaction, and baseline values were included in the models when-
ever the goodness of fit was significantly improved. “Before and after dietary
intervention significantly different, P < 0.01. Ex, exercise; FRU, fructose
condition; GLU, glucose condition; IMCL, intramyocellular lipid.

time X condition: P = 0.45) (Figure 3A). Muscle glycogen contents
were also effectively but similarly raised in FRU and GLU (+10.9 =
0.9 mmol/kg WW compared with +12.3 = 1.9 mmol’kg WW, re-
spectively; time: P << 0.01; time X condition: P = 0.45) (Figure 3B).

To obtain information regarding potent precursors of these
stores, we determined linear associations between mean plasma
concentrations of circulating substrates (metabolic follow-up)
and muscle energy storage (Figure 4). Glycogen repletion was as-
sociated with plasma glucose under both conditions (GLU: r = 0.77
and P = 0.02; FRU: r = 0.84 and P < 0.01) (Figure 4A), and with

>
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plasma lactate only in FRU (r = 0.75 and P = 0.03) (Figure 4B). No
other relations were found.

Energy metabolism during subsequent exercise (day 5,
0900-1200)

On day 5, the subjects who fasted overnight, reported to the
laboratory for an endurance exercise trial (3 h at 50% W ,,.: 180 =
10 W). Pre-exercise body weight, glucose, lactate, FFA, tri-
glyceride, insulin, and glucagon concentrations, as well as energy
expenditure, respiratory exchange ratio, and substrate oxidation,
were all similar in FRU and GLU (data not shown; all P > 0.05).
In contrast to GLU, in which all subjects cycled for 3 h, 4 of 8
subjects were unable to maintain the target power output after the
diet provided in FRU (Figure 5), suggesting an impaired endurance
exercise capacity (mean completion: 2 h 48 min = 0 h 05 min;
log-rank test: P = 0.03) (Figure 5A). Plasma glucose concentra-
tions increased transiently at the beginning of exercise, but then
declined progressively under both conditions to reach signifi-
cantly lower values in FRU than in GLU (time: P < 0.01; time X
condition: P = 0.01) (Figure 5B). Plasma lactate concentrations
were initially lower, but increased more during exercise in FRU
than in GLU (time X condition: P = 0.03) (Figure 5C), whereas
FFA concentrations were similarly raised under both conditions
(time X condition: P = 0.80) (Figure 5D). At the last point com-
pleted by all subjects (i.e., at 1120), the lower plasma glucose
concentration in FRU than in GLU (3.6 £ 0.3 compared with 4.2 =
0.1 mmol/L; P < 0.01) (Figure 5A) was associated with higher
glucagon (183 = 3 compared with 89 * 6 pg/mL, respectively;
P < 0.01) (Figure 5F) and similarly low insulin (4.6 = 0.4 com-
pared with 4.8 = 0.3 uU/mL, respectively; P = 0.48) (Figure 5E)
concentrations, suggesting that endogenous glucose output was
impaired in FRU.

During exercise, mean energy expenditure (14.1 = 0.6
compared with 14.1 £ 0.4 kcal/min, respectively; P = 0.98),
respiratory exchange ratio (0.83 = 0.01 compared with 0.84 *
0.01 g/min, respectively; P = 0.18), carbohydrate oxidation
(1.62 £ 0.12 compared with 1.70 £ 0.12 g/min, respectively;
P =0.63) and lipid oxidation (0.70 * 0.10 compared with 0.67 =
0.10 g/min, respectively; P = 0.29) were not significantly different
between FRU and GLU. Protein oxidation, however, was slightly
higher in FRU than in GLU (0.06 = 0.02 compared with 0.05 =
0.01 g/min, respectively; P = 0.03).
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FIGURE 4 Associations between muscle glycogen synthesis and mean glucose (A) and lactate (B) concentrations after the ingestion of FRU or GLU
meals. For each condition, n = 8 subjects. Distribution normality was visually inspected and checked with the use of a Shapiro-Wilk test; no transformations
were applied. Linear relation between covariates was determined with the use of a Pearson’s test, and correlation coefficients with corresponding P values are
indicated. FRU, fructose condition; GLU, glucose condition; WW, wet weight.
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toward higher glucagon response in FRU than in GLU (time X condition: P = 0.09) and similarly decreased insulin (time X condition: P = 0.72). Distribution
normality was visually inspected and checked with the use of a Shapiro-Wilk test; lactate and glucagon data were log-transformed for analyses. FRU, fructose

condition; GLU, glucose condition.

DISCUSSION

The aim of this study was to determine how fructose or glucose
ingested with mixed meals would contribute to postexercise
muscle lipids and, more importantly for subsequent perfor-
mance, glycogen repletion. We hypothesized that fructose
would favor IMCL repletion and alter muscle glycogen syn-
thesis (8, 25). To assess this hypothesis, we studied healthy
volunteers after a single session of exercise that decreased
IMCL and glycogen concentrations to values close to those
reported in the literature under similar conditions (10, 12).
Participants thereafter consumed liquid mixed meals that
contained glucose or fructose, which elicited postprandial re-
sponses consistent with reports that compared fructose- and
glucose-based meals in resting humans (15, 17).

Contrary to our hypothesis, fructose- and glucose-containing
meals induced comparable IMCL repletion. This occurred de-
spite 1.5-fold higher plasma triglyceride concentrations in FRU
than in GLU, suggesting that muscle fatty acid uptake was not
dependent on triglyceride-rich lipoprotein concentrations. One
explanation could be a higher insulin-induced vasodilation in
GLU than in FRU (26), thus compensating for lower triglyceride
concentrations by greater muscle blood flow. Alternatively, this
may reflect that IMCL synthesis is mainly dependent on whole-
body lipolysis and plasma FFA concentrations (27, 28), and that
increased concentrations of plasma triglyceride-rich lipoproteins
contributed little to this process. Consistent with a prime role of
FFAs in IMCL synthesis (11), postprandial FFA concentrations

were indeed not different between the 2 conditions. Further
specifically designed experiments will be needed to identify the
metabolic pathways used for IMCL repletion in FRU.

Both FRU and GLU resulted in similar muscle glycogen re-
pletion. This was unexpected, because plasma glucose and in-
sulin, which are prime determinants of muscle glycogen
synthesis, were markedly higher in GLU than in FRU. FRU, but
not GLU, increased postprandial fructose concentrations, but to
values an order of magnitude lower than plasma glucose con-
centrations. This, and the lower affinity of muscle hexokinase
for fructose than glucose, strongly suggests that plasma fructose
was not a major precursor of muscle glycogen (9, 10). The
possibility that the small amounts of glucose present in FRU
were sufficient to reach a plateau in muscle glycogen repletion is
also very unlikely, considering the dose-response relations
between glucose loads, postprandial glycemia, and muscle gly-
cogen synthesis (1). Rather, we postulate that the similar muscle
glycogen repletion in FRU and GLU was mainly explained by
conversion of fructose-derived circulating glucose and lactate.
Such muscle glycogen synthesis from lactate has been described
in animal models, with considerable between-species variations
(29). Muscle glycogen synthesis has further been shown to be
stimulated by increased lactate concentrations (30). No similar
data are currently available in humans after oral fructose con-
sumption, but it has been reported that lactate contributed to
muscle glycogen repletion when fructose was administered in-
travenously after exercise (31).
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Compared with glucose consumption, fructose consumption
increased postprandial energy expenditure and net carbohydrate
oxidation. As a consequence, whole-body carbohydrate storage,
calculated as the difference between ingested and oxidized
carbohydrate over the 6 h during which resting indirect calo-
rimetry was performed, was 18 g lower in FRU than in GLU. This
provides a reliable estimate of whole-body glycogen storage (24)
when carbohydrate absorption is complete. For FRU, this may not
hold true because of fructose malabsorption (32). Fructose
malabsorption would, however, result in an overestimation of
whole-body glycogen storage, and, hence, an underestimated
difference in glycogen storage between FRU and GLU. Carbo-
hydrate oxidation was monitored for 6 h under supervised resting
conditions, but cannot be extrapolated to the whole 24 h because
physical activity, although maintained as low as possible, was
certainly higher during the rest of the day. One may nonetheless
speculate that whole-body net carbohydrate oxidation remained
higher, and, hence, that whole-body glycogen storage was lower
in FRU than in GLU. Given that muscle glycogen repletion was
similar with the consumption of both sugars, one may then
suspect that hepatic glycogen synthesis was somewhat lower with
fructose consumption than with that of glucose. This conclusion
is at odds with several reports showing that fructose is a better
hepatic glycogen precursor than glucose (8, 25, 33), and will need
to be confirmed with direct assessment of hepatic glycogen in
future studies.

Glucose and fructose also altered metabolic homeostasis
differently during a subsequent standardized exercise session.
This part of our experimental protocol was mainly exploratory
and did not intend to specifically assess hepatic or muscle me-
tabolism. Yet, plasma glucose concentrations decreased more
sharply and were significantly lower in the second session of
exercise, whereas glucagon increased earlier in FRU than in
GLU. This would certainly be consistent with lower hepatic
glycogen concentrations and lower hepatic glucose production in
FRU, but we cannot discard the fact that other mechanisms, such
as increased muscle glucose transport, may occur. Although it
was not our aim to evaluate exercise performance, we also ob-
served that one-half of the subjects had to stop exercising in FRU,
whereas all subjects were able to complete the exercise in GLU.
This strongly suggests that exercise performance may not be
adequately maintained by a very high fructose diet administered
during postexercise recovery. In this context, our observation of
higher plasma glucagon and lactate concentrations in FRU may
reflect counterregulatory responses to low endogenous glucose
production. Failure to complete the exercise trial may then be
related to lower glycemia, which may be associated with lower
energy supply to both skeletal muscle and the brain, and, hence,
to both impaired muscle performance and increased central
fatigue (34). This remains, however, an academic rather than
practical issue, because our experimental diets were designed to
assess the effects of mixed meals comprising fructose or glucose
on muscle energy repletion, but were not aimed at providing
practical recommendations for athletes. This would require
further studies focused on exercise performance, and including
various ratios of fructose to glucose, rather than the individual
sugars.

This study presents several limitations. First, we studied
trained athletes because of their high turnover of glycogen and
IMCLs. However, this population also exhibits high oxidative
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capacity and insulin sensitivity, both of which could affect muscle
energy storage. Second, we did not measure hepatic glycogen,
nor did we measure substrate kinetics. Third, we designed liquid
meals from commercially available foods and nutrients and
administered them as split doses every 2 h for convenience and
purposes of accuracy. This could have affected our results, which
may not be extrapolated to other nutrient sources. The FRU
diet also contained much larger ratios of fructose to glucose than
usually consumed. Our aim was, however, not to develop a novel
feeding procedure for athletes, but to assess whether fructose
specifically affected the metabolic pathways used for muscle
energy storage.

In conclusion, this study indicates that pure fructose or glucose
ingested together with fat and protein in the 24 h period after a
strenuous exercise session leads to similar energy storage in
IMCLs and muscle glycogen. Muscle glycogen synthesis was
likely fueled in FRU by glucose and lactate derived from fructose
and released into the blood by splanchnic organs. Net whole-body
glycogen storage was lower, and performance during sub-
sequent exercise was decreased in FRU.
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Abstract: Glucose-fructose ingestion increases glucose and lactate oxidation during exercise. We
hypothesized that training with glucose-fructose would induce key adaptations in lactate
metabolism. Two groups of eight sedentary males were endurance-trained for three weeks while
ingesting either glucose-fructose (GF) or water (C). Effects of glucose-fructose on lactate appearance,
oxidation, and clearance were measured at rest and during exercise, pre-training, and post-training.
Pre-training, resting lactate appearance was 3.6 = 0.5 vs. 3.6 + 0.4 mg-kg''min~ in GF and C, and
was increased to 11.2 + 1.4 vs. 8.8 £ 0.7 mg-kg-min' by exercise (Exercise: p <0.01). Lactate oxidation
represented 20.6% + 1.0% and 17.5% + 1.7% of lactate appearance at rest, and 86.3% + 3.8% and 86.8%
* 6.6% during exercise (Exercise: p < 0.01) in GF and C, respectively. Training with GF increased
resting lactate appearance and oxidation (Training x Intervention: both p < 0.05), but not during
exercise (Training x Intervention: both p > 0.05). Training with GF and C had similar effects to
increase lactate clearance during exercise (+15.5 + 9.2 and +10.1 + 5.9 mL-kg-min™; Training: p <
0.01; Training x Intervention: p=0.97). The findings of this study show that in sedentary participants,
glucose-fructose ingestion leads to high systemic lactate appearance, most of which is disposed non-
oxidatively at rest and is oxidized during exercise. Training with or without glucose-fructose
increases lactate clearance, without altering lactate appearance and oxidation during exercise.

Keywords: glucose; fructose; lactate; lactate metabolism; substrate oxidation; carbohydrate; exercise

1. Introduction

During moderate and high intensity exercise, muscle energy needs are essentially met by
carbohydrate oxidation [1] and muscle performance is dependent on both muscle glycogen and
plasma glucose concentrations [2—4]. Plasma glucose entry into skeletal muscle is activated by
contraction [5] and depends on systemic glucose appearance, i.e., the sum of endogenous glucose
production (hepatic glycogen breakdown and gluconeogenesis) and gut glucose absorption [1,6].
Accordingly, whole-body and muscle glucose oxidation can be enhanced by glucose ingestion that
increases plasma glucose appearance and muscle glucose uptake [6]. A portion of glucose is actually
made indirectly available through glycolytic lactate production in some muscle fibers, followed by
lactate uptake and oxidation in other fibers [7]. These lactate “shuttles” may possibly increase muscle
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energy substrates provision when glucose transport and/or glycolytic capacity is saturated.
Endurance training has also been well-established to increase the expression of proteins involved in
lactate transport and metabolism [8], suggesting that lactate can be a major energy substrate for the
trained muscle [7,9]. Alternatively, lactate can also be recycled into glucose (gluconeogenesis), with
recent indications that this can be altered in trained subjects [10,11].

The oxidation rate of exogenous glucose increases dose-dependently up to =1 g-min, but then
plateaus at higher glucose ingestion rates [4]. Co-ingestion of glucose and fructose can further
increase exogenous [12] and net carbohydrate oxidations [13], and can also improve exercise
performance [14]. This has been attributed to glucose and fructose being absorbed through distinct
transporter proteins in the apical membrane of enterocytes, thus allowing for a higher rate of total
gut carbohydrate absorption [4]. In addition, a substantial portion of ingested fructose is converted
into lactate in the liver, to increase plasma lactate concentration and lactate delivery as an energy
substrate to working muscle [15,16].

Fructose absorption is poor when it is ingested alone, but is markedly enhanced by glucose co-
ingestion [17]. Furthermore, gut fructose transport is potently induced by fructose itself, and fructose
absorption increases within a few days upon chronic fructose ingestion [9]. One may therefore
suspect that the beneficial effects of ingesting glucose and fructose mixtures during exercise may
depend on their chronic use during training. In addition, hyperlactatemia is thought to be
instrumental in training-induced increase in lactate clearance by the stimulation of muscle lactate
transporters [9]. We therefore postulated that the combined, repeated effects of exercise and glucose-
fructose ingestion may significantly impact training-induced adaptation of muscle lactate
metabolism. To assess this hypothesis, we enrolled two groups of healthy sedentary males in a 3-
week training program during which they consumed glucose-fructose drinks (GF intervention) or
plain water as a control (C intervention) during training sessions.

2. Materials and Methods

2.1. Participants

Sixteen healthy young males (mean * standard error (SEM) age: 25 + 1 years; weight: 73.2 + 2.0
kg; body mass index: 22.9 + 0.4 kg-m2) completed this study. One additional volunteer dropped out
prior to the interventions and was hence removed from all analyzes. At inclusion, all participants
were sedentary and low-sugar consumers (exercise: <1 h-week™ and sugar intake: <60 g-day!) and
were asked to maintain their lifestyle with the exception of the supervised exercise sessions
prescribed in the study protocol. They were fully informed of the nature and risks involved by the
procedures, in accordance with the 1983 revision of the Declaration of Helsinki. All experiments were
performed at the Clinical Research Center, Lausanne, Switzerland, after approbation by the local
ethics committee. This study was registered at ClinicalTrials.gov database as NCT01610986.

2.2. Study Design

Prior to the 3-week exercise training program, participants underwent two pre-training visits to
determine baseline characteristics. Maximal oxygen consumption (VO:zmax), maximal aerobic
workload (Wmax), and workload eliciting the lactate turnpoint (Wcr) were assessed at the first visit.
At a second visit 48 h later, plasma glucose and lactate metabolism were investigated at rest and
during moderate-intensity exercise when fed glucose-fructose (metabolic evaluation). Participants
were then separated into two parallel groups, and both groups performed 15 sessions of supervised
moderate-intensity laboratory cycling on an ergometer (60 min each; 5 day-week™) either with
glucose-fructose drinks in GF or water in C. Finally, preliminary visits were repeated post-training
(beginning 48-72 h after the last training session) to assess the effect of exercise training with glucose-
fructose ingestion on metabolic response to these drinks, at rest and during exercise (Figure 1). To
assume comparable glycogen concentrations between interventions, participants filled food diaries
and were instructed to repeat dietary intake and physical activity patterns the 48 h prior to each visit.
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Figure 1. Study design (a) and description of the metabolic evaluations (b). Drinks containing 19 g
glucose and 12 g fructose were administered at time 0, 30 and 60 min at rest, and at 20 min intervals
during exercise. Primed-continuous infusions of (6,6-?Hz)-D-(+)-glucose and Na-(3-'3C1)-L-(+)-lactate
were started at time 0, and resting measurements were obtained after 60 min equilibration.
Continuous infusion rates were upgraded at the beginning of exercise at time 100 min (see methods
for further details). GF: intervention in which glucose-fructose drinks were provided during training
sessions; C: control intervention in which plain water was provided during training sessions.

2.3. Incremental Exercise-Testing

Overnight fasted participants performed an incremental test to exhaustion on a cycle ergometer
(Ergoselect 100, Ergoline GmbH, Bitz, Germany) pre-training and post-training. Respiratory gas
exchanges (SensorMedics Vmax; Sensormedics Corp., Yorba Linda, CA, USA) and heart-rate (Polar
5810; Polar Electro Oy, Kempele, Finland) were continuously monitored throughout the test. Briefly,
after a resting period of 5 min and a warm-up of 5 min at 40 W, ergometer workload was increased
by 25 W every 3 min. As VCO2 exceeded VO, ergometer workload was increased by 25 W every
minute until volitional exhaustion. VOzmax and Wmax were determined as previously described [13]
and used to determine training intensities. Earlobe blood lactate concentration was measured at the
end of each step (Lactate Pro, Arkray, Kyoto, Japan). Participants were then familiarized to the
endurance capacity task (pre-training) or could leave the laboratory (post-training).

2.4. Metabolic Evaluations

Participants were instructed to remain sedentary, filled food diaries and had to avoid caffeine,
alcohol and ¥*C-rich foods the 48 h before metabolic evaluations. Overnight-fasted participants
reported to the metabolic unit at 0700 h and, after a void, were weighed and installed on a bed. One
indwelling venous cannula was then inserted into an antecubital vein for blood sampling. This
forearm was then constantly placed under a heating pad to open arteriovenous anastomoses,
allowing for accurate determination of substrate exchanges in arterialized venous blood [18]. Another
cannula was inserted into a vein of the opposite forearm for the infusion of stable isotopes tracers
(Cambridge Isotope Lab., Andover, MT, USA). After background sampling at 0800 h (time = 0 min),
a labelled-bicarbonate bolus (Na-H"COs: 3.05 g) and primed continuous infusions of glucose ((6,6-
2H2)-D-(+)-glucose; prime: 2 mg-kg; continuous: 0.02 mg-kg'-min) and sodium lactate (Na-(3-3C1)-
L-(+)-lactate; prime: 0.4 mg-kg™; continuous: 0.02 mg-kg'-min) were started. Infusion rates were
tripled during exercise to account for increased substrate kinetics.

The metabolic evaluation consisted of a resting period (time = 0-90 min) in which participants
remained in the supine position, followed by a continuous exercise session (time = 100-190 min) at
45% pre-training VOomax (i.e., at the same workload pre-training and post-training). This intensity
aimed to elicit the greatest effect of endurance-training on lactate metabolic clearance [19]. Glucose-
fructose sweetened drinks (193 mL of a 9.8% glucose, 6.2% fructose drink flavored with 2% lemon
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juice and 1.17 g-L-' NaCl) were provided at time = 0 then every 30 min at rest, and every 20 min
during exercise. Blood and expired air samples were collected at time =0, 30, 60, 75, and 90 min (rest),
then 130, 145, 160, 175 and 190 min (exercise). Energy expenditure and substrate oxidation were
measured by open-circuit indirect calorimetry (Quark RMR, Cosmed, Roma, Italia) in the last 30 min
of rest and for 5 min intervals during exercise (SensorMedics Vmax; Sensormedics Corp, Yorba Linda,
CA, USA). After 190 min, infusions were stopped and participants” urine was collected to estimate
protein oxidation.

Twenty-five minutes later, ergometer workload was set at 85% of the current VOzmax and
participants were asked to cycle at 60 rpm until exhaustion to measure endurance capacity.

2.5. Training Intervention

Starting 48-72 h after the pre-training evaluation, participants entered a supervised endurance-
training program of 1 session-d-!, 5 day-week™ over 3 weeks. Each session consisted of 60 min cycling
at a constant workload, with intensities set as 50% (sessions 1-3), 55% (sessions 4-6), 60% (sessions
7-9), and 65% (sessions 10-15) of pre-training VOamax. Experimental interventions differed by the
drinks provided during sessions: the GF group ingested three 163 mL doses of glucose-fructose
drinks provided —20, 0, and +20 min referred to exercise onset, while the C group correspondingly
received water. Participants were instructed to have their last meal at least two hours before exercise
onset. Earlobe blood lactate concentration was measured at 0, 30 and 60 min (Lactate Pro, Arkray,

Japan).

2.6. Analytical Procedures

Arterialized venous blood samples were collected on lithium heparin for measurement of
glucose, lactate, fructose, and tracers, with ethylenediaminetetraacetic acid (EDTA)-coated tubes for
free fatty acids, triglycerides and insulin or with trasylol-EDTA for glucagon. Plasma was
immediately separated by centrifugation (10 min; 2800x g; 4 °C), and aliquots were stored at —20 °C
until analyzed. Plasma glucose, lactate, free fatty acids, and urinary nitrogen concentrations were
determined using a semi-automated clinical chemistry analyzer (RX Monza, Randox Laboratories
Ltd., Crumlin, UK). Insulin and glucagon concentrations were obtained by radioimmunoassay using
commercial kits (Merck Millipore, Billerica, MA, USA).

Expired air ¥CO: isotopic enrichments were obtained by isotope-ratio mass spectrometry
(IRMS) (SerCon Ltd., Crewe, UK), as previously described [13]. Gas chromatography-mass
spectrometry (GCMS) (Hewlett-Packard Instruments, Palo Alto, CA, USA) was used to measure
plasma fructose concentration [13] and plasma (**Ci)lactate and (2Hz)glucose isotopic enrichments [20,21].
Plasma (**C)glucose enrichments were measured by GC/C/IRMS [22] (Thermo Scientific, Bremen,
Germany).

2.7. Calculations

Energy expenditure and substrate oxidation were calculated from respiratory gas exchanges
using standard equations [23]. When exceeding VO, VCO: values were set as corresponding to VO
to reflect aerobic metabolism, and CO: isotopic enrichment was corrected for bicarbonate
retention [24]. Rates of plasma glucose and lactate appearance, disposal, and metabolic clearance
were calculated using Steele’s equations for non-steady state using a volume of distribution of 180
mL-kg™ for both substrates [25]. Plasma lactate oxidation, non-oxidative lactate disposal (NOLD),
and gluconeogenesis from lactate were calculated as:

lactate disposal - VCO: - *CO2
F-k-89.08

Lactate oxidation = (mg-kg-min-T) (1)

NOLD = lactate disposal — lactate oxidation (mg-kg-min™) (2)

(*C)glucose - 6 - glucose appearance
(®*C)lactate

Gluconeogenesis from lactate = (mg-kg'-min-1) (3)



Nutrients 2017, 9, 411 5o0f 14

where ¥COzand (1*C)glucose represent '*carbon isotopic enrichments in expired CO2 (atom% excess)
and plasma glucose (atom% excess), (**C)lactate is (M+1)lactate isotopic enrichment (mol% excess), F
is (3-13Ci)lactate infusion rate, k is a correction factor for *C losses in body pools during substrate
oxidation [24] (rest: k = 0.8; exercise: k = 1.0), 89.08 is the molar weight of lactate and 6 is the number
of mole of CO2 per mole of glucose. To minimize tracer assumptions, mean values of the last 30 min
of rest (time = 60, 75 and 90 min) and exercise (time = 160, 175 and 190 min) are reported in figures
(see results). Lactate turnpoint was obtained by the D-max method [18].

2.8. Statistics

Interventions allocation was determined by random generation of four-sequence blocks. A
sample size of 16 participants was estimated (1-B: 90%; o = 0.05) to detect ~15% difference in lactate
clearance gain between GF and C. Normality and homoscedasticity were first checked visually, then
using Shapiro-Wilk and Bartlett tests. Data were transformed in their square root when appropriate
(plasma lactate, fructose, free fatty acids and insulin concentrations, carbohydrate and lipid
oxidations, endurance capacity). Baseline values were compared using Student’s t-tests. Evolving
data were analyzed using mixed-models, with training (T) and intervention (I) as fixed effects and
random effects for participant-specific intercepts and slopes. The training and intervention
interaction (T x I), baseline (B) and exercise (E) effects were included in models whenever improving
goodness of fit. Paired contrasts were used to determine differences between pre-training vs. post-
training (symbol: #) and rest vs. exercise periods (symbol: $), and unpaired contrasts to compare GF
vs. C interventions (symbol: *). Analyses were run on R version 3.1.3 (R Foundation for Statistical
Computing, Vienna, Austria). p <0.05 was considered significant. Data are presented as mean + SEM.

3. Results

3.1. Participants Characteristics and Training Effectiveness

This study was completed between April 2012 and December 2014. All participants reported to
have followed dietary instructions, completed every exercise session under investigators’
supervision and remained weight-stable throughout the experiments (T effect: p = 0.66; T x I effect: p
=0.54). Plasma lactate concentration was monitored immediately before and during training sessions.
Ingestion of GF increased pre-session lactate as compared to C. Lactate was then increased by exercise
but, interestingly, mean concentrations after 30 and 60 min exercise were not different (Figure 2: rest:
p <0.01; exercise: both p > 0.05).

4-GF 4A-C

NN

g —

©

E 2 - *

E

[J]

g

8 0 Exercise session
0 30 60
Time [min]

Figure 2. Changes over time of earlobe blood lactate concentration in GF and C groups during training
sessions. GF received glucose-fructose drinks and C received water —20, 0, and +20 min relative to
exercise onset. Effects of exercise (E) and intervention (I) were compared using a mixed-model
analysis. Paired and unpaired contrasts were used to determine differences between rest and exercise
(E effect: time = 0 min vs. time = 30-60 min: $: p <0.01) and GF vs. C (I effect: *: p < 0.05). Mean + SEM
for n = 8 participants in all groups.
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Training was effective in both GF and C and increased VO2max, Wmaxand Wrr to similar extents
(Table 1: all T effects: p <0.01; T x I effects: p > 0.05). Consistent with improved conditioning, the fixed
workload of the metabolic evaluation corresponded to lower relative exercise intensities post-training
(GF and C, respectively 41% and 42% VOzmax) than pre-training (45% VO:zmax by design). Heart rate
was decreased similarly in GF and C (all T effects: p <0.01; all T x I effects: p > 0.05).

Table 1. Participants” body weight and performance parameters.

GF Pre GF Post C Pre C Post
Body weight (kg) 73.7+30 73.6+x28 729+29 731+3.0
VOzmax (mL-kg'min') 443+23 484+20# 464+22 494+21#%
Winax (W) 249 + 20 281+19 # 249 + 16 287 +21 #
Wit (W) 156 + 15 180+15# 156 + 12 181+14 #

Endurance capacity (s) 663 +110 1134+163 # 687 +177 1455+293 #

Changes of participants’ body weight and performance parameters. Baseline values were compared

using an unpaired Student’s t-test. Effects of training interventions were compared using a mixed-
model analysis. Paired contrasts were used to determine differences between pre- vs. post-training (T
effect: #: p < 0.01). GF: glucose-fructose intervention; C: control intervention; Pre: pre-training; Post:
post-training; VOzmax: maximal oxygen consumption; Wmax: maximal workload; Wir: workload at
lactate turnpoint. SEM: standard error of the mean; Mean + SEM for n = 8 participants in all groups.

3.2. Metabolic Evaluation: Plasma Substrates and Hormones

In overnight-fasted participants, training increased fasting glucose similarly in GF and C (Figure
3a: T effect: p < 0.01; T x I effect: p = 0.69), but did not affect plasma fructose, lactate, insulin and
glucagon concentrations (Figure 3b,c, Figure Sla,b for insulin and glucagon: all effects: p > 0.05).
Fasting free fatty acids concentration was decreased after training only in C (Figure Slc: T x I effect:
p =0.02).

With repeated ingestion of glucose-fructose drinks, glucose, lactate and fructose concentrations
(Figure 3a—c) rapidly increased to stabilize in the last part of the resting period (time = 60-90 min).
Plasma insulin followed the same time course, whereas glucagon decreased and free fatty acids were
decreased below detectable values (Figure Sla—c; all T effect: p < 0.01). Regarding the effects of the
interventions, plasma glucose was not affected by training (Figure 3a: T effect: p = 0.86; T x I effect: p
= 0.56), while plasma lactate was decreased post-training compared to pre-training in both GF and C
(Figure 3b: T effect: p = 0.02; T x I effect: p = 0.18). Plasma fructose tended to be increased in GF and
decreased in C (Figure 3c: T effect: p = 0.39; T x I effect: p = 0.06) and other parameters were not altered
by the interventions (Figure Sla—c: all T and T x I effects: p > 0.05).

As compared to rest, exercise then decreased glucose, lactate and insulin and increased fructose
and glucagon concentrations (all E effects: p < 0.01) to new steady-state values in the last part of the
exercise period (time = 160-190 min). However, free fatty acids concentrations remained below the
detection limit (Figure Slc: E effect: p > 0.05). Plasma lactate was decreased post-training compared
to pre-training in both GF and C (Figure 3b: T effect: p < 0.01; T x I effect: p = 0.13), while plasma
glucose, fructose, free fatty acids, insulin and glucagon were unaffected by the interventions (Figure
3a,b, Figure Sla—c for insulin, glucagon and free fatty acids: all effects: p > 0.05).
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Figure 3. Changes over time of plasma (a) glucose, (b) lactate and (c) fructose concentrations in GF
(left) and C (right) participants during metabolic evaluations. Glucose-fructose drinks were provided
both at rest (time = 0-90 min) and during exercise (time = 100-190 min) in all tests. GF pre-training
(GF Pre) and C pre-training (C Pre) is indicated in white, GF post-training (GF Post) in black and C
post-training (C Post) in grey. Effects of exercise and interventions were compared using a mixed-
model analysis. Paired contrasts were used for rest vs. exercise periods (E effect: $: p <0.01) and pre-
vs. post-training (T effect: #: p < 0.05; ##: p < 0.01). Dashed zones: Measures considered for tracer
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calculations. Mean + SEM for n = 8 participants in all groups.

3.3. Metabolic Evaluation: Isotopic Enrichments

7 of 14

Glucose, lactate and COz isotopic enrichments (Figure 4) of the last 30 min of rest (time = 60-90
min) and exercise (time = 160-190 min) were selected to determine glucose and lactate metabolisms
at rest and during exercise. Mean (2Hz)glucose and (**C)glucose isotopic enrichments were increased
from rest to exercise, but were not affected by both GF and C interventions (Figure 4a,b: E effects: p <
0.01; all T and T x I effects: p > 0.05). At rest, (3C)lactate isotopic enrichment was distinctly affected
after GF and C (Figure 4c: T effect: p = 0.89; T x I effect: p = 0.02), and the difference was no longer
significant during exercise (Figure 4c: T effect: p =0 .61; T x I effect: p = 0.18). *CO2 isotopic enrichment
was increased from rest to exercise, without being affected by GF or C (Figure 4d: E effect: p <0.01;
all T and T x I effects: p > 0.05).
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Figure 4. Changes over time of plasma (a) (?Hz)glucose, (b) (*C)glucose, (c) (**Ci)lactate and (d)
expired air ®CO2 isotopic enrichments in GF (left) and C (right) participants during metabolic
evaluations. Glucose-fructose drinks were provided in all tests, both during rest (time = 0-90 min)
and exercise (time = 100-190 min) periods. GF pre-training (GF Pre) and C pre-training (C Pre) is
indicated in white, GF post-training (GF Post) in black and C post-training (C Post) in grey. Effects of
exercise and training interventions were compared using a mixed-model analysis. Paired contrasts
were used for rest vs. exercise periods (E effect: $: p <0.01) and training x interventions (T x I effect: *:
p <0.05). Dashed zones: Measures considered for tracer calculations. Mean + SEM for 1 = 8 participants

in all groups.

3.4. Metabolic Evaluation: Glucose Metabolism

Summarized as mean values for selected periods of rest and exercise (Table 2), glucose
appearance was similar in GF pre-training, GF post-training, C pre-training and C post-training at
rest (T effect: p = 0.19; T x I effect: p = 0.99), then was increased to the same extent by exercise in all
evaluations (E effect: p <0.01; T effect: p=0.71; T x I effect: p=0.98). Glucose disposal was also similarly
increased by exercise (rest: T effect: p =0.19; T x I effect: p = 0.62; exercise: E effect: p <0.01; T effect: p
=0.38; T x I effect: p =0.90). Glucose clearance was also increased by exercise as compared to rest and
remained constant after training in both GF and C (rest: T effect: p = 0.70; T x I effect: p = 0.74; exercise:
E effect: p <0.01; T effect: p = 0.78; T x I effect: p = 0.86).
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Table 2. Glucose and lactate fluxes in the resting and exercise periods

GF Pre GF Post C Pre C Post
Glucose appearance Rest 56+0.3 58+0.2 51+04 54+04
(mg-kg!'min-1) Exercise 10.8+0.6 $ 109+05$% 105+0.3$% 10.7+03$%
Lactate (mg-kg--min-) Res't 0.5+0.1 0.7+0.1% 0.3+0.0 03+0.1*
Exercise 12+02% 1.1+£02% 0.7+0.1% 0.7+02%
. Rest 51+03 5.1+0.2 4.8+0.5 51+04
Other (mg kg™ min™) Exercise 96+06% 98406 98+03% 99+03%
Glucose disposal (mg-kg--min-!) Res.t 6.2+0.5 64+04 55+0.6 6.0+0.5
Exercise 10.8+0.7 % 112+05% 10.5+0.3 % 10.8+0.3 %
Glucose dlearance (mikg tmin) Rest 5005 5004 44+06 47504
Exercise 112+09% 115207 % 115+06% 115+03%
Lactate appearance Rest 3.6+0.5 52+0.7* 3.6+0.4 2.6+0.5*
(mg-kg'-min?) Exercise 112+14% 121+15% 88+0.7% 83+09%
Lactate disposal (mg kg -min-1) Rest 3.4+05 5.0+0.7 ** 32+04 2.5+04 **
Exercise 113+14% 121+15% 91+£07% 84+10%
Oxidation (mg'kg-min) Rest 0.7+0.1 0.9+0.1* 0.6+0.1 04+0.1%
Exercise 9.7+14% 106+1.7% 79+1.0% 73+x1.1%
. Rest 27+04 4.1+£0.6** 27+04 2.0+0.4 **
NOLD (mg kg min) Exercise 15+03$% 15404 12406 1.0+05%
Lactate clearance (mL-kg -min"1) Res.t 17.8+3.0 269+49* 16.0+2.6 13.1+26*
Exercise 75.5+8.7% 91.0 £ 9.6 $¢ 476+47% 57.6 +7.0 $#

Mean values during rest (time = 60-90 min) and exercise (time = 160-190 min) periods of metabolic
evaluations performed pre-training (Pre) and post-training (Post). Effects of exercise and training
interventions were compared using a mixed-model analysis. Paired and unpaired contrasts were used
for rest vs. exercise periods (E effect: $: p <0.01), pre- vs. post-training (T effect: #: p <0.01) and training
x interventions (T x I effect: *: p <0.05; **: p <0.01). NOLD: non-oxidative lactate disposal. Mean + SEM
for n = 8 participants in all groups.

3.5. Metabolic Evaluation: Lactate Metabolism

Distinctly from glucose metabolism, lactate metabolism was affected by GF and C interventions.
Post-training, mean lactate appearance was increased in GF and decreased in C at rest (T effect: p =
0.56; T = I effect: p < 0.01). Lactate appearance was then significantly increased by exercise and,
interestingly, the difference between GF and C interventions was no longer significant during
exercise (E effect: p <0.01; T effect: p = 0.68; T x I effect: p = 0.16). Lactate disposal was also differently
affected by GF and C interventions at rest (T effect: p = 0.41; T x I effect: p <0.01) and was increased
by exercise (E effect: p < 0.01) during which differences between interventions were no longer
significant (T effect: p = 0.91; T x I effect: p = 0.12). Lactate clearance followed the same trend at rest in
which it was also differently affected by GF and C (T effect: p = 0.30; T x I effect: p = 0.02) and was
then increased by exercise as compared to rest (E effect: p < 0.01). During exercise, lactate clearance
was interestingly enhanced post-training compared to pre-training, but to similar extents in both GF
and C (T effect: p <0.01; T x I effect: p = 0.53).

3.6. Metabolic Evaluation: Lactate Disposal

The use of (1*C1)lactate allowed to investigate several of its fates. Consistent with the effects of
interventions on lactate metabolism, lactate oxidation (T effect: p = 0.60; T x I effect: p = 0.01), NOLD
(T effect: p=0.40; T x I effect: p <0.01) and gluconeogenesis from lactate (T effect: p = 0.57; T x I effect:
p = 0.01) measured during the resting period were all distinctly affected by GF and C interventions.
Despite absolute values being affected by the interventions, lactate oxidation still represented a stable
proportion of lactate disposal at rest (GF: 20.6 + 1.0% to 18.6 + 0.6% vs. C: 17.5 + 1.7% to 17.7 + 0.8%;
T effect: p = 0.20; T x I effect: p = 0.52). In contrast, resting gluconeogenesis from lactate represented a
larger part of glucose production after GF than after C (GF: 8.2 +1.5% to 11.9 £ 1.6% vs. C: 5.7 + 1.2%
to 5.0 + 1.0%: T effect: p=0.21; T x I effect: p = 0.01).

Compared to rest, exercise increased lactate oxidation, decreased NOLD and increased
gluconeogenesis from lactate (all: E effects: p < 0.01). There were no more significant differences
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between GF and C interventions for absolute values of lactate oxidation (T effect: p = 0.74; T x I effect:
p=0.14), NOLD (T effect: p = 0.60; T x I effect: p = 0.77) and gluconeogenesis from lactate (T effect: p =
0.86; T x I effect: p = 0.99). Lactate oxidation represented a significantly higher part (and NOLD a
lower part) of lactate disposal during exercise than at rest, yet without effect of GF or C interventions
(lactate oxidation: GF: 86.3 = 3.8% to 87.6 +4.9% vs. C: 86.8 + 6.6% to 87.6 + 6.6%; E effect: p<0.01; T
effect: p = 0.99; T x I effect: p = 0.83). Similarly, no training effect was observed on fractional
gluconeogenesis from lactate measured during exercise after both GF and C (GF: 10.7 + 1.9% to 10.4
+1.6% vs. C: 7.0 £ 1.2% to 6.8 + 1.5%; E effect: p = 0.06; T effect: p = 0.87; T x I effect: p=0.97).

3.7. Metabolic Evaluation: Substrate Oxidation and Exercise Capacity

Carbohydrates provided most of the substrates to be oxidized throughout the evaluations (Table
3). Accordingly, lipid oxidation and protein oxidation (from urinary nitrogen collected during both
periods) were low at rest and during exercise. In contrast, energy expenditure, total carbohydrate,
lactate and other carbohydrate oxidations were all markedly increased during exercise as compared
to the resting period (all E effects: p <0.01).

Table 3. Fuel Selection in the Resting and Exercise Periods of Metabolic Evaluations

GF Pre GF Post C Pre C Post
Rest 1.5+0.1 1.5+0.0 1.4+0.1 14+0.1
Exercise 8.3+05% 84+06$% 89+05% 9.0+06%
Protein (mg-kg'-min™) Both 0.8+0.0 0.8+0.1 0.8+0.1 0.8+0.1
Rest 0.8+0.1 0.8+0.1 0.6+0.1 0.6+0.2
Exercise 0.8+0.3 05+0.3 04+0.2 0.8+0.3
Rest 28+04 28+0.3 29+04 2.8+04
Exercise 27.6+24% 285+26% 30.6x1.7% 300+1.7$%
Rest 0.7+0.1 09+0.1*% 0.6+0.1 04+01*%
Exercise 9.7+14% 106+x17% 79+1.0% 73x1.1$%
Rest 21+04 1.8+04 24+05 23+04
Exercise 17.8+15% 179+14% 22.7+14%$ 22.7+18%

Mean values during rest (time = 60-90 min) and exercise (time = 160-190 min) periods of metabolic

Energy expenditure (kcal-min)

Lipid (mg-kg'min™)

Carbohydrate (mg-kg'-min™")

Lactate (mg-kg'-min™)

Other (mg-kg™-min™)

evaluations performed pre-training (Pre) and post-training (Post). Effects of exercise and training
interventions were compared using a mixed-model analysis. Paired and unpaired contrasts were used
for rest vs. exercise periods (E effect: $: p < 0.01) and training x interventions (T x I effect: *: p <0.05).
Mean + SEM for n = 8 participants in all groups.

As reported, at rest, lactate oxidation was increased post-training as compared to pre-training in
GF, but not in C (T effect: p = 0.55; T x I effect: p = 0.01). Yet, this occurred within a stable total
carbohydrate oxidation (T effect: p = 0.75; T x I effect: p = 0.61) and reflected an increasing proportion
of carbohydrate oxidation coming from lactate oxidation after GF, but not after C (GF: 30 + 6% to 38
*7% vs. C: 22 4% to 15 £ 2%; T effect: p = 0.89; T x I effect: p < 0.01).

During exercise, there were no longer differences in lactate oxidation (T effect: p = 0.73; T x I
effect: p = 0.11), total carbohydrate oxidation (T effect: p =0.15; T x I effect: p = 0.71), or the fraction of
total carbohydrate oxidation as lactate (GF: 35 + 4% to 36 + 4% vs. C: 26 + 3% to 24 + 3%; T effect: p =
0.92; T x I effect: p = 0.22) after interventions.

Finally, training with GF was hypothesized to specifically increase endurance capacity at 85% of
current VOzmax. Yet, time-to-exhaustion was similarly improved by GF and C interventions (Table 1:
T effect: p <0.01; T x [ effect: p =0.19).

4. Discussion

4.1. Efficiency of the Training Programs

Pre-training, participants’ VOamax were in the middle range of normal values [26]. The exercise
training programs were effective, and produced a +8% VO:max increase similar to results from
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previous studies using a comparable training load [19,27]. Similar to other works comparing the
effects of training with or without carbohydrate ingestion [27,28], no difference in performance gain
was observed between GF and C.

4.2. Lactate Appearance and Energy Metabolism before Training

The initial metabolic evaluation involved the ingestion of repeated glucose-fructose drinks by
both groups of participants at rest and during exercise. Since this visit was performed prior to
intervention, results were expectedly similar in GF and C. In all participants, glucose-fructose
ingestion increased blood lactate concentration compared to fasting values. Plasma lactate
appearance, presumably from fructose in splanchnic tissues [29], but also resulting from
glucose/glycogen degradation in various tissues including skeletal muscle, amounted to 3.6
mg-kg-min! in both GF and C. We did not measure fasting lactate appearance, but it was previously
estimated as 1.4 mg-kg-min' in resting subjects [30]. This is consistent with GF being responsible
for a substantial increase in lactate production. Our tracer approach does not allow the relative
contributions of glucose and fructose to total lactate appearance to be estimated. Published human
reports, however, indicate that intravenous fructose essentially stimulated splanchnic lactate release
at rest [31] and during exercise [15], while animal studies suggest that glucose stimulated extra-
splanchnic (presumably muscle) lactate production [32].

Gluconeogenesis from lactate was also minimal, most likely because it was inhibited by
hyperinsulinemia induced by glucose ingestion [6]. Interestingly, lactate oxidation represented only
~20% of lactate disposal, and the remaining ~80% was metabolized non-oxidatively. Since there is no
substantial lactate and glucose stores in the human body, this most likely corresponded to liver
and/or muscle glycogen synthesis. In support of this hypothesis, we recently reported that post-
exercise muscle glycogen resynthesis was quantitatively similar when subjects were fed glucose or
fructose, and that lactate concentrations elicited by fructose ingestion were positively correlated with
muscle glycogen resynthesis [33].

During exercise, lactate appearance increased to ~10 mg-kg-min™, of which =30% may have
derived from fructose contribution, according to a previous study using comparable glucose-fructose
drinks [13]. Relative to resting conditions, plasma lactate concentrations decreased, reflecting the
effect of exercise to increase muscle lactate uptake and hence lactate clearance [30]. In addition,
exercise directed #90% of lactate appearance toward oxidation, representing a much larger fraction
than at rest. This is consistent with previous investigations of lactate metabolism in unfed individuals
[10,11,34], confirming that lactate disposal between oxidative and non-oxidative fates is largely
dictated by metabolic rate [7], also with glucose-fructose ingestion. We postulate that the transfer of
lactate from splanchnic organs to working muscle after glucose-fructose ingestion (i.e., “reverse Cori
cycle”) is the result of two simultaneous processes: first, an increase of splanchnic lactate production
pushed by fructose lacticogenesis increasing intrasplanchnic lactate concentration, and thus lactate
efflux; second, an increased muscle lactate uptake pulled by low intramuscular lactate concentration
due to continuous lactate removal toward oxidation.

4.3. Evolution of Plasma Lactate Concentration during Training Sessions

There was no detailed metabolic evaluation during training sessions. However, plasma lactate
concentration was measured throughout the training program at rest and during exercise. At rest,
plasma lactate concentration was higher in the GF group than in the C group, reflecting the well-
known increase in plasma lactate induced by fructose ingestion [29,35]. During exercise, interestingly,
plasma lactate concentration was similar in both groups, suggesting that the effect of glucose-fructose
drinks was minor compared to that of exercise per se [30].

4.4. Lactate Appearance and Disposal after Training

All participants returned at the end of the training program for a second evaluation with
glucose-fructose ingestion at rest and during exercise. The resting period revealed differences after
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GF and C interventions. Interestingly, unlike C that induced a decrease in lactate metabolism,
confirming previous reports [19,34,36], GF differed by increasing lactate appearance. This may derive
from an enhanced capacity to digest, absorb and metabolize fructose [29,37] or reflect the increased
lactate appearance observed in fasted individuals after a few days of fructose exposure [38]. The
mechanisms of such adaptations remain to be elucidated. Lactate clearance was increased in GF only,
while lactate oxidative and non-oxidative disposal remained remarkably stable after training.
Interestingly, resting lactate metabolism was increased by GF along with an unchanged glucose
metabolism and carbohydrate oxidation, consistent with considerations that lactate may be preferred
over other substrates for energy or glucose production [7].

In contrast to the resting period, lactate appearance measured during exercise was unaltered by
training. Lactate clearance, however, increased by =20% in both GF and C, and plasma lactate
concentration decreased. This can be attributed to an enhanced expression of muscle lactate
transporters and lactate metabolizing enzymes [8]. However, and contrary to our hypothesis, training
with glucose-fructose did not potentiate the effects of training alone. This observation is in line with
the fact that lactate concentration was similar during training sessions with or without glucose-
fructose drinks, and suggests that any additional effect of glucose-fructose ingestion during exercise
was minimal compared to the effects of exercise training on lactate metabolism.

4.5. Limitations

First, glucose-fructose drinks were used as a tool to change lactate metabolism through effects
on lactate concentration. While measuring blood lactate concentration during training sessions, our
experimental protocol did not allow to assess intrasplanchnic and intramuscular lactate
concentrations. Second, participants’ diet was not entirely controlled during the training period and
we cannot ascertain how glucose-fructose drinks modified total sugars intake in GF and C
interventions. Third, our choice of tracers did not allow endogenous glucose appearance to be
distinguished from exogenous glucose appearance, nor lactate appearance from fructose and from
glucose-lactate shuttles. Four, the small sample size may have prevented the detection of still
meaningful differences.

5. Conclusions

Ingestion of glucose-fructose drinks increase lactate appearance, metabolism and plasma lactate
concentration above fasting values. This lactate is then mainly metabolized non-oxidatively at rest
(presumably ending up in glycogen stores [33]) and oxidatively during exercise [13]. After having
completed the 3-week training program, the ingestion at rest of glucose-fructose drinks increased
lactate appearance and oxidation more in subjects who had received glucose-fructose during sessions
than in those who had received water. This suggests that repeated glucose-fructose ingestion during
training upregulated fructose absorption and splanchnic lacticogenesis from fructose. During
exercise, however, lactate appearance and oxidation remained unchanged compared to pre-training
conditions, indicating that neither training nor glucose-fructose consumption had a major impact on
splanchnic lacticogenesis from fructose.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/4/411/s1, Figure
S1: Changes over time of plasma insulin, glucagon free fatty acids concentrations during metabolic evaluations.
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Abbreviations
C Control intervention in which plain water was provided during training sessions
GF Intervention in which glucose-fructose drinks were provided during training
sessions
VO2max Maximal oxygen consumption during incremental tests
Winax Maximal workload during incremental tests
Wir Workload eliciting lactate turnpoint during incremental tests
VO: Oxygen consumption
VCO: Carbon dioxide production
Na-H®®CO:s Sodium bicarbonate with its carbon being a carbon-13
NOLD Non-oxidative lactate disposal
(6,6-’Hz2)-D-(+)-glucose  D-(+)-glucose deuterated twice on 6th carbon
(3-13C1)-L-(+)-lactate L-(+)-lactate with its 3rd carbon being a carbon-13
NaCl Sodium chloride
EDTA Ethylenediaminetetraacetic acid
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Abstract

Carbohydrate ingestion can improve endurance exercise performance. In the past two decades, research has repeatedly
reported the performance benefits of formulations comprising both glucose and fructose (GLUFRU) over those based on
glucose (GLU). This has been usually related to additive effects of these two monosaccharides on the gastrointestinal tract
whereby intestinal carbohydrate absorption is enhanced and discomfort limited. This is only a partial explanation, since
glucose and fructose are also metabolized through different pathways after being absorbed from the gut. In contrast to
glucose that is readily used by every body cell type, fructose is specifically targeted to the liver where it is mainly converted
into glucose and lactate. The ingestion of GLUFRU may thereby profoundly alter hepatic function ultimately raising both
glucose and lactate fluxes. During exercise, this particular profile of circulating carbohydrate may induce a spectrum of
effects on muscle metabolism possibly resulting in an improved performance. Compared to GLU alone, GLUFRU
ingestion could also induce several non-metabolic effects which are so far largely unexplored. Through its metabolite
lactate, fructose may act on central fatigue and/or alter metabolic regulation. Future research could further define the
effects of GLUFRU over other exercise modalities and different athletic populations, using several of the hypotheses
discussed in this review.

Keywords: Endurance, exercise, nutrition, performance, metabolism

Highlights

e Compared to the ingestion of glucose only, ingestion of glucose—fructose mixtures during exercise can improve exercise
performance.

e The benefits of glucose—fructose mixtures are related to fructose specific metabolism.

e Originally thought to occur mainly at the level of the gastrointestinal tract, these benefits extend far beyond the intestine,
and most likely involve the liver and active skeletal muscles.

Abbreviations lations (GLU) (Coggan & Coyle, 1991), more

recent guidelines propose that with increased exercise
duration, the optimal intake should not only be
increased (up to 90 gh™! carbohydrate during ses-
sions lasting more than 2.5 h), but also that formu-
lations comprising both glucose and fructose
(GLUFRU) may optimize performance (Cermak &
Van Loon, 2013; Jeukendrup, 2014). Combinations
of both monosaccharides have indeed been first

GLU glucose ingestion

GLUFRU glucose—fructose ingestion

GLUTs glucose transporter

I:G ratio Insulin:glucagon ratio

SGLT-1 sodium-glucose co-transporter isoform 1
VOsmax  maximal oxygen consumption

1. Introduction

Carbohydrate ingestion can improve prolonged exer-
cise performance. Typical guidelines recommend
ingesting 30—60 g carbohydrate per hour (American
Dietetic et al., 2009). While original recommen-
dations essentially suggested glucose-based formu-

shown to specifically increase performance in 2008
(Currell & Jeukendrup, 2008). In this cross-over con-
trolled study, simulated 40 km cycling time-trial per-
formance was measured after an initial 2 h endurance
bout. Repeated glucose ingestion significantly
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enhanced performance by +8% relative to non-
caloric placebo, with a further +8% improvement
observed with a glucose—fructose formulation.

Comparable advantages of GLUFRU over GLU
were repeated in several other works using endurance
cycling or running, in laboratory and in field con-
ditions. In these experiments, improved aerobic exer-
cise capacity and reduced perceived exertion
(Jentjens et al., 2006; Jeukendrup & Moseley, 2010)
were often associated with diminished gastrointesti-
nal complaints (Roberts, Tarpey, Kass, Tarpey, &
Roberts, 2014; Wilson & Ingraham, 2015). Conse-
quently, GLUFRU was particularly recommended
in situations necessitating high carbohydrate inges-
tion rates (>1.2gmin"") (Jeukendrup, 2010),
leading to the promotion of superior formulations
for gastrointestinal function and endurance
performance.

The effects of ingested carbohydrate on exercise
capacity have been traditionally attributed to several
mechanisms, including prevention of hypoglycemia
and direct muscle oxidation, as well as central stimu-
latory effects (Coggan & Coyle, 1991). Yet, contrast-
ing with these general effects of carbohydrate
ingestion during exercise, how GLUFRU further
improve performance remains largely hypothetical.
On their way to provide energy during exercise,
exogenous carbohydrates pass through the gastroin-
testinal tract up to intestinal absorption, then are
directed to the liver by the portal circulation before
being ultimately transferred to working muscles for
oxidation. To complement recent literature reviews
(Cermak & Van Loon, 2013; Jeukendrup, 2014;
Rowlands et al., 2015; Wilson & Ingraham, 2015),
the purpose of the present work is to consider
mechanisms by which GLUFRU could improve per-
formance as compared to GLU, with a specific focus
on processes taking part beyond the gastrointestinal
tract.

2. General background

For decades, there has been a wide recognition that
low muscle glycogen can impair endurance perform-
ance and that endogenous stores can be spared by
carbohydrate ingestion (Coyle, Coggan, Hemmert,
& Ivy, 1986). Either in solid or liquid forms, carbo-
hydrate intake was mainly considered to enhance per-
formance by providing muscle alternative fuels while
diminishing liver and muscle glycogen use (Cermak
& Van Loon, 2013), although this may depend on
the mode or duration of exercise (Stellingwerff
etal., 2007; Tsintzas, Williams, Boobis, & Greenhaff,
1995; Wallis, Dawson, Achten, Webber, & Jeu-
kendrup, 2006). In turn, these metabolic effects led
to a wide interest in determining the conditions

influencing exogenous carbohydrate oxidization,
typically studied by isotopic techniques. Often com-
bined with indirect calorimetry, this method allows
a distinction between endogenous and exogenous
carbohydrate by monitoring label appearance in cir-
culating metabolites and in expired CO, (Tappy,
Paquot, Tounian, Schneiter, & Jequier, 1995).
Accordingly, carbohydrate ingested at increasing
rates was shown to appear in a dose-dependent
manner in the systemic circulation and to be accord-
ingly oxidized. However, this effect was also found to
plateau at high ingestion rates that can vary with
different saccharides (Jeukendrup & Jentjens, 2000).
Since the plateaus of glucose or glucose polymers,
oxidation (up to ~1 gmin™') are higher than those
of other monosaccharides (fructose and galactose:
~0.4 gmin™') (Jeukendrup & Jentjens, 2000), mix-
tures of glucose or glucose-based polymers appeared
as the most susceptible carbohydrate to enhance
performance.

The factors dictating the plateau in exogenous
carbohydrate oxidation during exercise remain
unclear. Indirect calorimetry, isotopic labelling of
ingested carbohydrates and monitoring of the appear-
ance of the label in expired CO, are usually used in
conjunction to determine total as well as exogenous
carbohydrate oxidation rates. However, even com-
bined, these techniques fall short in identifying oxi-
dation site and which metabolite derived from
labelled carbohydrates are ultimately oxidized
(Tappy et al., 1995). Hence, they provide little infor-
mation on factors limiting exogenous carbohydrate
oxidation during exercise. Theoretically, these limit-
ations could reside anywhere in the gastrointestinal
tract (gastric emptying, digestion and intestinal
absorption) or in metabolic processes (intestinal
metabolism, hepatic first-pass and release into sys-
temic circulation, muscle uptake and oxidation).
One remarkable finding was that exogenous glucose
oxidation is not limited by cardiac output, peripheral
blood flow and muscle metabolism. Indeed, a periph-
eral glucose infusion was found to be oxidized up to
rates (~2.5 gmin~') much higher than the plateau
observed with oral glucose (Hawley, Bosch, Weltan,
Dennis, & Noakes, 1994). Maximal exogenous
glucose oxidation was also considered independent
from gastric emptying (Rehrer et al., 1992). Conse-
quently, the limitation was concluded to be located
either in the gut or in the liver (Jeukendrup & Jent-
jens, 2000).

Digestion of glucose polysaccharides into glucose
could be argued to limit fuel provision during exer-
cise. However, the fact that short-chain glucose poly-
saccharides such as maltose and short-chain
maltodextrins reached similar maximal oxidation
rates as glucose indicated that the factor limiting



maximal exogenous glucose oxidation may not be
found within pre-absorptive mechanisms (Jeu-
kendrup & Jentjens, 2000). Consequently, the limit-
ation of carbohydrate oxidation was supposed to
stand at the level of intestinal absorption, with the
~1 gmin~! plateau being consistent with jejunum
glucose absorption kinetics. This hypothesis was pri-
marily based on multiple intestinal segmentations
experiments showing limited absorption of concen-
trated glucose solutions (Shi et al., 1995). Another
physiological effect of exercise, decreased splanchnic
blood flow, may also limit intestinal absorption
capacity. Yet, in absence of invasive direct assess-
ments of glucose flows across the intestinal barrier,
the notion that intestinal absorption limits exogenous
glucose oxidation during exercise remains a
hypothesis.

The plateau in exogenous glucose oxidation may
also result from hepatic limitations. Indeed, the
necessary route for ingested carbohydrate is to
follow portal circulation to the liver, where they can
either be stored, metabolized or can pass to the sys-
temic circulation. The liver is also known to play a
pivotal role in euglycaemia maintenance through
releasing the precise amount of glucose required to
match extrahepatic utilization (Moore, Coate,
Winnick, An, & Cherrington, 2012). After meals,
this results in part of carbohydrate intake being
extracted at first-pass while diminishing the amount
appearing in the systemic circulation as well as
hepatic glucose production. Interestingly, the total
systemic glucose appearance allowed by this mechan-
ism (the sum of hepatic glucose production and
carbohydrate intake not extracted at first-pass) is
thought to be autoregulated at a maximal value
close to 1 g min™", with higher gut absorption fluxes
believed to be directed into hepatic glycogen
(Moore et al., 2012). How this contributes to the
observed plateau in exogenous glucose oxidation
remains unknown as of yet. The understanding of
the responsible sites may also be complicated by
entero-hepatic crosstalk via portal signals (Moore
et al., 2012). Hence, the factors responsible for the
limitation in exogenous glucose oxidation during
exercise remain unclear, but probably not restricted
to intestinal glucose absorption.

3. Glucose-fructose formulations

Fructose, of similar chemical formula than glucose,
has always been part of the human diet since our
hunter-gatherer ancestors who consumed fruits, veg-
etables and root crops (Tappy & Le, 2010). Fructose
oxidation during exercise is lower than that of glucose
(Massicotte, Peronnet, Adopo, Brisson, & Hillaire-
Marcel, 1994), and pure fructose has been reported
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to cause gastrointestinal symptoms together with
limited intestinal absorption when provided at high
rates during exercise (Fujisawa et al., 1993). Conse-
quently, and despite few results showing equivalent
oxidation to glucose when ingested before exercise
(Decombaz et al., 1985), pure fructose was generally
considered of poor interest for exercise performance
(Jeukendrup & Jentjens, 2000).

In contrast to pure fructose, formulations compris-
ing both monosaccharides (GLUFRU) can induce
interesting effects for endurance performance. This
was first reported in a study showing that a mixture
of 50 g glucose and 50 g fructose was more efficiently
oxidized during exercise than 100 g of pure glucose
or pure fructose (Adopo, Peronnet, Massicotte,
Brisson, & Hillaire-Marcel, 1994). In following
works, very high oxidation of GLUFRU were
reported at high carbohydrate ingestion rates (Jeu-
kendrup, 2014), enabling to exceed the GLU
plateau of 1 g min™"' to reach a maximal 1.7 g min™!
(Jentjens, Moseley, Waring, Harding, & Jeukendrup,
2004). The higher oxidation of GLUFRU as com-
pared to GLU alone was no more observed when
carbohydrate ingestion rates were lower (Hulston,
Wallis, & Jeukendrup, 2009), further suggesting
that GLUFRU may overcome the limitation found
with single monosaccharides. Several studies also
suggested that combining roughly twice as much
glucose as fructose led to the highest exogenous
carbohydrate oxidation (Jeukendrup & Moseley,
2010) and this ratio was deemed optimal.

Others tried to further define conditions leading to
superior GLUFRU oxidation by varying saccharides
amounts, and noticed that oxidation was maximal
with glucose:fructose ratios close to 1.0 (providing
as much glucose as fructose) (O’Brien, Stannard,
Clarke, & Rowlands, 2013; Rowlands et al., 2015).
This may not come as a surprise considering
glucose and fructose abundances in natural products.
Indeed, an analysis of saccharides composition,
reporting starch content as glucose, from 30
common edible fruits, vegetables and cereals
(Figure 1) indicates that the median glucose:fructose
ratio is approximatively 1.3 but also that the distri-
bution may be skewed towards higher ratios due to
glucose-abundant starchy food items. Excluding
starches, saccharides present in sugars can be esti-
mated using free glucose, free fructose and sucrose,
considered to act similarly as 1 glucose and 1 fructose
monomers (Wallis & Wittekind, 2013). Interestingly,
this leads to a median glucose:fructose of 1.0,
suggesting that the optimal effects of GLUFRU
during exercise may actually mirror the ratios
between both monosaccharides in natural foods that
were frequently consumed by our hunter-gatherers’
ancestors.
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Figure 1. Glucose:fructose ratio in 30 selected fruits, vegetables and cereals. Data originate from United States Department of Agriculture
national nutrient database (Retrieved 21 September, 2016, from https://ndb.nal.usda.gov). Only raw products and single varieties per
species are included. The glucose:fructose ratio is typically very high in foods such as cereals or tubercles. The predominant energy
storage form for vegetal organisms, starches, can indeed contain hundreds to thousands of glucose molecules. In contrast, when the
edible part corresponds to leafs, stems or fruits (highlighted in black), the absorbable glucose:fructose ratio is much closer to identity.

4. Effects of GLUFRU in the
gastrointestinal tract

GLUFRU ingestion has been classically associated
with gastrointestinal benefits compared to pure
glucose or fructose (Rowlands et al., 2015). Exper-
iments using hydrogen breath testing indeed
showed that fructose malabsorption can be prevented
when co-ingested with similar amounts of glucose
(Latulippe & Skoog, 2011). Others indicated symp-
toms of gastrointestinal discomfort to be lower with
GLUFRU feedings during exercise as compared to
GLU (Jentjens et al., 2006). This can indeed limit
exercise performance, and require exploring why
the co-ingestion of glucose and fructose may limit
these detrimental symptoms.

Fructose may accelerate pre-absorptive carbo-
hydrate delivery. This is illustrated by a faster gastric
emptying with fructose and sucrose than glucose,
both at rest (Sole & Noakes, 1989) and during exercise
(Jeukendrup & Moseley, 2010). This is likely second-
ary to a more rapid intestinal absorption and thus to a
decreased feedback inhibition to the stomach (Weber
& Ehrlein, 1998). A few days of fructose exposure
were also shown to increase subsequent gastric empty-
ing of fructose-containing solutions (Yau, McLaugh-
lin, Maughan, Gilmore, & Evans, 2014), while
dietary fructose 1is also considered to mediate
sucrase-isomaltase  expression  (Rosensweig &
Herman, 1968). Thus, fructose consumption seems
to favour carbohydrate delivery to the intestinal
mucosa both acutely and chronically. To what extent
these mechanisms explain the superior uptake and oxi-
dation of GLUFRU over that of GLU remains
unclear, similarly as if this could be used to train the

gastrointestinal tract to improve carbohydrate absorp-
tion during exercise.

Glucose and fructose co-ingestion may increase
total carbohydrate intestinal absorption. This hypoth-
esis (Shi et al., 1995) was based on luminal fructose
and glucose absorption occurring through different
main transporters (GLUT5 vs. SGLT1). Combining
glucose and fructose was then proposed to increase
carbohydrate absorption, provided SGLT1 becomes
saturated at a given glucose ingestion rate. Accord-
ingly, total carbohydrate absorption was found to be
higher with GLUFRU than GLU in proximal sec-
tions of the jejunum (Shi et al., 1995), leading to a
‘multiple  transportable  carbohydrate’ model
whereby improved gut carbohydrate absorption
leads to overall increased flux to working muscle
(Jeukendrup, 2010).

Despite of the preceding, the improved intestinal
function with GLUFRU may also result from other
mechanisms. Regulation of glucose and fructose
absorptions actually occurs through additional trans-
port proteins (GLUT2, GLUTS8-12) in close inter-
action with GLUT5, SGLTI1 and ion channels
(Chen, Tuo, & Dong, 2016). GLUT?2 was proposed
to be particularly key through its translocations both
at the apical and basolateral sides of enterocytes
(Rowlands et al., 2015) but exact fluxes through
each of these transport systems remain unclear. Fruc-
tose is also well documented to be partly metabolized
in enterocytes (Tappy & Le, 2010), possibly affecting
local homeostasis. Consequently, how carbohydrate
absorption fluxes are dictated by apical transport,
intraenterocellular metabolism and basolateral trans-
port is so far unknown. The difference between
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GLUFRU and GLU is thus most likely partly
explained by additive effects of glucose and fructose
in the gastrointestinal tract, effects that remain to be
outlined. Interestingly, there is also evidence of
important roles played by the combination of both
monosaccharides in organs such as the liver.

5. Effects of fructose and GLUFRU on
hepatic metabolism

Distinct effects of exogenous carbohydrate are also to
be found in post-absorptive, metabolic processes. In a
1994 study, constant amounts of glucose or fructose
(0.8 g min~") were provided to subjects displaying a
wide range of aerobic capacity (Massicotte et al.,
1994). Both exogenous glucose and fructose oxi-
dation were directly related to each subject metabolic
rate, respectively contributing to 14% and 9% of
energy expenditure, as would not be predicted
solely by intestinal absorption saturation. Rather,
this suggests that glucose and fructose oxidation,
and thus their respective delivery into the systemic
circulation, are also regulated by post-absorptive
metabolism.

Unlike glucose, which is directly used by all body
cells, fructose is characterized by a specific, two-
step metabolism (Mayes, 1993; Tappy & Le, 2010)
in which it is first metabolized in splanchnic organs
(particularly the liver), then released as secondary
substrates for other organs (Mayes, 1993; Tappy &
Le, 2010). First-pass splanchnic fructose extraction
is almost complete (>90%, much greater than the
~33% glucose extraction) (Tappy & Le, 2010),
resulting in oral loads eliciting only small (0.3—
0.4 mmol L), transient increases in systemic fruc-
tose concentrations (Rosset et al., 2017). This is
also unlikely to be markedly altered during exercise
with fructose following the oral route. In one very
specific experiment in which splanchnic first-pass
was bypassed by using a systemic fructose infusion,
45% fructose was still found to be extracted by
splanchnic tissues as measured by arteriovenous
difference, with exercising and resting muscles
being both responsible for 28% fructose extraction
(Ahlborg & Bjorkman, 1990). However, these were
supraphysiological conditions in which systemic fruc-
tose concentrations (4.8 mmol L™) could compete
for the access to muscle hexokinases, which normally
privilege glucose substrate because of a much higher
affinity than for fructose, K,,: glucose ~4 X 107 vs.
fructose: ~3 X 107> mmol L™ (Tappy & Le, 2010).
Accordingly, the authors considered that the
amount of oral fructose directly metabolized in
muscle is minimal during exercise, but that fructose
is rather first metabolized into second-hand
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Figure 2. In splanchnic organs, fructolysis generates trioses-P with
a build-up of fructose-1-P. Fructose entry occurs through several
transporters of the GLUT family (mainly GLUT2, GLUTS5).
Thereafter, fructose is metabolized through a set of three reactions
called fructolysis. Fructolysis begins with the initial phosphoryl-
ation of fructose into fructose-1-P by fructokinase. The enzyme
responsible for the subsequent step, aldolase B, cleaves fructose-
1-P into two three-carbon molecules, dihydroxyacetone-phosphate
(DHAP) and glyceraldehyde, later phosphorylated by triokinases to
glyceraldehyde-3-P. The two trioses-phosphate Glyceraldehyde-3-
P and DHAP are also intermediates of glucose metabolism, and
can therefore be directed to several fates. Of note, since the activity
of fructokinase is higher than that of aldolase B, active fructolysis
results in a rapid build-up of fructose-1-P in fructose-metabolizing
splanchnic cells. Symbols: GLUTs: glucose transporters; P: phos-
phate; Glycer: glyceraldehyde; DHAP: dihydroxyacetone-
phosphate.

metabolites later used as energy substrates by
working muscles (Ahlborg & Bjorkman, 1990).
Fructose splanchnic metabolism can be explained
by the expression of a unique set of enzymes directing
fructose carbons into a specific, efficient pathway
called fructolysis (Figure 2) (Tappy & Le, 2010).
After intracellular entry, fructose is rapidly phos-
phorylated by fructokinase (K, ~ 0.1 mmol L™")
(Tappy & Le, 2010) into fructose-1-phosphate,
then cleaved by aldolase B and phosphorylated by
triokinases into trioses-phosphate. Importantly, fruc-
tokinase displays a higher activity than aldolase B,
leading to transiently increased fructose-1-phosphate
concentrations during active fructolysis. The sub-
sequent disposal of trioses-phosphate can be variable,
and isotopic studies (Sun & Empie, 2012) showed a
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large part of a pure fructose load to be converted into
glucose (29-54%) and lactate (25-30%) then
released into the circulation. Compared to dietary
glucose, fructose is known to increase plasma
glucose and insulin concentrations to a lower
extent, but to induce a sustained increase in plasma
lactate concentrations (Decombaz et al., 1985;
Rosset et al., 2017). Fructose-containing carbo-
hydrate formulations are also generally reported for
their ability to replenish liver glycogen during post-
exercise recovery (Décombaz et al., 2011; Gonzalez,
Fuchs, Betts, & van Loon, 2016), with a very small
proportion of fructose carbons converted into lipids
(Sun & Empie, 2012). During exercise, net fructose
storage is decreased while fructose oxidation is
increased (Egli et al., 2016), however. An under-
standing of the benefits of GLUFRU over GLU
may then require a comparative description of
hepatic function during exercise in several nutritional
conditions.

The normal action of the liver is to simultaneously
consume and produce glucose, with production path-
ways being quantitatively dominant under fasting
conditions (net glucose production). Hepatic
glucose production is a complex process deriving
from the activation of glycogenolysis and gluconeo-
genesis (Moore et al.,, 2012). Both insulin and
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glucagon (and thus the insulin:glucagon ratio, I:G)
control the main regulatory steps of glucose metab-
olism, so that both glycogenolysis and gluconeogen-
esis are responsive to glucose concentrations and
active in the post-absorptive state. During exercise,
net hepatic glucose production is typically increased
by changes in the hormonal milieu (rise in catechol-
amines and drop in the I:G ratio) and in nervous
system activity (Moore et al., 2012). Concentrations
of metabolic precursors also play a role, with glyco-
genolysis and gluconeogenesis being respectively
enhanced by high glycogen and high availability of
substrates such as lactate, glycerol or gluconeogenic
amino acids. Lactate is then also consumed and pro-
duced, with a net consumption during prolonged
exercise (Wasserman, Connolly, & Pagliassotti,
1991). Hence, when exercising in unfed conditions,
the liver sustains glucose production partly via
lactate consumption (net hepatic lactate production
<0) (Figure 3(A)).

Glucose ingestion decreases hepatic glucose pro-
duction. Indeed, the main consequence of glucose
ingestion is to increase plasma insulin which,
through elevating I:G ratio, promotes hepatic
glucose disposal. By stimulating glycolysis, this also
causes an accumulation of fructose-1,6-biphosphate,
which represents an important co-activator
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Figure 3. Models of hepatic carbohydrate metabolism during exercise. Exercise typically increases circulating catecholamines and glucagon
and decreases insulin concentrations. When unfed (A), this increases Glucose-6-P concentrations through driving glycogen breakdown and
gluconeogenesis from three-carbon precursors such as lactate. High Glucose-6-P and low insulin:glucagon ratio then favour glucose pro-
duction and systemic release. Hence, the liver sustains plasma glucose concentrations and acts as a net glucose producer partly through
net lactate uptake (i.e. net lactate production <0) as part of the Cori Cycle. Through increasing insulin and I:G ratio, glucose ingestion
during exercise (B) slows glycogenolysis and gluconeogenesis and thus limits Glucose-6-P concentrations. Part of Glucose-6-P can then
be directed into lower glycolysis to pyruvate and lactate, with Fru-1,6-biP acting as a co-activator via feed-forward mechanisms. Therefore,
glucose ingestion during exercise can partially or totally preserve hepatic carbohydrate metabolism (i.e. both net fluxes ~ 0). Co-ingested with
glucose (C), fructose affects hepatic metabolism by mass effects of its carbons and via allosteric mechanisms. Active fructolysis leads to build-
up of Fru-1-P, Trioses-P and Fructose-1,6-biP. Fru-1- P then activates lower glycolysis to pyruvate which, together with Fru-1,6-biP, drives
part of fructose carbons into lactate. Fructose carbons can also undergo gluconeogenesis and replenish Glucose-6-P concentrations. Fru-1-P
actions to favour hepatic glucose entry and glycogen storage are in balance with the hormonal milieu during exercise. Ingesting glucose and
fructose can thus result in both net glucose and lactate productions (i.e. ‘reverse Cori cycle’) to alter hepatic function as a carbohydrate buffer
during exercise. Symbols: Fru: fructose; P: phosphate; I:G ratio: insulin:glucagon ratio.



channelling trioses-phosphate into lactate (Mayes,
1993). Compared to unfed exercise, the overall effect
of glucose ingestion during exercise thus favours oppo-
site pathways, glucose consumption and lactate pro-
duction, and the liver can be viewed as a buffering
organ for carbohydrate metabolism (net glucose and
lactate productions ~ 0) (Figure 3(B)).

Compared to fasted and glucose-fed exercise, fruc-
tose markedly and complexly affects hepatic metab-
olism. The mass effects of fructose carbons were
specifically visible in 1996 (Paquot et al., 1996). In
this work, fructose increased hepatic glucose pro-
duction by 20% only when provided with simul-
taneous physiologic hyperglucagonemia (low I:G
ratio), indicating that fructose carbons can be
diverted to various fates depending on the hormonal
milieu. In addition to these mass effects, fructose was
also shown, through its intermediate fructose-1-
phosphate, to allosterically favour hepatic glucose
uptake and storage into glycogen and pyruvate pro-
duction (Mayes, 1993; Tappy & Le, 2010). Interest-
ingly, glycogen metabolism is also influenced by
other actions of fructose and by actual glycogen
content (Mayes, 1993; Tappy & Le, 2010), resulting
in a complex interplay of opposed effects. This may
explain why fructose stimulates both glucose and gly-
cogen (assimilated to diphosphoglucose kinetics)
turnovers (Dirlewanger, Schneiter, Jequier, &
Tappy, 2000; Tounian, Schneiter, Henry, Jequier,
& Tappy, 1994). Whether rapid glucose and/or glyco-
gen turnover could affect substrate availability when
metabolic rate is increased during exercise is
unknown (Gonzalez et al., 2016). Contrasting with
glucose ingestion alone, glucose—fructose ingestion
during exercise therefore results in a simultaneous
stimulation of hepatic glucose and lactate pro-
ductions (Figure 3(C)).

The provision of GLUFRU may induce a unique
hepatic physiological response. Indeed, a study
under highly controlled conditions found that the
effect of hyperglycemia/hyperinsulinemia to suppress
hepatic glucose production was partly blunted by
fructose (Dirlewanger et al., 2000), implying that
fructose elevates the point at which the liver switches
from net glucose production to net glucose consump-
tion. Interestingly, a study in rats found also that
glucose co-ingestion exacerbated the effects of fruc-
tose to increase net hepatic lactate production
(Underwood & Newsholme, 1965). Whether these
specific effects also occur during exercise remain
unsettled. However, it may be proposed that
glucose and fructose co-ingestion induce a specific
form of synergy in which fructose decreases the role
of the liver to act as a carbohydrate buffer and in
which glucose increases fructose metabolism into
lactate, respectively. Similar effects were reported in
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a 2010 study, in which a glucose:fructose ratio of
1.5 was ingested at a rate of 2.0 g min™" during pro-
longed exercise at x60% VO,,.. Compared to an
equimolar GLU condition, GLUFRU resulted in
systemic glucose and lactate fluxes being increased
by respectively %10% and ~30% (Lecoultre et al.,
2010), demonstrating that GLUFRU increase circu-
lating carbohydrate availability compared to GLU.

The relative importance of intestinal and hepatic
processes contributing to the effects of GLUFRU
on exercise performance remains largely unknown.
As with GLU, the site limiting GLUFRU oxidation
cannot be elucidated without invasive portal assess-
ments. Yet, if the difference in maximal oxidation
between GLU and GLUFRU (x1.2 s
~1.7 gmin™!) (Jentjens et al., 2004) was entirely
explained for by an improved intestinal absorption,
GLU would rapidly yield to carbohydrate accumu-
lation within the gastrointestinal tract. Considering
that severe gastrointestinal complaints were observed
with as little as 10 g carbohydrate malabsorption
(Rumessen, Hamberg, & Gudmand-Hoyer, 1990),
a similar difference between GLU and GLUFRU
would have been inevitably observed within a
period of 20 min. The fact that GLU indeed fre-
quently induced more gastrointestinal distress than
GLUFRU, but during typically longer exercise
bouts, suggests that intestinal malabsorption was
low and likely not solely responsible for the oxidation
difference between formulations. Instead, this may
further point the importance of the effects of fructose
on hepatic metabolism. Interestingly, a study having
distinctly labelled both glucose and fructose (Row-
lands, Thorburn, Thorp, Broadbent, & Shi, 2008)
revealed that total exogenous carbohydrate oxidation
was maximal along with an optimal oxidation of fruc-
tose, but not of glucose (Rowlands et al., 2015). This
may advocate for a specific role of the intermediary
metabolite lactate.

6. Effects of GLUFRU through lactate
metabolism

Lactate is no longer considered a deleterious waste
product, but rather viewed as a carbohydrate sub-
strate shuttled between and possibly within cells or
organs (Brooks, 2009). These exchanges are influ-
enced by multiple factors, with a critical role of
lactate gradients between plasma/interstitium and
cellular compartments (Van Hall, 2010). Depending
on conditions, skeletal muscle can revert from net
lactate production into net consumption. Interest-
ingly, this can arise from liver damage (Record,
Chase, Williams, & Appleton, 1981), indicating a
critical role of hepatic lactate exchanges. Accord-
ingly, lactate fluxes measured during exercise by
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arteriovenous difference (Ahlborg & Bjorkman,
1990) indicated that fructose infusion caused a net
splanchnic lactate production together with net
muscle consumption. This interorgan lactate shuttle
may be either pushed by fructose metabolism increas-
ing splanchnic blood lactate gradient, or pulled by
muscle work increasing blood-muscle lactate
gradient.

How lactate provision may affect muscle fuel selec-
tion remains largely hypothetical. Lactate is known to
be extensively oxidized during exercise and, as com-
pared to glucose, it offers a more immediate conver-
sion into pyruvate while being transported through
separate transport systems. A few experiments
having infused lactate during exercise noticed that it
largely increased lactate oxidation, but however
caused a =40% decrease in glucose oxidation and
did not affect muscle glycogen use (Miller, Fattor,
Jacobs, Horning, Navazio, et al., 2002; Miller,
Fattor, Jacobs, Horning, Suh, et al., 2002). Interest-
ingly, similar studies at rest indicated that lactate
infusion also diminished glucose oxidation in hyper-
insulinemia, but only by =~20% (Paquot et al.,
1995) and that lactate infusion was associated with
a strong thermogenic effect (Ferrannini et al.,
1993). Consequently, if GLUFRU ingestion during
exercise also leads to an increased lactate oxidation
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while incompletely suppressing glucose oxidation,
the simultaneous uptake of two different circulating
carbohydrate could allow for an increased maximal
carbohydrate oxidation.

A recent work having measured glycogen depletion
during exercise indicated that both the ingestion of
GLUFRU (as sucrose) or GLU during exercise pre-
served liver glycogen without affecting muscle glyco-
gen use, but that net carbohydrate oxidation was
higher with GLUFRU than GLU (Gonzalez et al.,
2015). This confirmed other observations of
GLUFRU leading to higher carbohydrate oxidation
(Roberts et al., 2014) together with increased lactate
fluxes (Lecoultre et al., 2010) as compared to GLU.
Interestingly, all these works included well-trained
endurance athletes. Recent findings show a higher
direct lactate oxidation in trained than untrained indi-
viduals, the latter relying more on gluconeogenesis to
oxidize lactate (Embhoff et al., 2013). This, in turn,
raises the hypothesis that GLUFRU may differently
affect athletes depending upon their oxidative poten-
tial, with athletes exhibiting a high aerobic capacity
benefiting more from GLUFRU mixtures than
untrained individuals. Interindividual variability in
oxidative capacity can be however high, and how this
may translate into individualized nutritional rec-
ommendations is left to be established.
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Figure 4. Compared to glucose-based formulations, the simultaneous ingestion of glucose—fructose results in a higher exogenous carbo-
hydrate oxidation. This could be caused by (1) additive effects in the gastrointestinal tract (gut absorption), leading to higher substrate
fluxes in the portal circulation, (2) a specific hepatic synergy, in which fructose may limit first-pass glucose extraction, while glucose
would increase fructose metabolism into lactate to increase carbohydrate fluxes reaching the systemic circulation (i.e. affecting liver function
as a carbohydrate buffer) and (3) the circulation of dietary carbohydrate as both glucose and lactate may affect muscle fuel selection. Symbols:

CO,: carbon dioxide.



The effect of GLUFRU may also vary with exercise
modalities. Indeed, most reports of improved exer-
cise performance with GLUFRU over GLU were
obtained during exercise at constant or near-constant
load, with few experiments involving bursts of high-
intensity exercise susceptible to alter lactate metab-
olism (Triplett, Doyle, Rupp, & Benardot, 2010).
Consequently, it remains unclear if the benefits
from elevated lactate oxidation are also to be found
when lactate fluxes are less stable.

Fructose conversion into glucose and lactate will also
likely raise splanchnic metabolic rate, and how this can
contribute to the higher oxidation of GLUFRU than
GLU is unknown (Tappy, Egli, Lecoultre, & Schnei-
der, 2013). During endurance-type exercise, we thus
postulate the observed oxidation profiles to be a
complex consequence of processes taking part in the
gastrointestinal tract, in the liver and also in muscle
(Figure 4). How all processes coordinate to explain
the higher exogenous carbohydrate oxidation observed
with GLUFRU than GLU remains largely unknown,
giving room for further research.

7. Other effects of GLUFRU

Partly replacing glucose by fructose may also have
important non-metabolic consequences. Fructose
generates a different gluco-incretins profile (Tappy
& Le, 2010) and induces different patterns of brain
activation (Page et al., 2013) than glucose. Lactate
itself may be viewed as a ‘lacthormone’ acting on
metabolic regulation through binding to a specific
receptor (Philp, Macdonald, & Watt, 2005). In the
brain, this was associated to the neuroprotective
and neurostimulatory effects of exercise (Proia, Di
Liegro, Schiera, Fricano, & Di Liegro, 2016).
Whether glucose combined to fructose and its metab-
olite lactate may modulate the central component of
fatigue was little studied, however. Similarly, lactate
was recently considered responsible for some of the
adaptations to exercise-training (Proia et al., 2016).
How GLUFRU ingestion may contribute to this
process remains to be determined, yet.

8. Conclusion

There is accumulating evidence that GLUFRU can
increase exercise performance more than GLU inges-
tion during prolonged exercise. The proposed mech-
anisms have been largely based on the knowledge of
the effects of GLLU-based formulations in the gastroin-
testinal tract. However, glucose and fructose are not
only differently sensed, emptied from the stomach
and absorbed, but are also differently metabolized.
GLUFRU bear the interesting property to distribute
carbohydrate energy as both circulating glucose and
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lactate, providing working muscles with a dual source
of carbohydrate. How this modulates muscle fuel selec-
tion and interacts with other, non-metabolic effects of
fructose and lactate is largely unknown. The similarity
between optimal ratios and natural sugars suggest that
ingesting glucose with fructose during exercise may
mirror human evolutionary adaptation.
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