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Background &aims: Dietary sugars are absorbed in the hepatic portal circulation as glucose, fructose, or
galactose. The gut and liver are required to process fructose and galactose into glucose, lactate, and fatty
acids. A high sugar intake may favor the development of cardio-metabolic diseases by inducing Insulin
resistance and increased concentrations of triglyceride-rich lipoproteins.

Keywords: Methods: A narrative review of the literature regarding the metabolic effects of fructose-containing
Fructose sugars
Gluconeogenesis

Results: Sugars' metabolic effects differ from those of starch mainly due to the fructose component of
sucrose. Fructose is metabolized in a set of fructolytic cells, which comprise small bowel enterocytes,
hepatocytes, and kidney proximal tubule cells. Compared to glucose, fructose is readily metabolized in an
insulin-independent way, even in subjects with diabetes mellitus, and produces minor increases in
glycemia. It can be efficiently used for energy production, including during exercise. Unlike commonly
thought, fructose when ingested in small amounts is mainly metabolized to glucose and organic acids in
the gut, and this organ may thus shield the liver from potentially deleterious effects.
Conclusions: The metabolic functions of splanchnic organs must be performed with homeostatic con-
straints to avoid exaggerated blood glucose and lipid concentrations, and thus to prevent cellular
damages leading to non-communicable diseases. Excess fructose intake can impair insulin-induced
suppression of glucose production, stimulate de novo lipogenesis, and increase intrahepatic and blood
triglyceride concentrations. With chronically high fructose intake, enterocyte can switch to lipid syn-
thesis and accumulation of triglyceride, possibly causing an enterocyte dysfunction.
© 2021 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction: the coordination between splanchnic and
peripheral organs for energy production

Our food contains a variety of energy-rich nutrients, i.e. carbo-
hydrate, lipids, proteins, or alcohol which are digested and absor-
bed into the blood stream mainly as monosaccharides,
triglycerides, fatty acids, amino-acids and alcohol, to be eventually
oxidized to produce the energy required by the cells that compose
our organism. Among energy-rich substrate, dietary fibers are
polysaccharides which cannot be digested by human gut enzymes,
but are nonetheless degraded by gut microbiota to lactic acid and
short-chain fatty acids, which can be subsequently absorbed in the
blood and be oxidized by our cells for energy production [1]. The
digestive tract therefore makes an important contribution to whole
body metabolism by controlling the digestion of macronutrients
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such as starch, sugars, dietary fibers and protein into smaller units
and their rate of absorption in the blood stream. This results in the
appearance in the blood, mainly in the hepatic portal circulation, of
a large variety of compounds, the main ones being glucose, fruc-
tose, galactose, lactic acid, acetate, propionate, butyrate, alcohol,
and twenty different amino acids! However, the human organism
is constituted of many highly specialized organs and tissues, whose
cell cannot afford to produce continuously all the enzymes required
for the metabolism of so many different compounds and who rely
almost exclusively on glucose, lactate or fatty acids for their energy
production. We will try to illustrate here how the splanchnic or-
gans, and more specifically the gut, liver, and kidneys contribute to
process dietary sugars, who are mainly made up of the mono-
saccharides glucose, fructose and galactose in order to deliver their
energy content to all cells of the organism.

Sugars have long been recognized as a key source of energy for
the human organism, and as prime substrates to support physical
exercise [2]. However, there has been growing concern, over the
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past 30 years or so, that a high sugar intake may favor the devel-
opment of cardio-metabolic diseases, i.e. obesity, diabetes, and
cardiovascular diseases (CVDs) [3]. These conditions not only are
major causes of morbidity and mortality worldwide, but in addition
represent risk factors for severe forms of COVID-19 [4]. We will
therefore attempt to briefly summarize the main mechanisms by
which sugars may favor the development of these diseases, and the
potential contribution of splanchnic organs in this process.

2. Insulin resistance and increased concentrations of
triglyceride-rich lipoprotein particles as factors linking sugar
consumption and cardiometabolic diseases

During the second part of the twentieth century, tremendous
progress was made regarding the pathophysiology of type 2 dia-
betes mellitus and its complications. The availability of a radioim-
munoassay for insulin allowed to document that subjects with type
2 diabetes still secreted insulin, and were even sometime hyper-
insulinemic [5]. The presence of insulin resistance in patients with
type 2 diabetes and in some obese patients was largely docu-
mented, mainly with the use of functional tests such as the
hyperinsulinemic euglycemic clamp [6] or the frequently sampled
iv glucose tolerance test-based minimal model [7]. Furthermore,
with the use of glucose tracers to quantify whole body glucose
fluxes, it was observed that type 2 diabetic patients had both
muscle and liver insulin resistance, and that a relative insulin
deficiency, an impaired insulin-mediated glucose uptake in insulin
sensitive tissue, and an increased hepatic glucose production were
all simultaneously at work to cause hyperglycemia [8]. Around the
same time, it was also recognized that obesity and type 2 diabetes
mellitus were tightly associated with alterations of blood lipids, and
with coronary heart diseases and hypertension. This led to the
recognition of a link between insulin resistance and several non-
communicable diseases, which further proceeded to the identifi-
cation of the metabolic syndrome [9]. One proposed mechanism
responsible for this link was the presence of increased VLDL-TG
secretion and postprandial hypertriglyceridemia, which devel-
oped because of insulin resistance and was in turn a cause of car-
diovascular diseases. Research performed in the subsequent
decades indicated that an increased visceral adipose tissue mass,
due either to a preferential storage of excess energy in visceral
adipose tissue [10] or to an impaired safe storage of fat in subcu-
taneous adipose tissue [11], was tightly associated with this, and
that postprandial increases in triglyceride-rich lipoprotein particles
(TRL) and of their remnants was directly associated with the
pathogenesis of atherosclerosis [12]. We will therefore focus on
attention of the effects of dietary sugars on insulin sensitivity and
blood TRL subfractions as the more likely mediators toward car-
diometabolic diseases.

3. Metabolism of an acute fructose or galactose load differs
from that of glucose

In healthy human subjects, about 15—25% of ingested glucose is
metabolized in the gut and liver, where it is mainly used to restore
hepatic glycogen stores. In the liver, glucose is phosphorylated to
glucose-6-phophate by the enzyme glucokinase, and then is
degraded to pyruvate in the glycolytic pathway. The amount of
glucose undergoing glycolysis is tightly regulated at the level of the
enzyme phosphofructokinase, which is inhibited when intracel-
lular ATP and citrate concentration increase. The amount of glucose
escaping splanchnic metabolism reaches the systemic circulation,
and arterial blood glucose can transiently increase from ca 5 mmol/l
(fasting) to 8—10 mmol/l postprandial. This elicits a marked stim-
ulation of insulin secretion, and arterial glucose will be taken up by
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peripheral organs, either independently of insulin (brain) or under
the control of insulin (skeletal muscle, adipose tissue) [13].

In contrast, ingestion of a pure fructose meal does not increase
glycemia to any great extent, nor does it trigger insulin secretion
[14]. The concentration of fructose in the systemic blood transiently
increases up to 0.5 mmol/l in the arterial blood, indicating that
most of it is extracted by splanchnic organs. Fructose metabolism
occurs primarily in the gut, liver, and kidney, where specific fruc-
tolytic enzymes: fructokinase (ketohexokinase C); aldolase B; tri-
okinase, are expressed. Fructolysis is not dependent on the
presence of insulin, and operates the conversion of fructose into
dihydroxyacetone-phosphate and glyceraldehyde-3-P. It is
remarkably like the initial steps of glycolysis, except that fructoki-
nase and aldolase B are highly active constitutively and are
inhibited neither by their products nor by signals arising from
cellular energy status. As a consequence of this, trioses-phosphate
metabolism in fructolytic cells is directly proportional to fructose
uptake (Fig. 1) [14,15].

Compared to an isomolar glucose load, ingestion of fructose
elicits only modest increases in blood glucose and insulin [16], but
nonetheless stimulates total carbohydrate oxidation and energy
expenditure to a larger extent in healthy lean volunteers, and in
obese insulin-resistant subjects and subjects with type 2 diabetes
[17,18]. It however produces larger postprandial increases in blood
lactate concentration. Interestingly, studies using '3C-labelled
fructose indicated that about 40—50% of ingested fructose recir-
culated as labelled glucose over the 6 h following fructose ingestion
[19]. This is consistent with fructose being converted into lactate
and glucose in fructolytic splanchnic organs to be secondarily
oxidized in peripheral tissues. Surprisingly, however, oral or iv
fructose results in an increased glucose synthesis, or gluconeo-
genesis, but did not actually increase glycemia [20,21]. Further
experiments using >C-labeled fructose and the combined use of
indirect calorimetry and monitoring of >C glucose and >CO, pro-
duction suggested that increased fructose gluconeogenesis and
hepatic glycogen synthesis while inhibiting glycogenolysis. These
findings with fructose were similar to what had been observed by
other investigators with administration of other gluconeogenic
substrates: infusion of lactate, alanine, or glycerol increased
gluconeogenesis at the substrate level, yet failed to increase net
hepatic glucose output [22,23]. As a matter of fact, net hepatic
glucose production increased after fructose only when hyper-
glucagonemia was simultaneously induced by exogenous glucagon
infusion [21]. These findings were consistent with an autor-
egulation of hepatic glucose production. According to this concept,
net glucose production is dependent on the balance between
glucose-6-P synthesis from gluconeogenesis, glycogenolysis and
glucose uptake followed by phosphorylation by glucokinase on one
hand, and glucose 6-phosphate disposal into glycolysis and
glycogen synthesis on the other hand. According to this scheme,
variations in gluconeogenesis induced by gluconeogenic substrate
availability is equilibrated by alterations of glycogen turnover,
while net hepatic glucose release remains regulated at the gluco-
kinase/glucose-6-phosphatase level (Fig. 2) This allows to maintain
steady blood glucose concentrations, but is nonetheless associated
with an slight increase in insulin need indicating the presence of
hepatic insulin resistance [24].

Administration of fructose was also shown to impact some
markers of other non-communicable diseases. Shortly after fruc-
tose became available for parenteral administration, it was
observed that rapid IV fructose administration led to transient in-
creases in uric acid [25]. This was attributed to fructose-induced
degradation of ATP into AMP, a uric acid precursor. It was also
observed that blood triglyceride concentrations increased more in
response to a mixed meal containing fructose than glucose in
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Fig. 1. Glycolysis and fructolysis in small bowel enterocytes, hepatocytes, and kidney proximal tubule cells. The initial steps for glucose and fructose degradation differ until the
formation of trioses-phosphate. When the delivery of substrates, i.e. glucose and fructose for glycolysis and fructolysis respectively, is high, overall rate of glycolysis is limited by
inhibition by ATP and citrate of phosphofructokinase, and the formation of trioses-phosphate does not exceeds cellular energy needs. In contrast fructolytic enzymes are not
inhibited by fructose metabolites or ATP and trioses-phosphate formation is proportional to fructose uptake.
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Fig. 2. Glucose release from hepatocytes (and gut enterocytes) is represented by the balance between intracellular glucose-6-P synthesis from glycogenolysis, gluconeogenesis and
glucose phosphorylation on one hand, and glucose-6-phosphate disposal into glycogen synthesis and glycolysis on the other hand. A stimulation of gluconeogenesis at the substrate
level, (e.g. fructose administration is associated with increased glycogen synthesis and decreased glycogenolysis, allowing to maintain net glucose output and glycemia constant.

isocaloric amounts [25]. Tracer experiments using >C-fructose
showed that part of the *C-tracer was recovered on plasma VLDL-
TG, indicating that de novo lipogenesis contributed to this effect. In
addition, it was observed that VLDL-TG secretion was higher, while
extrahepatic VLDL-TG clearance was lower with fructose than
glucose [26].

Like for fructose, ingestion of a pure galactose load does not
increase blood glucose and insulin concentration to any great
extent. The concentration of galactose in arterial blood hardly in-
creases, indicating that the near totality is extracted by splanchnic
organs. Galactose is metabolized predominantly in the liver in the
Leloir pathway: B-D galactose is converted into a-D galactose by the
enzyme galactose mutarotase and is then phosphorylated to
galactose-1-phosphate by the enzyme galactokinase. Galactose-1-
phopsphate uridyltransferase then catalyzes the transfer of a uri-
dine monophosphate group from uridine-diphospho(UDP)-glucose
to galactose-1-phosphate, resulting in the formation of one mole-
cule of glucose-1-phosphate and of one molecule of UDP-galactose.
UDP-galactose finally is reconverted into UDP-glucose by the
enzyme UDP-galactose epimerase [27]. Glucose-1-phosphate can
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then either enter the glycogen synthesis pathway or be converted
into glucose-6-phophate to enter the glycolytic pathway or be
released into the blood stream as free glucose. Tracer experiment
with 13C-labelled galactose indicated that ca 10 g was thus released
from the liver over the 8 h following ingestion of a 50g galactose
load [28].

4. Metabolic effects of chronically increased fructose intake

Several small scales clinical trials, reviewed in an elegant meta-
analysis, indeed confirmed that replacing sucrose by fructose in the
diet of healthy subjects and of patients with type 2 diabetes
decreased average 24-h blood glucose concentration [29]. At the
opposite, many animal studies reported that consumption of a high
sucrose diet led to the development of obesity, hyperinsulinemia
and insulin resistance or overt diabetes mellitus [30], and sug-
gested that this was due to the fructose component of sucrose. This
raised the concern that fructose may alter insulin sensitivity. In
short term experiments in humans, administration of a high fruc-
tose diet for several days to weeks was not associated with
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impaired insulin-mediated glucose uptake [31], but consistently
impaired hepatic insulin sensitivity [32].

It was also rapidly recognized that very fructose intake was
often associated with high blood triglyceride and LDL-cholesterol
concentrations [33]. This raised the concern that any beneficial
effect of fructose on blood glucose control may be offset by alter-
ations of blood lipids associated with a high risk of cardiovascular
diseases. It had been known for a long time that fructose was a
lipogenic substrate and indeed stimulated hepatic triglyceride
concentrations in rodents [14]. Until the 1990s, however, de novo
lipogenesis in humans was mainly assessed by indirect calorimetry,
based on the principle that it is the main metabolic pathways
proceeding with a respiratory exchange ratio superior to 1.0. By
using this method, it was indeed observed that dietary carbohy-
drate could stimulate de novo lipogenesis in humans, but that this
required the use of massive carbohydrate feeding protocols over >3
days periods [34]. Indirect calorimetry however assessed only net,
but not actual de novo lipogenesis, and hence studies showing that
fructose intake did not increase RQ above 1.0 could not exclude the
hypothesis that fructose-induced de novo fat synthesis occurred in
the liver at the same time as fat oxidation proceeded in extrahepatic
tissues. The development of the mass isotopomer distribution
analysis method in the 1990s [35] was instrumental in doc-
umenting that hepatic de novo lipogenesis actually occurred in
carbohydrate fed subjects even when respiratory exchange ratio
was <1.0, and completely changed our view of this process [36]. It
was indeed observed that a high carbohydrate intake increased
hepatic de novo lipogenesis, and that fructose was more lipogenic
than glucose or starch. Acetyl-CoA formed from intrahepatic fruc-
tolysis can be directly used as lipogenic substrate. It has also been
recently demonstrated in mice that a portion of ingested fructose
remains unabsorbed and gets fermented by colonic bacteria, and
that the generated acetate is absorbed into the blood stream and
makes a major contribution to hepatic de novo lipogenesis [37]. It
was also observed that fructose-induced de novo lipogenesis came
along with increased VLDL-TG secretion from the liver [38—40],
thus explaining the development of hypertriglyceridemia. In
addition, other conventional tracer methods also showed that the
extrahepatic clearance of secreted VLDL-TG was lower after inges-
tion of a fructose than a glucose meal [26], further enhancing
postprandial hypertriglyceridemia.

Another consequence of carbohydrate-induced de novo lipo-
genesis relates to non-alcoholic fatty liver disease. Until the 1990es,
the major portion of hepatic cirrhosis was attributed to alcohol
abuse. In 1980, however, clinicians from the Mayo clinics described
the occurrence of a form of obesity-associated hepatopathy indis-
tinguishable from alcohol hepatopathy in subjects not consuming
alcohol [41]. Over the next decades, it became rapidly apparent that
non-alcoholic fatty liver diseases, which start with a deposition of
intrahepatic fat within hepatocytes, and then proceeds to hepatic
steatosis, non-alcoholic steatohepatitis, cirrhosis, and eventually
hepatocarcinoma, were highly prevalent in the population [42]. It
was also observed, using magnetic resonance spectroscopy to non-
invasively assess intrahepatic fat concentrations, that consumption
of a high fructose diet was associated within a few days to signifi-
cant increases in intrahepatic fat content in healthy subjects [32].
This effect was subsequently shown not to be restricted to fructose,
however, since it was equally observed with fructose and glucose
when energy intake exceeded actual energy needs [43].

5. Enterocytes’ role in fructose metabolism
It is often considered that fructose is exclusively metabolized in

the liver. It has however been known for decades that kidney
proximal tubule cells express fructolytic enzymes, and that a
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substantial portion of intravenously infused fructose is metabolized
in the kidney [44,45]. In addition, small bowel enterocytes have
been known for a long time to express fructolytic enzymes and to
synthesize labelled lactate, glucose and fatty acids from labelled
fructose [46,47]. Interestingly, small bowel enterocytes, like hepa-
tocytes, express, not only fructose-metabolizing enzymes, but also
glucose-6-phosphatase, lipogenic enzymes, and the enzymatic
machinery to secrete TRL particles. The role of enterocytes in
overall metabolic control has remained however ignored until
relatively recently. It has however been observed in rodents that, at
low levels of intake, the near totality of fructose was metabolized in
enterocytes to be released into the hepatic portal circulation as
glycerate, glucose, or other fructose metabolites [48]. It has also
been observed, in both rodents [46] and humans [49], that a high
fructose diet stimulated de novo lipogenesis in enterocytes, and
that, at high levels of intake, a portion of ingested fructose was
released in the systemic circulation as triglycerides associated with
chylomicrons. Furthermore, it was recently reported that deletion
of fructokinase in enterocytes increased de novo lipogenesis from
fructose in the liver, while overexpression of this enzyme in
enterocytes shielded the liver against deleterious effects of fructose
linked to de novo lipogenesis [50]. The authors of these studies
concluded that “fructose induces lipogenesis when its dietary
intake rate exceeds the intestinal clearance capacity” and that “the
resulting fructose spill over drives metabolic syndrome”.

The role of enterocytes in postprandial metabolic homeostasis
may even be more complex than this. It has indeed been observed
that dietary lipids can remain as lipid droplets in the enterocytes for
several hours after absorption of a meal, and that the ingestion of
glucose in a subsequent meal acutely drives chylomicrons secretion
from the enterocyte [51]. It has also been observed that the secre-
tion of previously synthesized chylomicrons after ingestion of a
mixed meal made a major contribution to fasting and postprandial
hyperlipidemia in overweight subjects. Furthermore, this was
totally corrected after Roux-en-Y-gastric bypass [52], suggesting
the presence of a reversible enterocyte dysfunction in obese pa-
tients with the metabolic syndrome. The links which may exists
between enterocytes’ carbohydrate and sugar metabolism and
lipogenesis remains to be further explored, but clearly represent
important future research topics.

6. Adverse metabolic effects of fructose: in any physiological
condition?

Several controlled intervention studies thus showed that
administration of a fructose enriched diet, whether from pure
fructose or from sucrose or high fructose corn syrup, sometimes
induces alterations of hepatic insulin sensitivity and of blood lipid
profile which may be associated with a long term risk of type 2
diabetes, cardiovascular diseases, and non-alcoholic fatty liver
disease [53]. These effects were however dose dependent, and were
observed at fructose intake >50/day for postprandial TG, > 100 g/
day for fasting TG, and >150 g/d for intrahepatic lipid concentra-
tions [54]. Furthermore, they were generally observed in hyper-
caloric conditions: it was indeed shown that consumption of a 30%
fructose diet calculated to match the participants' energy expen-
diture did alter neither blood lipids nor intrahepatic triglyceride
concentrations of overweight subjects. In contrast, administration
of diets containing either 30% fructose or 30% glucose in excess of
participants’ energy requirements significantly increased blood
triglyceride and intrahepatic fat concentrations within 2 weeks
[43].

One can also note that participants invariably had restrained
physical activity during these studies. Physical activity, as a major
determinant of total energy expenditure, is however a key factor in
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nutritional sciences. It was thus observed that the metabolic effects
of dietary carbohydrates, and more specifically those of fructose,
were tightly dependent on the level of physical activity, and that
exercise prevented the increase in TRL particles and of their rem-
nants induced by a high carbohydrate diet [55,56].

How can we account for this protection of exercise against the
adverse metabolic effects of fructose? Glucose and fatty acids are
the prime substrates for working skeletal muscles, but fructose
cannot be directly used by muscle, which lacks fructolytic enzymes.
It has however been well documented that co-administration of
oral fructose and glucose during exercise can increase total carbo-
hydrate oxidation to a larger extent than glucose alone [57]. This
has been attributed to the fact that fructose and glucose use two
distinct gut transporters, and hence that maximal hexoses ab-
sorption is higher with glucose-fructose mixtures than with
glucose alone [58]. Fructose is not directly metabolized by skeletal
muscle, however, but is primarily converted by the liver into lactate
and glucose, and these two substrates are then released into the
circulation as energy fuels for muscle [59]. Exercise thus directs
fructose metabolism toward energy production in skeletal muscle,
thus preventing the accumulation of fructose metabolites in
splanchnic organs. This clearly points to a role, not of fructose per
se, but of excess non-oxidative fructose metabolism in splanchnic
organs at the origin of fructose-induced adverse effects.

7. Does fructose have more adverse metabolic effects in
specific population subgroups?

We just discussed the fact that people with low habitual phys-
ical activity may be at increased risk of developing hyper-
triglyceridemia and hepatic steatosis in response to a high fructose
diet than people with high physical activity. Our next question is:
are adverse metabolic effects of fructose enhanced in specific
subgroups of the population?

There is indeed evidence that obese subjects with insulin
resistance may have enhanced blood triglyceride responses to
fructose [60]. It has also been reported that genetic variations of
patatin-like phospholipase domain containing protein 3 (PNPLA3)
may affect fructose effects. PNPLA3 is a lipase associated with lipid
droplets in the liver. It has been observed that hispanic children
with gene variant rs7384of PNPLA3 show a correlation between
carbohydrate intake and intrahepatic fat concentration [61]. A
similar correlation between intrahepatic fat and sugar-sweetened
beverage intake was made in Italian adolescents with the same
variant [62].

Hereditary Fructose Intolerance (HFI) is an inherited metabolic
disease in which both alleles of aldolase B are mutated. In affected
subjects, fructose ingestion leads to accumulation of fructose-1-P in
fructolytic cells due to complete aldolase B deficiency. ATP con-
sumption for fructose-1-phosphate synthesis causes acute ATP
deficiency in hepatocytes and renal proximal tubule kidney cells,
leading to hypoglycemia and acute renal tubular acidosis. Another
consequence of fructose ingestion in HFI patients is an increased
degradation of ADP into IMP and uric acid synthesis, leading to
hyperuricemia. HFI is a severe, life-threatening condition when
fructose or sorbitol are present in the diet of affected subjects, but is
otherwise a benign, asymptomatic condition when subjects abstain
from fructose consumption. Its prevalence is estimated to be about
1/70,000, but many affected subjects develop early fructose aver-
sion, spontaneously consume a fructose-devoid diet, and remain
undiagnosed. Heterozygous mutations of aldolase B are predicted
to be present in 1:55 to 1:122 in the general population, and sub-
jects with heterozygous mutations have been considered to have
unaltered fructose metabolism due to sufficient synthesis of
aldolase B from the unmuted allele. It has however been observed
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that they have increased plasma uric acid concentration after
ingestion of fructose, and may even be more prone to develop a
mild insulin resistance when consuming a high fructose diet
[63,64]. It is possible that increased uric acid production may be
responsible for this, since this metabolite has been shown to impair
endothelial -dependent vasodilation and cause pre-receptor insulin
resistance in rodents [65].

8. Role of splanchnic organs in the metabolism of non-
ubiquitous substrates

What can we conclude from the various aspects of fructose
metabolism that we have just reviewed? On one hand, fructose is a
nutritional compound naturally present in our diet. The expression
of specific fructose-metabolizing enzymes, not only in humans, but
in most mammals, suggests that the ability to metabolize this
substrate has offered some selection advantage over evolution [66].
Interestingly, fructose cannot be directly metabolized by all cells of
the human organism. The same is true for several other dietary
substrates, such as galactose [67], alcohol [68], or most amino-acids
(except branched-chain amino acids) [69], which cannot be directly
oxidized to any great extent in peripheral cells such as muscle or
brain neurons. These substrates are instead primarily metabolized
in splanchnic organs, mainly in the gut and liver, where they are
converted into other, ubiquitous energy substrate: glucose, lactate,
fatty acids, or acetate. As such the splanchnic organs make a major
contribution to overall metabolism by processing nutrients into
energy sources readily available to any cell of the human organism.
They are specifically involved in several key metabolic processes:
first, the digestion of food and the complete or near complete ab-
sorption of a variety of energy-rich molecules from the gut through
the use of distinct membrane transporters; second, the metabolism
of these various molecules, each requiring specific enzymes, into
ubiquitous energy substrates readily metabolized by all cells of the
human organism, namely acetate, lactate, glucose and fatty acids;
and third, the temporary storage of energy within splanchnic or-
gans in the immediate postprandial period.

All these metabolic functions must be performed with homeo-
static constraints to avoid exaggerated blood glucose and lipid
concentrations, and thus to prevent cellular damages leading to
non-communicable diseases. Maintenance of glucose and lipid
homeostasis in turn depends on two requisites: first, there must be
a match between the amount of energy obtained from alternate
energy substrate as fructose in the diet on one hand, and the energy
needed by peripheral cells on the other hand; second, normal
glucoregulatory mechanisms must be operative. Figure 3 illustrate
this concept for fructose: at low levels of fructose intake, this
substrate is initially metabolized in the gut, and only a minor
portion of it actually reaches the hepatic portal circulation to be
metabolized by the liver. A small amount may escape gut and he-
patic metabolism and reach the systemic circulation to be even-
tually metabolized in the kidney. At high levels of fructose intake,
hepatic metabolism becomes preponderant and the metabolic
pathways used for fructose disposal depend on whole body energy
expenditure. If peripheral energy output is high, as for instance
during exercise, fructose carbons will be mainly released as glucose
and lactate by splanchnic tissues, to be used as energy substrate in
peripheral cells. During exercise, both splanchnic glucose produc-
tion and muscle glucose uptake are high, and large amounts of
glucose can be transferred to the muscle without adverse effects on
blood glucose [70]. It can be postulated that the same limitations
apply to interorgan lactate exchange, i.e. high splanchnic lactate
production and muscle lactate uptake during exercise, preventing
the development of undue hyperlactatemia. At the opposite, if
peripheral energy output is low, splanchnic glucose release is
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Fig. 3. At high levels of fructose intake, the metabolic pathways used for fructose
disposal in hepatocytes depend on whole body energy expenditure. If peripheral en-
ergy output is high, as for instance during exercise (left panel), fructose carbons will be
mainly released as glucose and lactate by splanchnic tissues, to be used as energy
substrate in peripheral cells. At the opposite, if peripheral energy output is low (right
panel), splanchnic glucose release is limited by glucoregulatory factors to prevent
hyperglycemia, and lactate release may be limited by hyperlactatemia. Under such
conditions, fructose carbons which cannot exit the liver are first diverted toward he-
patic glycogen, and later, when glycogen stores become saturated, into de novo lipo-
genesis and increased secretion of VLDL-TG.

limited by glucoregulatory factors to prevent hyperglycemia, and
lactate release may be limited by hyperlactatemia. Under such
conditions, fructose carbons which cannot exit the liver are first
diverted toward hepatic glycogen, and later, when glycogen stores
become saturated, into de novo lipogenesis and increased secretion
of VLDL-TG. Stimulation of de novo lipogenesis also occurs in small
bowel enterocytes and results in an increased secretion of
triglyceride-loaded chylomicrons. This may be associated with
chronic elevation of TRL and of their remnants in the blood, which
may in turn be responsible for initiating atherosclerosis. In addi-
tion, chronic imbalance between fructose intake and energy output
may cause progressive hepatic fat accumulation, leading in the long
term to non-alcoholic fatty liver disease. One can hypothesize that
the same process occurs in gut enterocytes, leading to enterocytes
lipotoxicity, the consequences of which remain to be assessed.

The consequences of high fructose diets in humans have been
extensively studied. However, whether the same concepts apply to
other alternate metabolic substrates such as alcohol or amino-
acids, or combination of them, remain largely unexplored. Inter-
estingly, a recent report indicates that ingestion of galactose with a
mixed meal causes a similar postprandial increase in blood tri-
glyceride than fructose [71].

9. Conclusions and perspectives

The efficient absorption of as much energy as possible, from
many different energy-rich substrate present in our diet, and the
processing of these substrate into substrate useable for energy
production by all cells of the human organism are obviously key
functions of the gut and liver. The capacity to use energy substrates
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such as fructose has most likely be important to allow survival in
the past when energy sources were scarce. In our present world,
the wide availability of energy-dense foods is associated with a
well-known risk of obesity and of its cardiometabolic complica-
tions. In addition, excess consumption of fructose (or of other
substrates dependent on a first-step hepatic metabolism) may
expose the gut and liver to an overload of glucose, glycogen and
triglycerides, which may lead to gut and hepatic dysfunction and be
associated with a further risk of cardiometabolic diseases.

I would also mention that several areas of fructose metabolism
remain underexplored. There is indeed evidence that fructose is
present in the systemic circulation, as a result both of an incom-
plete splanchnic extraction of dietary fructose and of an endoge-
nous fructose production [72]. There is also evidence that many cell
types, such as adipocytes and skeletal muscle, express specific
fructose transporters as well as alternate forms of fructose-
metabolizing enzyme [73]. The importance and functional signifi-
cance of this extra-splanchnic fructose metabolism remains to be
determined.

Conflict of interest

The author has received research support and speaker fees from
Nestlé SA, Switzerland and Soremartec Italy srl.

Acknowledgments

The study performed in the author's laboratory and reported
here were supported by grants 32003B_156167 and 320030-
138428 from the Swiss National Fondation for Science.

References

[1] Livesey G. The energy values of dietary fibre and sugar alcohols for man. Nutr
Res Rev 1992;5(1):61—84. https://doi.org/10.1079/NRR19920007.

Sherman WM. Metabolism of sugars and physical performance. Am J Clin Nutr
1995;62(1 Suppl):2285—41S. https://doi.org/10.1093/ajcn/62.1.228S.
Stanhope KL. Sugar consumption, metabolic disease and obesity: the state of
the controversy. Crit Rev Clin Lab Sci 2016;53(1):52—67. https://doi.org/
10.3109/10408363.2015.1084990.

Stefan N, Birkenfeld AL, Schulze MB, Ludwig DS. Obesity and impaired
metabolic health in patients with COVID-19. Nat Rev Endocrinol 2020;16(7):
341-2. https://doi.org/10.1038/s41574-020-0364-6.

Berson SA, Yalow RS. Plasma insulin in health and disease. Am ] Med 1961;31:
874—81. https://doi.org/10.1016/0002-9343(61)90029-8.

DeFronzo RA, Tobin ]JD, Andres R. Glucose clamp technique: a method for
quantifying insulin secretion and resistance. Am ] Physiol 1979;237(3):
E214-23. https://doi.org/10.1152/ajpendo.1979.237.3.E214.

Bergman RN, Prager R, Volund A, Olefsky JM. Equivalence of the insulin
sensitivity index in man derived by the minimal model method and the
euglycemic glucose clamp. J Clin Invest 1987;79(3):790—800. https://doi.org/
10.1172/JC1112886.

Mitrakou A, Kelley D, Veneman T, Jenssen T, Pangburn T, Reilly ], et al.
Contribution of abnormal muscle and liver glucose metabolism to post-
prandial hyperglycemia in NIDDM. Diabetes 1990;39(11):1381—-90. https://
doi.org/10.2337/diab.39.11.1381.

Reaven GM. Banting lecture 1988. Role of insulin resistance in human disease.
Diabetes 1988;37(12):1595—607. https://doi.org/10.2337/diab.37.12.1595.
Bjorntorp P, Rosmond R. Neuroendocrine abnormalities in visceral obesity. Int
] Obes Relat Metab Disord 2000;24(Suppl 2):S80—5. https://doi.org/10.1038/
sj.ijo.0801285.

Stefan N. Causes, consequences, and treatment of metabolically unhealthy fat
distribution. Lancet Diabetes Endocrinol 2020;8(7):616—27. https://doi.org/
10.1016/52213-8587(20)30110-8.

Lemieux I, Pascot A, Couillard C, Lamarche B, Tchernof A, Almeras N,
et al. Hypertriglyceridemic waist: a marker of the atherogenic metabolic
triad (hyperinsulinemia; hyperapolipoprotein B; small, dense LDL) in
men? Circulation 2000;102(2):179—84. https://doi.org/10.1161/01.cir.102.
2.179.

Gerich JE. Role of liver in the pathogenesis of type Il diabetes. Adv Sec
Messenger Phosphoprotein Res 1990;24:507—10.

Mayes PA. Intermediary metabolism of fructose. Am ] Clin Nutr 1993;58(5
Suppl):754S—65S. https://doi.org/10.1093/ajcn/58.5.754S.

[2

3

[4

(5

[6

[7

(8

[9

[10]

[11]

[12]

[13]

[14]


https://doi.org/10.1079/NRR19920007
https://doi.org/10.1093/ajcn/62.1.228S
https://doi.org/10.3109/10408363.2015.1084990
https://doi.org/10.3109/10408363.2015.1084990
https://doi.org/10.1038/s41574-020-0364-6
https://doi.org/10.1016/0002-9343(61)90029-8
https://doi.org/10.1152/ajpendo.1979.237.3.E214
https://doi.org/10.1172/JCI112886
https://doi.org/10.1172/JCI112886
https://doi.org/10.2337/diab.39.11.1381
https://doi.org/10.2337/diab.39.11.1381
https://doi.org/10.2337/diab.37.12.1595
https://doi.org/10.1038/sj.ijo.0801285
https://doi.org/10.1038/sj.ijo.0801285
https://doi.org/10.1016/S2213-8587(20)30110-8
https://doi.org/10.1016/S2213-8587(20)30110-8
https://doi.org/10.1161/01.cir.102.2.179
https://doi.org/10.1161/01.cir.102.2.179
http://refhub.elsevier.com/S0261-5614(20)30697-X/sref13
http://refhub.elsevier.com/S0261-5614(20)30697-X/sref13
http://refhub.elsevier.com/S0261-5614(20)30697-X/sref13
https://doi.org/10.1093/ajcn/58.5.754S

L. Tappy

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

Tappy L, Le KA. Metabolic effects of fructose and the worldwide increase in
obesity. Physiol Rev 2010;90(1):23—46. https://doi.org/10.1152/physrev.00019.
2009.

Bantle JP, Laine DC, Castle GW, Thomas JW, Hoogwerf BJ], Goetz FC. Post-
prandial glucose and insulin responses to meals containing different carbo-
hydrates in normal and diabetic subjects. N Engl ] Med 1983;309(1):7—12.
https://doi.org/10.1056/NEJM198307073090102.

Simonson DC, Tappy L, Jequier E, Felber JP, DeFronzo RA. Normalization of
carbohydrate-induced thermogenesis by fructose in insulin-resistant states.
Am ] Physiol 1988;254(2 Pt 1):E201—7. https://doi.org/10.1152/ajpendo.1988.
254.2.E201.

Tappy L, Randin ]P, Felber JP, Chiolero R, Simonson DC, Jequier E, et al.
Comparison of thermogenic effect of fructose and glucose in normal humans.
Am ] Physiol 1986;250(6 Pt 1):E718—24. https://doi.org/10.1152/ajpendo.
1986.250.6.E718.

Delarue ], Normand S, Pachiaudi C, Beylot M, Lamisse F, Riou JP. The contri-
bution of naturally labelled 13C fructose to glucose appearance in humans.
Diabetologia 1993;36(4):338—45. https://doi.org/10.1007/BF00400238.
Tounian P, Schneiter P, Henry S, Jequier E, Tappy L. Effects of infused fructose
on endogenous glucose production, gluconeogenesis, and glycogen meta-
bolism. Am ] Physiol 1994;267(5 Pt 1):E710—7. https://doi.org/10.1152/
ajpendo.1994.267.5.E710.

Paquot N, Schneiter P, Jequier E, Gaillard R, Lefebvre PJ, Scheen A, et al.
Effects of ingested fructose and infused glucagon on endogenous glucose
production in obese NIDDM patients, obese non-diabetic subjects, and
healthy subjects. Diabetologia 1996;39(5):580—6. https://doi.org/10.1007/
BF00403305.

Jenssen T, Nurjhan N, Consoli A, Gerich JE. Failure of substrate-induced
gluconeogenesis to increase overall glucose appearance in normal humans.
Demonstration of hepatic autoregulation without a change in plasma glucose
concentration. ] Clin Invest 1990;86(2):489—97. https://doi.org/10.1172/
JCI114735.

Jahoor F, Peters EJ, Wolfe RR. The relationship between gluconeogenic sub-
strate supply and glucose production in humans. Am ] Physiol 1990;258(2 Pt
1):E288—96. https://doi.org/10.1152/ajpendo.1990.258.2.E288.

Dirlewanger M, Schneiter P, Jequier E, Tappy L. Effects of fructose on hepatic
glucose metabolism in humans. Am ] Physiol Endocrinol Metab 2000;279(4):
E907—11. https://doi.org/10.1152/ajpend0.2000.279.4.E907.

Fox IH, Kelley WN. Studies on the mechanism of fructose-induced hyperuri-
cemia in man. Metabolism 1972;21(8):713—21. https://doi.org/10.1016/0026-
0495(72)90120-5.

Chong MF, Fielding BA, Frayn KN. Mechanisms for the acute effect of fructose
on postprandial lipemia. Am ] Clin Nutr 2007;85(6):1511—20. https://doi.org/
10.1093/ajcn/85.6.1511.

Coss-Bu JA, Sunehag AL, Haymond MW. Contribution of galactose and fructose
to glucose homeostasis. Metabolism 2009;58(8):1050—8. https://doi.org/
10.1016/j.metabol.2009.02.018.

Gannon MC, Khan MA, Nuttall FQ. Glucose appearance rate after the ingestion
of galactose. Metabolism 2001;50(1):93—8. https://doi.org/10.1053/
meta.2001.19442.

Livesey G, Taylor R. Fructose consumption and consequences for glycation,
plasma triacylglycerol, and body weight: meta-analyses and meta-regression
models of intervention studies. Am J Clin Nutr 2008;88(5):1419—37. https://
doi.org/10.3945/ajcn.2007.25700.

Bizeau ME, Pagliassotti M]. Hepatic adaptations to sucrose and fructose.
Metabolism 2005;54(9):1189—-201. https://doi.org/10.1016/j.metabol.2005.
04.004.

Ter Horst KW, Schene MR, Holman R, Romijn JA, Serlie MJ. Effect of fructose
consumption on insulin sensitivity in nondiabetic subjects: a systematic re-
view and meta-analysis of diet-intervention trials. Am ] Clin Nutr
2016;104(6):1562—76. https://doi.org/10.3945/ajcn.116.137786.

Lecoultre V, Egli L, Carrel G, Theytaz F, Kreis R, Schneiter P, et al. Effects of
fructose and glucose overfeeding on hepatic insulin sensitivity and intra-
hepatic lipids in healthy humans. Obesity 2013;21(4):782—5. https://doi.org/
10.1002/0by.20377.

Zhang YH, An T, Zhang RC, Zhou Q, Huang Y, Zhang J. Very high fructose intake
increases serum LDL-cholesterol and total cholesterol: a meta-analysis of
controlled feeding trials. ] Nutr 2013;143(9):1391—8. https://doi.org/10.3945/
jn.113.175323.

Acheson K], Schutz Y, Bessard T, Anantharaman K, Flatt JP, Jequier E. Glycogen
storage capacity and de novo lipogenesis during massive carbohydrate
overfeeding in man. Am ] Clin Nutr 1988;48(2):240—7. https://doi.org/
10.1093/ajcn/48.2.240.

Hellerstein MK, Kletke C, Kaempfer S, Wu K, Shackleton CH. Use of mass
isotopomer distributions in secreted lipids to sample lipogenic acetyl-CoA
pool in vivo in humans. Am ] Physiol 1991;261(4 Pt 1):E479—86. https://
doi.org/10.1152/ajpendo0.1991.261.4.E479.

Parks EJ, Hellerstein MK. Carbohydrate-induced hypertriacylglycerolemia:
historical perspective and review of biological mechanisms. Am ] Clin Nutr
2000;71(2):412-33. https://doi.org/10.1093/ajcn/71.2.412.

Zhao S, Jang C, Liu ], Uehara K, Gilbert M, Izzo L, et al. Dietary fructose feeds
hepatic lipogenesis via microbiota-derived acetate. Nature 2020;579(7800):
586—91. https://doi.org/10.1038/s41586-020-2101-7.

Faeh D, Minehira K, Schwarz JM, Periasamy R, Park S, Tappy L. Effect of
fructose overfeeding and fish oil administration on hepatic de novo

1697

(39]

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

Clinical Nutrition 40 (2021) 1691-1698

lipogenesis and insulin sensitivity in healthy men. Diabetes 2005;54(7):
1907—13. https://doi.org/10.2337/diabetes.54.7.1907.

Le KA, Faeh D, Stettler R, Ith M, Kreis R, Vermathen P, et al. A 4-wk high-
fructose diet alters lipid metabolism without affecting insulin sensitivity or
ectopic lipids in healthy humans. Am ] Clin Nutr 2006;84(6):1374—9. https://
doi.org/10.1093/ajcn/84.6.1374.

Le KA, Ith M, Kreis R, Faeh D, Bortolotti M, Tran C, et al. Fructose over-
consumption causes dyslipidemia and ectopic lipid deposition in healthy
subjects with and without a family history of type 2 diabetes. Am ] Clin Nutr
2009;89(6):1760—5. https://doi.org/10.3945/ajcn.2008.27336.

Ludwig ], Viggiano TR, McGill DB, Oh BJ. Nonalcoholic steatohepatitis: Mayo
Clinic experiences with a hitherto unnamed disease. Mayo Clin Proc
1980;55(7):434—8.

Diehl AM, Day C. Cause, pathogenesis, and treatment of nonalcoholic steato-
hepatitis. N Engl ] Med 2017;377(21):2063—72. https://doi.org/10.1056/
NEJMra1503519.

Johnston RD, Stephenson MC, Crossland H, Cordon SM, Palcidi E, Cox EF, et al.
No difference between high-fructose and high-glucose diets on liver tri-
acylglycerol or biochemistry in healthy overweight men. Gastroenterology
2013;145(5):1016—25. https://doi.org/10.1053/j.gastro.2013.07.012. e1012.
Bjorkman O, Felig P. Role of the kidney in the metabolism of fructose in 60-
hour fasted humans. Diabetes 1982;31(6 Pt 1):516—20. https://doi.org/
10.2337/diab.31.6.516.

Bjorkman O, Gunnarsson R, Hagstrom E, Felig P, Wahren ]. Splanchnic and
renal exchange of infused fructose in insulin-deficient type 1 diabetic patients
and healthy controls. ] Clin Invest 1989;83(1):52—9. https://doi.org/10.1172/
JCI113884.

Haidari M, Leung N, Mahbub F, Uffelman KD, Kohen-Avramoglu R, Lewis GF,
et al. Fasting and postprandial overproduction of intestinally derived lipo-
proteins in an animal model of insulin resistance. Evidence that chronic
fructose feeding in the hamster is accompanied by enhanced intestinal de
novo lipogenesis and ApoB48-containing lipoprotein overproduction. ] Biol
Chem 2002;277(35):31646—55. https://doi.org/10.1074/jbc.M200544200.
Bjorkman O, Crump M, Phillips RW. Intestinal metabolism of orally admin-
istered glucose and fructose in Yucatan miniature swine. ] Nutr 1984;114(8):
1413-20. https://doi.org/10.1093/jn/114.8.1413.

Jang C, Hui S, Lu W, Cowan A], Morscher R], Lee G, et al. The small intestine
converts dietary fructose into glucose and organic acids. Cell Metabol
2018;27(2):351—61. https://doi.org/10.1016/j.cmet.2017.12.016. e353.
Theytaz F, de Giorgi S, Hodson L, Stefanoni N, Rey V, Schneiter P, et al.
Metabolic fate of fructose ingested with and without glucose in a mixed meal.
Nutrients 2014;6(7):2632—49. https://doi.org/10.3390/nu6072632.

Jang C, Wada S, Yang S, Gosis B, Zeng X, Zhang Z, et al. The small intestine
shields the liver from fructose-induced steatosis. Nat Metab 2020;2(7):
586—93. https://doi.org/10.1038/s42255-020-0222-9.

Robertson MD, Parkes M, Warren BF, Ferguson DJ, Jackson KG, Jewell DP, et al.
Mobilisation of enterocyte fat stores by oral glucose in humans. Gut
2003;52(6):834—9. https://doi.org/10.1136/gut.52.6.834.

Jegatheesan P, Seyssel K, Stefanoni N, Rey V, Schneiter P, Giusti V, et al. Effects
of gastric bypass surgery on postprandial gut and systemic lipid handling. Clin
Nutr ESPEN 2020;35:95—102. https://doi.org/10.1016/j.clnesp.2019.11.002.
Stanhope KL, Schwarz JM, Havel P]. Adverse metabolic effects of dietary
fructose: results from the recent epidemiological, clinical, and mechanistic
studies. Curr Opin Lipidol 2013;24(3):198—206. https://doi.org/10.1097/
MOL.0b013e3283613bca.

Tappy L, Morio B, Azzout-Marniche D, Champ M, Gerber M, Houdart S, et al.
French recommendations for sugar intake in adults: a novel approach chosen
by anses. Nutrients 2018;10(8). https://doi.org/10.3390/nu10080989.
Koutsari C, Karpe F, Humphreys SM, Frayn KN, Hardman AE. Exercise prevents
the accumulation of triglyceride-rich lipoproteins and their remnants seen
when changing to a high-carbohydrate diet. Arterioscler Thromb Vasc Biol
2001;21(9):1520-5. https://doi.org/10.1161/hq0901.095553.

Egli L, Lecoultre V, Theytaz F, Campos V, Hodson L, Schneiter P, et al. Exercise
prevents fructose-induced hypertriglyceridemia in healthy young subjects.
Diabetes 2013;62(7):2259—65. https://doi.org/10.2337/db12-1651.

Jentjens RL, Moseley L, Waring RH, Harding LK, Jeukendrup AE. Oxidation of
combined ingestion of glucose and fructose during exercise. ] Appl Physiol
2004;96(4):1277—84. https://doi.org/10.1152/japplphysiol.00974.2003.
Jeukendrup AE, Moseley L. Multiple transportable carbohydrates enhance
gastric emptying and fluid delivery. Scand ] Med Sci Sports 2010;20(1):
112-21. https://doi.org/10.1111/j.1600-0838.2008.00862.x.

Lecoultre V, Benoit R, Carrel G, Schutz Y, Millet GP, Tappy L, et al. Fructose and
glucose co-ingestion during prolonged exercise increases lactate and glucose
fluxes and oxidation compared with an equimolar intake of glucose. Am ] Clin
Nutr 2010;92(5):1071-9. https://doi.org/10.3945/ajcn.2010.29566.

Teff KL, Grudziak ], Townsend RR, Dunn TN, Grant RW, Adams SH, et al.
Endocrine and metabolic effects of consuming fructose- and glucose-
sweetened beverages with meals in obese men and women: influence of
insulin resistance on plasma triglyceride responses. J Clin Endocrinol Metab
2009;94(5):1562—9. https://doi.org/10.1210/jc.2008-2192.

Davis JN, Le KA, Walker RW, Vikman S, Spruijt-Metz D, Weigensberg M], et al.
Increased hepatic fat in overweight Hispanic youth influenced by interaction
between genetic variation in PNPLA3 and high dietary carbohydrate and sugar
consumption. Am ] Clin Nutr 2010;92(6):1522—7. https://doi.org/10.3945/
ajcn.2010.30185.


https://doi.org/10.1152/physrev.00019.2009
https://doi.org/10.1152/physrev.00019.2009
https://doi.org/10.1056/NEJM198307073090102
https://doi.org/10.1152/ajpendo.1988.254.2.E201
https://doi.org/10.1152/ajpendo.1988.254.2.E201
https://doi.org/10.1152/ajpendo.1986.250.6.E718
https://doi.org/10.1152/ajpendo.1986.250.6.E718
https://doi.org/10.1007/BF00400238
https://doi.org/10.1152/ajpendo.1994.267.5.E710
https://doi.org/10.1152/ajpendo.1994.267.5.E710
https://doi.org/10.1007/BF00403305
https://doi.org/10.1007/BF00403305
https://doi.org/10.1172/JCI114735
https://doi.org/10.1172/JCI114735
https://doi.org/10.1152/ajpendo.1990.258.2.E288
https://doi.org/10.1152/ajpendo.2000.279.4.E907
https://doi.org/10.1016/0026-0495(72)90120-5
https://doi.org/10.1016/0026-0495(72)90120-5
https://doi.org/10.1093/ajcn/85.6.1511
https://doi.org/10.1093/ajcn/85.6.1511
https://doi.org/10.1016/j.metabol.2009.02.018
https://doi.org/10.1016/j.metabol.2009.02.018
https://doi.org/10.1053/meta.2001.19442
https://doi.org/10.1053/meta.2001.19442
https://doi.org/10.3945/ajcn.2007.25700
https://doi.org/10.3945/ajcn.2007.25700
https://doi.org/10.1016/j.metabol.2005.04.004
https://doi.org/10.1016/j.metabol.2005.04.004
https://doi.org/10.3945/ajcn.116.137786
https://doi.org/10.1002/oby.20377
https://doi.org/10.1002/oby.20377
https://doi.org/10.3945/jn.113.175323
https://doi.org/10.3945/jn.113.175323
https://doi.org/10.1093/ajcn/48.2.240
https://doi.org/10.1093/ajcn/48.2.240
https://doi.org/10.1152/ajpendo.1991.261.4.E479
https://doi.org/10.1152/ajpendo.1991.261.4.E479
https://doi.org/10.1093/ajcn/71.2.412
https://doi.org/10.1038/s41586-020-2101-7
https://doi.org/10.2337/diabetes.54.7.1907
https://doi.org/10.1093/ajcn/84.6.1374
https://doi.org/10.1093/ajcn/84.6.1374
https://doi.org/10.3945/ajcn.2008.27336
http://refhub.elsevier.com/S0261-5614(20)30697-X/sref41
http://refhub.elsevier.com/S0261-5614(20)30697-X/sref41
http://refhub.elsevier.com/S0261-5614(20)30697-X/sref41
http://refhub.elsevier.com/S0261-5614(20)30697-X/sref41
https://doi.org/10.1056/NEJMra1503519
https://doi.org/10.1056/NEJMra1503519
https://doi.org/10.1053/j.gastro.2013.07.012
https://doi.org/10.2337/diab.31.6.516
https://doi.org/10.2337/diab.31.6.516
https://doi.org/10.1172/JCI113884
https://doi.org/10.1172/JCI113884
https://doi.org/10.1074/jbc.M200544200
https://doi.org/10.1093/jn/114.8.1413
https://doi.org/10.1016/j.cmet.2017.12.016
https://doi.org/10.3390/nu6072632
https://doi.org/10.1038/s42255-020-0222-9
https://doi.org/10.1136/gut.52.6.834
https://doi.org/10.1016/j.clnesp.2019.11.002
https://doi.org/10.1097/MOL.0b013e3283613bca
https://doi.org/10.1097/MOL.0b013e3283613bca
https://doi.org/10.3390/nu10080989
https://doi.org/10.1161/hq0901.095553
https://doi.org/10.2337/db12-1651
https://doi.org/10.1152/japplphysiol.00974.2003
https://doi.org/10.1111/j.1600-0838.2008.00862.x
https://doi.org/10.3945/ajcn.2010.29566
https://doi.org/10.1210/jc.2008-2192
https://doi.org/10.3945/ajcn.2010.30185
https://doi.org/10.3945/ajcn.2010.30185

L. Tappy

[62]

[63]

[64]

[65]

Nobili V, Liccardo D, Bedogni G, Salvatori G, Gnani D, Bersani |, et al. Influence
of dietary pattern, physical activity, and 1148M PNPLA3 on steatosis severity
in at-risk adolescents. Genes Nutr 2014;9(3):392. https://doi.org/10.1007/
$12263-014-0392-8.

Debray FG, Damjanovic K, Rosset R, Mittaz-Crettol L, Roux C, Braissant O, et al.
Are heterozygous carriers for hereditary fructose intolerance predisposed to
metabolic disturbances when exposed to fructose? Am ] Clin Nutr
2018;108(2):292—9. https://doi.org/10.1093/ajcn/nqy092.

Tran C. Inborn errors of fructose metabolism. What can we learn from them?
Nutrients 2017;9(4). https://doi.org/10.3390/nu9040356.

Nakagawa T, Hu H, Zharikov S, Tuttle KR, Short RA, Glushakova O, et al.
A causal role for uric acid in fructose-induced metabolic syndrome. Am ]
Physiol Ren Physiol 2006;290(3):F625—31. https://doi.org/10.1152/ajprenal.
00140.2005.

[66] Johnson R], Stenvinkel P, Andrews P, Sanchez-Lozada LG, Nakagawa T,

[67]

Gaucher E, et al. Fructose metabolism as a common evolutionary pathway of
survival associated with climate change, food shortage and droughts. ] Intern
Med 2020;287(3):252—62. https://doi.org/10.1111/joim.12993.
Williams CA, Macdonald 1. Metabolic effects of dietary galactose. World Rev
Nutr Diet 1982;39:23—52. https://doi.org/10.1159/000406493.

1698

[68]

[69]

[70]

[71]

[72]

(73]

Clinical Nutrition 40 (2021) 1691-1698

Yki-Jarvinen H, Koivisto VA, Ylikahri R, Taskinen MR. Acute effects of ethanol
and acetate on glucose kinetics in normal subjects. Am ] Physiol 1988;254(2 Pt
1):E175—80. https://doi.org/10.1152/ajpendo.1988.254.2.E175.

Jungas RL, Halperin ML, Brosnan JT. Quantitative analysis of amino acid
oxidation and related gluconeogenesis in humans. Physiol Rev 1992;72(2):
419—48. https://doi.org/10.1152/physrev.1992.72.2.419.

Tappy L, Rosset R. Health outcomes of a high fructose intake: the importance
of physical activity. ] Physiol 2019;597(14):3561—71. https://doi.org/10.1113/
JP278246.

Watkins J, Simpson A, Betts JA, Thompson D, Holliday A, Deighton K, et al.
Galactose ingested with a high-fat beverage increases postprandial lipemia
compared with glucose but not fructose ingestion in healthy men. J Nutr
2020;150(7):1765—72. https://doi.org/10.1093/jn/nxaa105.

Francey C, Cros ], Rosset R, Creze C, Rey V, Stefanoni N, et al. The extra-
splanchnic fructose escape after ingestion of a fructose-glucose drink: an
exploratory study in healthy humans using a dual fructose isotope method. Clin
Nutr ESPEN 2019;29:125—32. https://doi.org/10.1016/j.clnesp.2018.11.008.
Tappy L. Fructose metabolism and noncommunicable diseases: recent find-
ings and new research perspectives. Curr Opin Clin Nutr Metab Care
2018;21(3):214—22. https://doi.org/10.1097/MC0.0000000000000460.


https://doi.org/10.1007/s12263-014-0392-8
https://doi.org/10.1007/s12263-014-0392-8
https://doi.org/10.1093/ajcn/nqy092
https://doi.org/10.3390/nu9040356
https://doi.org/10.1152/ajprenal.00140.2005
https://doi.org/10.1152/ajprenal.00140.2005
https://doi.org/10.1111/joim.12993
https://doi.org/10.1159/000406493
https://doi.org/10.1152/ajpendo.1988.254.2.E175
https://doi.org/10.1152/physrev.1992.72.2.419
https://doi.org/10.1113/JP278246
https://doi.org/10.1113/JP278246
https://doi.org/10.1093/jn/nxaa105
https://doi.org/10.1016/j.clnesp.2018.11.008
https://doi.org/10.1097/MCO.0000000000000460

	Metabolism of sugars: A window to the regulation of glucose and lipid homeostasis by splanchnic organs
	1. Introduction: the coordination between splanchnic and peripheral organs for energy production
	2. Insulin resistance and increased concentrations of triglyceride-rich lipoprotein particles as factors linking sugar consump ...
	3. Metabolism of an acute fructose or galactose load differs from that of glucose
	4. Metabolic effects of chronically increased fructose intake
	5. Enterocytes’ role in fructose metabolism
	6. Adverse metabolic effects of fructose: in any physiological condition?
	7. Does fructose have more adverse metabolic effects in specific population subgroups?
	8. Role of splanchnic organs in the metabolism of non-ubiquitous substrates
	9. Conclusions and perspectives
	Conflict of interest
	Acknowledgments
	References


