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Abstract
In our societies, the proportions of elderly people and of obese individuals are increasing. Both factors are associated with high health-related
costs. During obesity, many authors suggest that it is a high chronic intake of added sugars (HCIAS) that triggers the shift towards pathology.
However, the majority of studies were performed in young subjects and only a few were interested in the interaction with the ageing process.
Our purpose was to discuss the metabolic effects of HCIAS, compare with the effects of ageing, and evaluate how deleterious the combined
action of HCIAS and ageing could be. This effect of HCIAS seems mediated by fructose, targeting the liver first, which may lead to all
subsequent metabolic alterations. The first basic alterations induced by fructose are increased oxidative stress, protein glycation, inflammation,
dyslipidaemia and insulin resistance. These alterations are also present during the ageing process, and are closely related to each other, one
leading to the other. These basic alterations are also involved in more complex syndromes, which are also favoured by HCIAS, and present
during ageing. These include non-alcoholic fatty liver disease, hypertension, neurodegenerative diseases, sarcopenia and osteoporosis.
Cumulative effects of ageing and HCIAS have been seldom tested and may not always be strictly additive. Data also suggest that some of the
metabolic alterations that are more prevalent during ageing could be related more with nutritional habits than to intrinsic ageing. In
conclusion, it is clear that HCIAS interacts with the ageing process, accelerates the accumulation of metabolic alterations, and that it should
be avoided.
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Introduction

In most of the countries of the world, the characteristics of the
populations are currently being modified in a double way:
the proportion of elderly people is increasing, as well as the
proportion of obese individuals. The proportion of the world’s
population aged 60 years or over increased from 8% in 1950 to
12% in 2013 and could reach 21% by 2050, representing
approximately 2 billion people(1). Regarding obesity, in 1975,
3·2% of men and 6·4% of women were obese (BMI> 30 kg/m2)
in the world. In 2014, it was 10·8% of men and 14·9% of
women. In 2025, it could reach 18% for men, and more than
21% for women(2).
A common denominator certainly plays a role in these

evolutions, an increase in food availability. Nowadays, all
nutrient needs are easily covered at all ages for a high
proportion of the population in most countries, which favours
successful ageing (i.e. good health and quality of life) and an
increase in the proportion of elderly subjects; but excessive
food intake may also lead to obesity.

Both conditions (being old and being obese) are dangerous
for health. Ageing can be defined as a decrease in the capacity
to maintain homeostasis, a progressive loss of physiological
integrity, leading to impaired function and increased vulner-
ability to death(3). Similarly, obesity constitutes one of the
criteria of the metabolic syndrome along with hypertension,
dyslipidaemia (high TAG, high total cholesterol, low HDL-
cholesterol) and hyperglycaemia. The metabolic syndrome
leads to increased risks of type 2 diabetes, CHD and stroke.

Since the development of obesity is relatively recent, and is
occurring in a world with an increased proportion of elderly
subjects, it is logical to think that we will be more and more
confronted with the combination of both effects. Since obesity
is deleterious, it may prevent successful ageing and reduce life
expectancy. For instance, it was estimated that in the USA, the
high prevalence of obesity explains at least 20–35% of the
shortfall in US life expectancy relative to countries with superior
levels(4). If obesity continues to rise in the USA or in other
countries, although many factors affect the calculation of life
expectancy, it could slow or even stop the observed constant
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increase in life expectancy that is currently observed all over
the world.
Another parameter must be included in the equation: ‘added

sugar’ consumption. Obese individuals often (but not always)
consume a high amount of added sugars. It contributes to their
excess of energy intake, but many authors suggest that such a
high chronic intake of added sugars (HCIAS) is also responsible
for the pathological complications of obesity. The pathologies
and risk factors commonly attributed to obesity should be in fact
associated with HCIAS(5). The expression ‘added sugars’ refers
to any sweetener containing the molecule fructose (like
sucrose) that is added to food in processing. Thus, this defini-
tion does not include fructose present in fruits and honey
whose consumption is positively associated with health in
relation with protective nutrients that are also present in these
foods (vitamins, antioxidants, polyphenols, fibres). Over the
past decades, the consumption of such ‘added sugars’ has been
steadily increasing. Fructose consumption constitutes today
more than 9% of total energy intake in the USA. HCIAS will
lead to the apparition of pathologies such as hypertension,
diabetes and heart diseases. This is due to the specificities of
fructose metabolism.
Indeed, contrary to glucose, the vast majority of ingested

fructose is metabolised in the liver and does not reach peri-
pheral organs (Fig. 1). In the liver, fructose is quickly and
efficiently phosphorylated into fructose-1P under the action of
fructokinase, with the consumption of ATP(6). Fructokinase is
highly specific for fructose and is not regulated by insulin. In
addition, contrary to what is observed for lipolysis, fructolytic
enzymes are not inhibited by their products. Consequently, all
of the fructose present in the hepatocyte is phosphorylated,
which leads to a depletion in the intracellular ATP pool,
resulting in uric acid production, potentially deleterious
for cells(7). Fructose-1P is then metabolised into triose-P,

mostly converted into glucose and glycogen through
gluconeogenesis(8). Also, triose-P can be converted into
pyruvate and then into acetyl-CoA which can be used as a
substrate for de novo lipogenesis (DNL) after conversion
into citrate through the tricarboxylic acid cycle, leading to
de novo synthesis and secretion of TAG(9). Moreover, fructose is
able to increase the abundance of two transcription factors
that regulate lipogenesis: the sterol regulatory response
element-binding protein-1c (SREBP-1c) and the carbohydrate-
response element-binding protein (ChREBP): in turn, these
transcription factors activate lipogenesis by increasing the
expression of enzymes like ATP-citrate lyase, acetyl-CoA
carboxylase, fatty acid synthase, pyruvate kinase and glycerol-
3-phosphate acyltransferase(10). Excessive intake of fructose,
through this stimulation of lipogenesis, can then lead to the
development of several disorders(11), like an increase in
oxidative stress, protein glycation, inflammation, dyslipidaemia
and insulin resistance. These alterations are also characteristic
features of ageing. In fact, as we will discover in the present
review, many of the deleterious effects of fructose consumption
are similar to the effects of ageing. Fructose seems to mimic
the effect of ageing. The ageing process is the result of
the effects of the deleterious factors that are present in our
environment, genetic programming, and the interaction
between the two. Based on the similarities between metabolic
diseases induced by HCIAS and observed during ageing, it
seems clear that HCIAS is one of these deleterious factors
of our environment, and that it can accelerate ageing in the
sense that the ‘physiological age’ of subjects that are having
a HCIAS may be older than their ‘chronological age’. Thus,
in a world with an increased proportion of elderly indi-
viduals, an increase in fructose consumption could have
deleterious effects and contribute to a further reduction in life
expectancy.
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Fig. 1. Fructose liver metabolism. SREPB-1c, sterol regulatory element-binding protein; ChREBP, carbohydrate responsive element-binding protein.
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Comparative deleterious effects of ageing and high chronic
intake of ‘added sugar’

Studies available to assess the health-related effects of fructose
are mainly either human studies or rodent studies. Human
studies can be epidemiological studies or intervention studies.
The difficulty associated with human studies is the great
number of possible confounding factors (other components of
the diet, genetic diversity, lifestyle, etc.). In particular, in human
studies, high fructose intake is very often associated with an
excess of energy intake, either as fructose, or as fat, which tends
to exacerbate deleterious effects of fructose. On the contrary, in
rodent studies, confounding factors are reduced to a minimum,
and each component of the diet is controlled. However, many
of these rodent studies use very high levels of fructose or
sucrose in the diet, much higher than what can be attained in
the human diet, by replacing all the starch by fructose or
sucrose. However, there is no overfeeding in these studies, and
the effect of fructose can be exacerbated by the dose but not by
a concomitant excessive energy intake as is often the case in
human studies. In other animal studies, fructose can be
included in the drinking water, which is much closer to the
human situation in term of dose, but, in that case, the extra
energy that is provided by fructose is most of the time not taken
into account. Very few studies used a reasonable exchange of
starch with fructose or sucrose, thus controlling total energy
intake and using a dose of fructose comparable with the human
situation. In the following sections, for animal studies, we will
point out when added sugars were included in the drinking
water or when reasonable amounts of fructose were included in
solid food. It can be assumed that in all the other animal studies
that we quote, high amounts of fructose or sucrose were used.

Basic alterations

Oxidative stress, protein glycation, inflammation, dyslipidaemia
and insulin resistance are alterations that are observed during
ageing and during HCIAS. These alterations are highly linked
with each other and probably play a major role in the develop-
ment of secondary diseases.

Oxidative stress. It is now well known that production of
oxidative species increases during ageing. In particular, this
increase has been reported in mitochondria, which is the main
cellular source of reactive oxygen species (ROS), along the
electron transport chain. It has been observed in old rats in
muscle(12), liver(13), heart(14) and brain(15). In addition, ageing is
associated with a decrease in antioxidant activities. This
decrease is partially explained by an alteration of the Nrf2
pathway, involved in the regulation of several antioxidant
enzymes such as superoxide dismutase (SOD), catalase and
glutathione peroxidase (GPx)(16). Activities of these enzymes
decrease with age although there are some variations between
tissues. For example, Pansarasa et al.(17) described a decrease in
the total activity of SOD in the muscle of old men, while
Stojkovski et al.(18) obtained an increase in mitochondrial SOD
activity in the brain and liver in old rats. Yet, in this last study,
despite this increase in SOD activity, the effect of α-tocopherol

treatment on the prevention of heat exposure-induced oxida-
tive stress was decreased in liver mitochondria of old rats.
Overall, these results, in line with other data from Zhang
et al.(19), suggest that aged rats seem less able to cope with
oxidative stress. However, age-related oxidative imbalance is
not systematic, and seems highly dependent on environmental
factors and not only on age.

In particular, HCIAS has been shown to induce an alteration
of redox status. A decrease in the reduced/oxidised glutathione
ratio (GSH:GSSG) was observed in erythrocytes following a
high-fructose diet consumption(20). Blood total antioxidant
status is also decreased by a high-sucrose diet in rats, as well
as SOD and GPx activities in erythrocytes, whereas plasma
thiobarbituric acid-reactive substances (TBARS) concentration is
increased in rats(21). HCIAS-induced oxidative stress is present
in several tissues including liver. For instance, in rat liver, after
consumption of drinking water containing sucrose, H2O2

generation was increased in mitochondria, as well as TBARS,
and protein carbonyl concentration, and gene and protein
expression of catalase and SOD were decreased(22,23).
A fructose-induced increase in oxidative stress was also
observed in rat heart(24), rat pancreas(25) and L6 skeletal
muscle cells(26).

HCIAS-induced oxidative stress could also be due to NADPH
oxidases (Nox). Indeed in isolated rat aorta, fructose induced
an overactivation of Nox that enhanced superoxide anion
production(27). Nox are another source of cellular ROS respon-
sible for superoxide production by transferring electrons across
the membrane from NADPH to molecular oxygen, and could
also be involved in cellular senescence, notably through the
overexpression of Nox4(28). NADPH oxidase activity in arteries
was also stimulated by fructose intake in ApoE-KO mice(29).

So, HCIAS is able to induce an alteration in redox status
comparable with the effect of ageing, since it leads to a decrease
in antioxidant capacities and an increase in ROS production.
This oxidative stress could result mainly from an increased
mitochondrial production of free radicals, but has probably other
origins too, in interaction with inflammation (see below) and
insulin resistance. It is thus very similar to the ageing process. To
our knowledge, very few studies analysed the cumulative effects
of ageing and HCIAS. It is clear, though, that HCIAS is a way to
increase oxidative stress during ageing.

Protein glycation. Like oxidative stress, advanced glycation
endproducts (AGE) could be involved in age-related functional
decline in organisms(30). The glycation of proteins, known as
the Maillard reaction, is the non-enzymic reaction between a
protein and a reducing sugar. The first step of this reaction is the
formation of an unstable Schiff base that can rapidly undergo
rearrangement to give an Amadori product when derived from
glucose, or a Heyns product when derived from fructose. These
early glycation products may then undergo various reactions
(oxidation, cleavage, dehydration, covalent binding) to form
irreversible AGE. It has been shown that an accumulation of
AGE appears during ageing in human muscle(31), brain(32) and
bones(33). Because it changes protein structure, glycation
can lead to modifications of their mechanical properties
(collagen, crystalline), of their enzymic activities or of their
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degradability(34), with either an acceleration or an inhibition,
leading eventually to an accumulation of the modified protein.
At first, it was thought that fructose was not involved in the

glycation process whereas in fact it reacts ten times more
rapidly than glucose with –NH2, as has been shown
in vitro(35,36) and in Saccharomyces cerevisiae(37). Despite the
high hepatic fructose extraction, resulting in low fructosaemia,
fructose can also glycate protein through its metabolites and
especially oxaldehydes such as glyoxal, methylglyoxal and
3-deoxyglucosone, whose reactivity towards –NH2 is extremely
high(38,39). Moreover, HCIAS disturbs glucose tolerance and
insulin sensitivity, leading to hyperglycaemia, increasing
glucose-derived protein glycation. Thus, long-term fructose
consumption (in drinking water) triggers an increase in rat
glycated Hb(40) and in liver carboxymethyl lysine content
(even a higher increase than glucose) in mice(41).
This enhanced production of AGE induced by fructose could

make an important contribution to the development of meta-
bolic disorders due to HCIAS. Once again, the effect of HCIAS
seems similar to the effect of ageing, and HCIAS could simply
accelerate the effect of ageing.

Inflammation. Epidemiological studies have repeatedly repor-
ted an increase in inflammatory markers such as TNF-α, IL-1,
IL-6 and C-reactive protein (CRP) in the elderly(42–45). This
low-grade and long-term increase was called ‘inflamm-aging’
by Franceschi(46) and should be distinguished from acute
inflammation. Many factors can induce such a persistent inflam-
mation: (1) aberrant production of reactive molecules by senes-
cent leucocytes designed to kill pathogens; (2) accumulation
of damaged macromolecules and cells, mimicking bacterial pro-
ducts and activating innate immunity; (3) increased occurrence
of danger signals (extracellular ATP, ceramides, amyloid,
peroxidised lipids, AGE, extracellular DNA resulting from
necrosis or pyroptosis of dying cells, mitochondrial remains
sharing similarity with bacterial components like cardiolipins or
DNA, etc.) detected by sensors like inflammasome initiating
immune reactions; (4) age-related alteration of the capacity of the
gut to contain microbes and/or their products; (5) changes from a
low-inflammation microbiote to a high-inflammation microbiote
with a lower protection from Epstein–Barr virus or cytomegalo-
virus; (6) accumulation of senescent cells, macrophages, stromal
fibroblasts, stem cells, with damaged DNA, able to secrete
proinflammatory cytokines, in particular in adipose tissue; and
(7) age-related immunosenescence, probably due to life-long
exposure to pathogens, with a decline in adaptive immunity, and
mild compensating hyperactivity of innate immunity, inap-
propriate regulation of the complement pathway and thymus
involution(47,48). In addition, testosterone and oestrogen decline
could partially explain this low-grade inflammation, making
the organism more sensitive to stress and thus leading to a
chronic activation of macrophages partly regulated by steroid
hormones(40,46,49).
However, low-grade inflammation can also derive from

other environmental factors, especially factors able to
induce oxidative stress. Indeed, production of inflammatory
cytokines is dependent on NF-κB pathway, activated by ROS.
Not surprisingly, fructose is one of these environmental factors

and was shown to activate NF-κB and thus induce inflam-
mation in rats(50).

Fructose-induced inflammation has been established in rats
with an increase in serum, liver and muscle TNF-α, IL-6 and
IL-1β concentrations(51–53). In healthy and normal-weight
humans: (1) acute intake of 50 g of fructose induced a 4%
increase in mean CRP plasma content in the following 2h
after feeding, whereas 50 g glucose decreased CRP by 5%(54);
and (2) 3 weeks’ consumption of 40 or 80 g/d of fructose, glucose
or sucrose significantly increased fasting CRP plasma content
from 206ng/ml to 375–430ng/ml, with no significant differences
between sugars, although the highest values were obtained for
80g/d fructose (430ng/ml) and 80 g/d sucrose (422ng/ml)(54,55).
Moreover, in middle-aged women, Liu et al.(56) found a positive
association between dietary glycaemic load and plasma CRP.
Finally, as it will be described below, fructose can increase body
adipose tissue mass, and it was shown that adipose tissue can
produce pro-inflammatory cytokines not only after macrophage
infiltration, but also as a metabolic reaction to food abundance.
This phenomenon is called ‘metaflammation’ and is believed to
contribute greatly to ‘inflamm-aging’(48).

Thus, HCIAS, like ageing, leads to a vicious circle involving
ROS, AGE and pro-inflammatory mediators. Indeed, ROS, by
activating the NF-κB pathway, trigger an inflammatory response,
but pro-inflammatory cytokines, especially TNF-α, are also able
to induce ROS production. Furthermore, formation of AGE can
also be promoted by the presence of ROS and be responsible for
inflammation through their interaction with their receptor RAGE
(receptor for AGE)(57,58). This vicious circle could participate in
the development of most of the HCIAS-induced disorders,
including the modification of the lipid profile.

It is clear that the low-grade inflammation observed during
ageing can have multiple origins, since it is a common denomi-
nator of many diseases and aggressions, but HCIAS can clearly
contribute to this phenomenon.

Dyslipidaemia. During life, plasma lipid concentrations seem
to follow a bell curve. Several authors have observed in humans
that plasma total cholesterol, LDL-cholesterol and TAG
concentrations increase progressively with age until the age of
50–60 years, whereas HDL-cholesterol decreases or does not
vary(59,60). These changes are positively correlated with fat mass
and insulin resistance and negatively with physical activity.
Then, total cholesterol, LDL-cholesterol and TAG start to
decrease while HDL-cholesterol increases(59,60). This evolution
could be related to chronic inflammatory diseases, reduction of
cholesterol absorption or malnutrition. In addition, Vaarhorst
et al.(61) proposed that there was a negative association
between TAG levels and longevity, which could bias results
of human cross-sectional studies. Thus, a decrease in mean
TAG level with age could also be observed in cross-sectional
studies due to the over-mortality of individuals with high
TAG levels.

This last study suggests that maintaining an optimal lipid
profile can be essential for healthy ageing. So, all factors
that can increase total cholesterol and/or TAG levels could
promote the development of age-related disorders and thus
reduce longevity. One of the first dysregulations induced by a
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HCIAS diet is precisely dyslipidaemia, mainly characterised by
an increase in TAG levels. Indeed, fructose can induce the
hepatic synthesis of TAG in two ways: on one hand, through its
hepatic metabolism, it provides pyruvate and dihydroxyacetone
phosphate which can be used as substrates for DNL(6). On the
other hand, in the rat, fructose is able to induce transcription
factors SREBP-1c and ChREBP that are regulating genes
involved in DNL(10).
In rats and mice, the increase in the plasma level of TAG

following a high-sucrose or a high-fructose diet is now well
characterised: fasting plasma TAG level was doubled when
10% fructose was introduced in drinking water(62,63), or was
increased in proportion to the duration of the treatment and the
amount of fructose when fructose was included in the diet, from
×1·5 to ×3·5(64–66). This has been confirmed in humans. Healthy
men were fed during 42 d either with glucose (14% energy) or
fructose (17% energy) and fasting plasma TAG was 20% higher
in fructose-fed subjects than in glucose-fed subjects(67).
Furthermore, after feeding normal human subjects either with
glucose or fructose (30% energy), over 23 h, the mean area
above basal of plasma TAG was multiplied by 6·5 in fructose-
fed subjects compared with glucose-fed subjects(68).
HCIAS could also increase plasma total cholesterol and LDL-

cholesterol concentrations in men and animals(62,66,69–71).
However, this remains controversial since a study of Lowndes
et al.(72) showed that in overweight or obese individuals
fructose consumption at up to the 90th percentile population
consumption level did not raise cholesterol concentration.
Besides genetic factors, alteration of plasma lipid content

during ageing is more likely to be related to nutrition and fitness
status than to intrinsic ageing. Among nutritional factors, HCIAS
is thus probably an important factor that could trigger
dyslipidaemia during ageing.

Insulin sensitivity and glucose tolerance. Ageing is often
accompanied by the development of insulin resistance. The first
steps of this insulin resistance are characterised by a higher
increase of fasting blood insulin to maintain a normal blood
glucose level. This decrease in insulin efficiency occurs despite a
normal insulin binding to its receptor(73,74), implying a defect of
insulin signalling downstream of insulin binding. Indeed, after
efficient binding to its receptor, in elderly subjects, insulin gen-
erates a lower stimulation of insulin receptor substrate (IRS)-1
phosphorylation and thus of insulin signalling than in young
adult subjects(75). Moreover, a decrease in the concentration of
the insulin-stimulated GLUT, GLUT-4, could also be implicated
in insulin resistance since muscle GLUT4 concentration is
negatively associated with age in men and women(76). This
age-related alteration in insulin sensitivity seems not due to
intrinsic ageing but rather to a decrease in physical activity or to
modification of body composition (especially a rise in fat mass
which contributes to the age-associated lipotoxicity), events
that are often observed during ageing in rats and human sub-
jects(77–79). However, ageing could also contribute to glucose
metabolism disorders through a decrease in secretory capacity of
β-cells in response to glucose as was shown in humans(80–82). All
of these dysregulations may lead to type 2 diabetes, and it is well
established that type 2 diabetes prevalence increases with age.

Due to its metabolism, independent from insulin (fructose
ingestion does not induce insulin secretion) and thus to its low
glycaemic index, fructose has been considered for a long
time as a good sugar source, especially for diabetic subjects.
Now, several studies rather highlight its deleterious effects on
insulin sensitivity.

As early as 1964, Cohen & Teiltelbaum showed that replacing
starch by sucrose in rat diet (67% of total energy) led to glucose
intolerance. This glucose intolerance develops all the more
sooner when the percentage of sucrose in the rat diet is high(83).
They also showed that this condition was reversible (if rats are
reversed back to the starch diet). In men, the consequences of
HCIAS are more controversial and variable(84). In healthy men,
Faeh et al.(85) showed that the consumption of a diet containing
25% of total energy as fructose led to insulin resistance after only
6 d, whereas Black et al.(86) revealed no difference in insulin
sensitivity after 6 weeks’ consumption of a diet containing 10 or
25% of total energy as sucrose. This difference between the
effects of fructose and sucrose is in favour of a responsibility of
fructose (rather than glucose) in the deleterious effects of added
sugar. Several studies have been conducted aiming to compare
the effects of glucose and fructose on carbohydrate homeostasis
and confirm this hypothesis. Among those, Thorburn et al.(87)

reported an impairment of insulin sensitivity in fructose-fed rats
but not in glucose-fed rats when both carbohydrates provided
33% of total energy. Similar results have been observed in
dogs(88,89) and men(90,91).

During a high-sucrose or high-fructose diet in the rat, insulin
resistance occurs first in the liver with a decrease in the insulin-
induced inhibition of glucose liver production(92,93). Then, insulin
resistance extends to peripheral tissues with a decrease in insulin-
induced glucose uptake by adipose tissues and lastly by mus-
cle(94–97). This impairment is first reflected by an increase in
fasting and postprandial blood insulin. Indeed, in rats, 9 weeks of
a 60% fructose diet induced an increase in fasting blood insulin
whereas fasting glycaemia was unchanged(98). These results are
in line with the increase in insulin secretion by pancreatic β-cells
observed by Khanal et al.(99) after 8 weeks of a high-fructose diet.
This suggests that during the first steps of insulin resistance
development, the amount of insulin needed to regulate ingested
and produced glucose increases but that the increase in insulin
production is sufficient to maintain normal glycaemia. However,
when the duration of overconsumption is prolonged (variable
depending on the studies), a true resistance to insulin action
appears. After 7 weeks, glycaemia following glucose ingestion
increases more in mice fed a diet containing 40% sucrose than in
mice fed a control diet(70). In obese and overweight subjects, the
consumption of fructose-sweetened beverages providing 25% of
energy requirements for 10 weeks induced a significant increase
in fasting blood glucose, contrary to glucose-sweetened
beverages(90).

Insulin resistance due to HCIAS seems to affect primarily car-
bohydrate metabolism since insulin still induces DNL
stimulation in mice(100), which may also explain the implication
of fructose in fatty liver development. Moreover, as shown in
human studies, fat accumulation in liver and in muscle could
contribute to insulin resistance, creating a vicious circle(101,102).
Mechanisms involved in this vicious circle have been well
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described in a review by Morino et al.(103). Briefly, the increase in
diacylglycerol disturbs kinase activity of IR and thus reduces
phosphorylation of IRS-1 and IRS-2, leading to an inhibition of
insulin signalling, especially of the PI3K/Akt pathway. In liver, it
leads primarily to a reduction in glycogen synthesis and in
gluconeogenesis inhibition. In muscle, it induces a lower
activation of GLUT4 translocation, and consequently of insulin-
induced glucose uptake. However, ectopic fat deposition alone
does not explain insulino-resistance since it has been shown that
hepatic steatosis can occur independently of insulin
sensitivity alteration(104,105). Thus, other factors can be involved
in insulin resistance appearance.
Indeed, AGE could also regulate IRS-1 phosphorylation as

shown in insulin-treated Hep3B cells(106). Through c-Jun
N-terminal kinase (JNK) activation, AGE induce the phosphory-
lation of IRS-1 serine 307 residue. This ser307 phosphorylation
inhibits insulin-induced tyrosine phosphorylation of IRS-1
but also the interaction between IR and IRS-1, consequently
inhibiting insulin signalling(107,108). JNK can also be activated
by ROS(26) and TNF-α(109). So, JNK could play a major role
in added sugar-induced insulin resistance development as
confirmed by Wei & Pagliassotti(110).
Besides deregulating IR activity, HCIAS also leads to a decrease

in IR number in rat skeletal muscle and liver, thus contributing to
insulin resistance(64). Finally, the fructose-induced rise in uric acid
levels associated with HCIAS has also been identified as a factor
potentially responsible for decreased insulin sensitivity using an
acute hyperuricaemia mouse model(111).
Thus, insulin resistance appears as a major metabolic disorder

which occurs both during ageing and HCIAS. Disruption of
insulin signalling seems to play a key role in both cases,
even if some mechanisms may differ. For instance, β-cell function
seems to be altered during ageing but not after HCIAS.
Other mechanisms are similar with alteration of insulin signalling
in relation to oxidative stress, glycation and inflammation.
Thus, although there is a lack of data in the literature exploring
the cumulative effects of ageing and HCIAS, we can speculate
that HCIAS could not only accelerate the age-related deteriora-
tion of insulin resistance but a cumulative effect of ageing
and HCIAS seems also possible due to the deterioration of
β-cell function, which seems more specific of the ageing
process.

Secondary diseases

Other metabolic alterations are observed both during ageing
and during HCIAS, but these more complex alterations always
involve either oxidative stress, protein glycation, inflammation,
dyslipidaemia, or insulin resistance and thus can be considered
as secondary to these primary alterations.

Non-alcoholic fatty liver disease. Age is a risk factor for many
metabolic diseases, including liver diseases. Non-alcoholic fatty
liver disease (NAFLD) is characterised by the accumulation of
lipids in hepatocytes, and constitutes the most common chronic
liver disease(112). In case of cell lesions and inflammation it can
evolve into non-alcoholic steatohepatitis, increasing the risk
of cirrhosis, fibrosis or hepatocellular carcinoma. TAG

accumulation in liver is the result of an imbalance in hepatic
lipid metabolism, reflecting the fact that lipid uptake or synth-
esis is higher than its removal. Liver fatty acids may come from
dietary intake, DNL or from lipolysis. Removal of liver lipids can
be provided by β-oxidation, fatty acid re-esterification, or export
as VLDL-TAG. Epidemiological studies show that in men, the
prevalence of NAFLD increases from young to middle age, and
declines after the age of 50 or 60 years, whereas women are
protected by oestrogens, and the prevalence increases after
menopause but declines after the age of 70 years(113). Genetic
or environmental factors (such as HCIAS) could lead to an
earlier appearance of NAFLD. The appearance of NAFLD seems
then more related to environmental factors than to intrinsic
ageing, but the capacity to cope with the disease decreases
with age(113).

Indeed, as previously described, fructose is able to disturb
fatty acid metabolism, promoting NAFLD development, even in
young individuals(114). HCIAS is recognised as an important risk
factor for NAFLD development(115–117). By stimulating DNL,
fructose induces in humans an accumulation of ectopic lipids,
mainly in the liver, but also in muscle(69,118). Ishimoto et al.(119)

demonstrated the key role of fructose using fructokinase knock-
out mice: these knock-out animals were protected from stea-
tohepatitis induced by a high-fat/high-sugar diet as opposed to
wild-type mice. Thus, if animals cannot metabolise fructose in
liver, they do not develop steatohepatitis. In addition, the action
of fructokinase can be amplified by uric acid produced during
liver fructose metabolism. Indeed, as studied in isolated hepa-
tocytes and in rats, through ChREBP activation, uric acid can
induce fructokinase activation, essential to direct fructose to
DNL(120,121).

AGE could also mediate the involvement of fructose in
NAFLD since, according to results obtained in obese patients,
carboxymethyl-lysine (CML) accumulation was significantly
correlated with the grade of hepatic steatosis(58). Furthermore,
in rats, dietary AGE exacerbate NAFLD via the generation of
oxidative stress(122). Their action could involve the stimulation
of lipogenesis by SREBP-1c as suggested by Mastrocola
et al.(41,123); they showed in mice that fructose-induced
CML accumulation could interact with the SREBP-cleavage
activating protein (SCAP) leading to a prolonged activation
of SREBP-1(41). The same phenomenon, also in mice, is
observed in muscle and could participate in intramuscular fat
deposition(123).

The relationship between HCIAS-induced insulin resistance
and NAFLD has also been studied but this relationship is still
poorly understood. Indeed, some authors have suggested that
hyperinsulinaemia disturbs fatty acid storage in adipose tissue
and promotes fatty acid deposition in liver(124), while others
have suggested that it is the appearance of ectopic lipids that
causes insulin resistance development, at least in the rat(125).
Other authors think that NAFLD and insulin resistance are not
always associated(105,126). Moreover, the presence of hyper-
tension in addition to insulin resistance could also favour liver
disease in rats(127).

However, it is clear that HCIAS plays a major role in NAFLD
induction, essentially through DNL. During ageing, the risk of
NAFLD development increases after 40–50 years old, but, once
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again, it seems more related to environmental factors than to
intrinsic ageing.

Hypertension. Hypertension is frequent in the general popu-
lation, and most of the time it cannot be related to a specific
disease. Risk factors generally recognised are overweight, lack
of exercise, high salt intake, low K intake and alcohol. But the
main risk factor is clearly ageing. Hypertension prevalence
increases with age and according to the Framingham Heart
Study, 90% of individuals with normal blood pressure at the age
of 55 years will develop high blood pressure over the course of
his/her remaining life-time and about two-thirds of males and
three-quarters of females develop hypertension by 70 years
of age(128). This age-related hypertension has several causes,
and they seem to derive mostly from chronic inflammation,
oxidative stress and subsequent alterations in endothelial
functions(129). In particular, an increase in aortic stiffness is
observed during ageing in humans(130). Collagen and elastin
stiffness is highly increased by their glycation(131) and thus AGE
could be involved in age-related endothelial dysfunction.
Moreover, AGE, in vivo in animals and in humans, or in vitro,
are also able to inhibit NO synthesis by endothelial NO synthase
(eNOS)(132–135).
Regarding the effect of HCIAS, considering the ability of

fructose to glycate proteins or to increase glycaemia and
thus glycation through the development of insulin resistance, it
logically appears as a risk factor for hypertension. Indeed, pro-
hypertensive effects of fructose have been described in animals.
In rat studies, high amounts of fructose in the diet (more than
60% of fructose either in mass or in energy) were used and
systolic blood pressure measured by plethysmography (tail-cuff
method) was found to be significantly increased (+17 to 23%)
after 2 to 8 weeks(136,137). Two longer-term studies (9 or
12 months of supplementation), using the same method, con-
firmed that overall fructose significantly increased systolic blood
pressure but that the difference between fructose-fed and
starch-fed rats attenuated at the end of the study(138,139). How-
ever, one study casted some doubts on the results obtained by
all these studies by showing that the response of arterial blood
pressure to fructose measured by telemetry transmitters did not
agree with measurements made by plethysmography(137).
However, one study performed in dogs and using another
method to measure blood pressure confirmed that a high-
fructose diet increased blood pressure(88). Finally, in human
subjects, an epidemiological study also confirmed that con-
suming a higher than average amount of fructose increased the
risk of developing hypertension(140). In addition to AGE, other
mechanisms could explain the impact of HCIAS on blood
pressure as salt retention, a major contributor to hypertension
development. Indeed, through GLUT5, fructose is able to
stimulate the expression of gut and kidney salt transporters and
thus to increase its absorption. Besides, an increase in fructose
intake leads to a decreased urinary salt excretion(141). Insulin
resistance could also contribute to high blood pressure and
several studies in rats and human subjects suggest that the
improvement in insulin sensitivity is able to prevent hyper-
tension appearance(142–145). Long-term hyperinsulinaemia
seems to induce a prolonged activation of the sympathetic

nervous system leading to an increased production of catecho-
lamine and vasoconstrictors such as endothelin I, angiotensin II
and thromboxane A2, as well as a decreased production of
vasodilators such as NO and prostacyclin 2, all of which lead to
an impairment of endothelial function and therefore to hyper-
tension(146). Furthermore, as shown in humans, the rise in
serum uric acid levels could also be involved in hypertension
development(147–149), partly by inhibiting NO action in a rat
model(150) or through insulin resistance, as previously described
(see above). The causal role of uric acid in fructose-induced
hypertension was highlighted by Nakagawa et al.(151): in rats fed
a high-fructose diet, use of a pharmacological inhibitor of
uric acid production was able to prevent or reverse the fructose-
induced increase in blood pressure.

Finally, given the results of experimental studies and the
numerous possible mechanisms proposed, it seems likely that
HCIAS could be added to the list of risk factors that can lead,
perhaps in combination with other recognised risk factors, to the
marked increase in the prevalence of hypertension that is
observed during ageing.

Central nervous system disorders. The central nervous system
is highly sensitive to ageing effects, leading progressively to
cognitive function impairment. Cognitive decline has several
manifestations, such as impairment of attention, speed of
information integration, language, executive functions;
however, the main cerebral function affected by ageing is
memory(152). Also, central nervous system ageing, by affecting
motor neurons, also participates in the alteration of muscle
functional capacity(153).

Several structural and functional modifications can explain
age-related changes, especially the decline in grey matter
volume which begins after the age of 20 years. It is partly
explained by the decrease in neuron size, synaptic density, but
also of neuron number(154). Neuronal death could be induced
by peptide β-amyloid (Aβ) aggregation(155,156). β-Amyloid
peptide is the product of β-amyloid precursor protein (APP)
cleavage by secretases. When Aβ is not degraded or is over-
produced, it polymerises in soluble oligomers and aggregates,
ultimately leading to plaque formation. Soluble oligomers are
probably responsible for neurotoxic effects of Aβ, through
several mechanisms such as membrane disruption, synaptic
transmission impairment and mitochondrial dysfunction(157).

White matter integrity could also be affected during ageing,
which also correlates with cognitive performance(158,159).

Even if these alterations leading to cognitive decline occur
during normal ageing, one may wonder whether environmental
factors could also play a role. There is a growing interest in the
study of the association between sugar consumption and cogni-
tion. An epidemiological study showed that HCIAS was asso-
ciated with lower cognitive function in non-diabetic subjects aged
45 to 75 years(160). This association was also established in
rodents. A study conducted in rats by Ross et al.(161) showed that
intake of a 60% fructose diet for 19 weeks induced an impairment
of spatial memory. In mice, consumption of water supplemented
with 15% fructose for 8 weeks also led to spatial memory
impairment and affected neuronal and synaptic plasticity(162).
Similarly, young rats drinking a 32% sucrose solution, after 6 and
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8 weeks, had a deficit in an object recognition task and in spatial
learning and memory(163,164). Recently, systems nutrigenomics
was used to assess the effect of 6 weeks of 15% fructose in
drinking water on transcriptome and epigenome sequencing in
rat hypothalamus (metabolic control) and hippocampus (cogni-
tive processing)(165). The model induced metabolic alterations
(dyslipidaemia and insulin resistance) and impaired memory, and
was associated with very significant reprogramming of DNA
methylation, transcript abundance, alternate splicing, and gene
networks governing cell metabolism, cell communication,
inflammation, and neuronal signalling. Interestingly, DHA sup-
plementation could largely reverse fructose-induced genomic
and network modifications(165).
Many studies have highlighted an association between insulin

sensitivity and cognitive function. Fructose-induced insulin resis-
tance is well known in liver, muscle and adipose tissue, but it
could also occur in the central nervous system. Indeed, in
fructose-fed hamsters (60% of energy), in response to insulin, the
tyrosine phosphorylation levels of the neural IR and IRS-1, as well
as phosphorylation of threonine 308 and serine 473 (residues
necessary for Akt activation), were reduced(166). In rats, fructose-
induced insulin resistance was correlated with memory defi-
ciency, measured by latency time in the Barnes maze test,
suggesting that insulin resistance may be involved in the alteration
of cognitive functions(167). Several mechanisms linking impair-
ment of insulin signalling in the brain and neurodegenerative
diseases are possible and one of them is the inhibition of Akt
kinase, leading to dephosphorylation of glycogen synthase
kinase-3β (GSK-3β), resulting in protein τ hyperphosphorylation,
a hallmark of neurodegenerative diseases(168,169). Another possi-
bility is that hyperinsulinaemia could induce Aβ accumulation
through a direct competition between Aβ and insulin for the
insulin-degrading enzyme(170). These results are in line with the
increase of Aβ amount found in the cerebral cortex and hippo-
campus of high-sucrose-fed mice(171). Other factors could still be
involved. Indeed, Jurdak & Kanarek(164) compared the effects of a
high-fat diet with the effect of a high-sucrose diet on cognitive
functions. Although both diets altered fasting blood level,
suggesting insulin resistance, only the sucrose diet reduced the
performance of animals for an object recognition task.
In particular, as shown by Meng et al.(165), inflammation could

mediate the damaging effects of fructose on cognition since
inflammation is also increased in the brain following a HCIAS.
Adolescent rats given a high-fructose maize syrup solution for
30 d developed neuro-inflammation with an increase in IL-6 and
IL-1β protein levels in the hippocampus(172). Moreover, neuro-
inflammation, especially hippocampal expression of TNF-α, was
correlated with lower scores on the final place task in rats(173).
Rats fed a 35% fructose solution over 8 weeks had more TNF-α in
the brain and an impaired memory, and cholecalciferol supple-
mentation prevented these effects(174). More generally, many
studies in human subjects highlighted an association between
inflammation and cognitive decline, and showed that
pro-inflammatory protein levels, such as CRP, IL-1β and IL-6 are
inversely correlated with cognitive capacity(175–178). It is also
proposed that increased insulin resistance (as can be induced by
HCIAS, and more generally during the metabolic syndrome) can
trigger peripheral and central nervous system inflammation,

which induces neurotoxicity(174,179). In addition, a vicious cycle
could exist during the metabolic syndrome: inflammation induced
by the metabolic syndrome could alter the hypothalamus, a major
area in the central nervous system for integrating nutritionally
relevant information coming from the peripheral organs, which
could in turn alter neuropeptide transmission and thus accelerate
obesity(180). It has been shown that rats receiving 300ml/d of 10%
fructose drinking water for 8 weeks suffered hypothalamic
astrocytosis (alteration of astrocytes, the cells that support and
protect neurons) and inflammation through induction of the toll-
like receptor 4 (TLR4)/NF-κB pathway and HDAC3-induced
production of proinflammatory mediators(181). There is thus a
close link between insulin resistance and inflammation in
the brain.

In addition, level of ROS has also been associated with
the development of neurodegenerative diseases. The brain is
particularly sensitive to oxidative damage because of its low
antioxidant defences and its high oxygen consumption. Oxidative
stress promotes aggregation of misfolded protein such as τ
protein and Aβ, involved in Alzheimer’s disease and α-synuclein
and mutant huntingtin protein involved, respectively, in
Parkinson’s and Huntington’s diseases(182). One of the potential
underlying mechanism, studied in vitro, is the activation of JNK
and p38 kinases by ROS, leading to activation of the enzyme
responsible for APP cleavage and to τ protein phosphoryla-
tion(183,184). AGE could also be implicated in the activation of the
JNK pathway and thereby be a link between sugar consumption
and neurodegenerative diseases. Also, neuronal accumulation of
AGE has been found in senile plaques and neurofibrillary tangles
of Alzheimer’s patients(185) and in Lewy’s body of Parkinson’s
patients(186). Moreover, some proteins implied in neurodegen-
erative diseases can directly undergo the glycation reaction,
which promotes their aggregation; this is the case for Aβ, τ protein
and α-synuclein as studied post-mortem or in vitro(187–189). AGE,
when added in vitro in neuroblastoma cells or injected in vivo in
mice, could also raise Aβ level by inducing the expression of
precursor protein APP(190).

Thus, several deregulations induced by HCIAS also occur in
the brain, where they could contribute to age-related alteration of
cognitive functions, especially by promoting aggregation of
misfolded protein involved in neurodegenerative diseases.

Sarcopenia. Muscle is particularly affected during ageing with a
progressive loss of muscle mass and function from the age of
50 years, called sarcopenia. With a loss of 1–2% per year, total
muscle mass loss reaches up to 30% at the age of 70 years,
while muscle function loss is about 3% per year after age
60 years(191). Although highly dependent on the diagnostic tools
used, sarcopenia prevalence seems to range from 8·4 to
27·6%(192). The origin of sarcopenia is multifactorial (exercise,
hormonal changes) but it is partially explained by a decreased
ability of aged muscle to respond to the anabolic effect of
a meal(193).

Indeed, after a meal, muscle protein synthesis is stimulated,
and muscle protein degradation is inhibited, resulting in protein
accumulation in muscle. On the contrary, in the post-absorptive
state, protein synthesis decreases, and protein degradation
increases, resulting in net protein loss. In young growing
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individuals, fed-state anabolism exceeds postprandial catabo-
lism, whereas in adults, there is equilibrium between fed-state
anabolism and post-absorptive losses. During ageing, it was
shown both in rats and men that fed-state anabolism is less
efficient, which could explain a slow erosion of muscle during
ageing, and also a decrease in the capacity to recover after an
acute catabolic period(194,195).
The effect of a meal on muscle anabolism is essentially

dependent on the actions of insulin and amino acids. Amino
acids are the substrates of protein synthesis, but some of
them like leucine have also signalling effects and can stimulate
protein synthesis. It has been clearly shown, both in animals
and human subjects, that muscle protein synthesis is less
sensitive to the stimulating effect of amino acids/leucine during
ageing, and that more amino acids/leucine are necessary to
obtain a normal stimulation of muscle protein synthesis(196,197).
Insulin inhibits muscle protein degradation and, at normal
physiological concentrations, has a permissive effect on the
stimulation of protein synthesis by amino acids. In addition,
insulin allows an increase in muscle blood flow(198), which is
reduced in elderly subjects(199). As a matter of fact, insulin
resistance is associated with lean mass loss in old men(200);
moreover, in aged diabetic patients, lean mass loss can be
attenuated by insulin sensitisers(201).
In parallel, the effect of oxidative stress and inflammation

on muscle anabolism has also been tested during ageing.
It has been shown that oxidative stress could contribute to
anabolic resistance since an antioxidant supplementation can
restore the stimulation of protein synthesis by leucine in old
rats(202). Similarly, inflammation is associated with impaired
postprandial protein synthesis in muscle of old rats. Indeed,
based on a plasma marker of inflammation, muscle protein
anabolism response to feeding was normal in non-inflamed
old rats, and reduced in low-grade-inflamed rats(203). In
addition, treatment of old rats with a non-steroidal anti-
inflammatory drug (ibuprofen) was able to restore the
blunted muscle anabolic response to feeding and improve
muscle mass(204).
Given the basic alterations induced by HCIAS (see above), it

seemed possible that it could also accelerate sarcopenia.
Indeed, we showed that after 5 months of a high-sucrose diet in
old rats, sucrose-fed rats lost significantly more lean body mass
than starch-fed rats (–8·1 v. –5·4%, respectively) and final
muscle mass was 11% higher in starch- than in sucrose-fed
rats(205). Accordingly, meal-induced stimulation of muscle
protein synthesis was significantly lower in sucrose- (+7·3%)
than in starch-fed rats (+22%). We detected little difference in
inflammation and oxidative stress between starch-fed and
sucrose-fed rats, but insulin sensitivity index was divided by 2,
suggesting that it was through a modification of insulin action
that sucrose altered muscle anabolism and accelerated sarco-
penia. Yet, so far, only a few authors have studied the impact of
sugar consumption on muscle and even less in the elderly.
Results obtained from an in vitro study showed that fructose-
induced oxidative stress accelerates the rate of apoptosis in L6
myotubes through mitochondrial dysfunction(206) and thus
could also modify degradation rates to promote muscle mass
loss. These results are in line with one study conducted in

growing rats which showed that gastrocnemius mass was lower
in high-sucrose-fed rats that in control rats(207).

Finally, given the multifactorial origin of sarcopenia, it seems
clear that it will occur even in healthy subjects consuming no added
sugars, but it seems likely that HCIAS can accelerate sarcopenia.

Osteoporosis. Bone health is progressively altered during
ageing through osteoporosis(208). In the USA, about 10 million
individuals over the age of 50 years have osteoporosis of the
hip(209). Cytokines seem to be involved in bone loss(210).
Indeed, pro-inflammatory cytokines such as TNF-α and IL-1 are
able to stimulate osteoclast lifespan and activity, while inhibit-
ing osteoblast function(211). Hence, as showed by several
epidemiological studies, higher levels of inflammatory markers
are associated with lower bone mineral density and higher risk
for fracture(212–214). Oxidative stress also promotes osteoporosis
development by inhibiting osteoblast differentiation and
enhancing osteoclastogenesis(215) and has been associated with
lower bone mineral density and increased risk of fracture in
postmenopausal women(216,217).

Accordingly, fructose, as a pro-oxidant and pro-inflammatory
factor, could be expected to favour bone loss. However, only a
few studies have been interested in the effect of fructose on
osteoporosis. It is difficult to study in rodents because these
animals are not prone to osteoporosis. It has been shown that
fructose could accelerate osteoporosis in rats with ovariectomy,
probably through insulin resistance(218). Also, Felice et al.(219)

showed that HCIAS impaired bone regeneration after parietal
wounds in rats and affected femoral metaphysis micro-
architecture by decreasing the osteogenic potential of marrow
stromal cells. However, in young growing rats, high fructose
feeding was found to allow a better bone quality and strength
than high glucose feeding(220). Also, 15 weeks of 10% fructose
in drinking water minimally affected bone structure in mice
whereas high-fat feeding induced lower trabecular bone
volume fraction and thinner cortices in the femur than
controls(221). So, the effect of HCIAS on bone health during
ageing remains to be clarified.

Body composition and weight, and satiety

The scope of the present review was to describe the effects of
HCIAS, and to compare with the effects of ageing. We showed
that fructose consumption has many deleterious effects, in
particular when energy intake is high. However, given the
specificities of fructose metabolism, when total energy intake is
normal or too low, and/or when the amount of ingested
fructose is normal, it could have a positive action. For instance,
during starvation, fructose could be interesting to spare body
proteins: it was shown that fructose infusion during 10 d fasting
in human subjects reduced excretion of total N by 40% and
seemed to abolish the entire hormone–substrate response to
fasting(222). The specificity of fructose metabolism is also
involved in the specific and complex issue of the control of
body weight, and on the regulation of satiety. Body composi-
tion and weight undergo changes over the years. Body
weight increases until about 60 years old and then
gradually decreases(223,224). This is explained by an increase in
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fat mass until the age of 70–75 years which then stabilises
whereas lean body mass steadily decreases with ageing from
the age of 50 years(225–227). Some authors have even observed a
decrease in fat mass from the age of 60 years, which would be
in line with the evolution of plasma lipids(228).
A little over a decade ago, Bray et al.(229) highlighted a

chronological correspondence between the increase in obesity
prevalence and fructose consumption, which has led many
authors to consider fructose as a cause of obesity. However,
fructose seems to be able to induce metabolic disorders related to
obesity, but weight gain is more probably due to energy excess
rather than to fructose itself. Indeed, fructose is mostly provided
by sweetened beverages and therefore is a part of extra energy
that is consumed during obesity. It is well established that the
consumption of sugar-sweetened beverages is associated with an
increase in BMI(230,231). By contrast, studies conducted in men
with a moderate consumption of fructose (as pure fructose or
sucrose) showed no effect on body weight(232,233). Similarly, in
animals, when fructose replaces another source of carbohydrates,
most studies did not show an effect on weight gain(234,235).
However, fructose could encourage the consumption of extra

energy, due to its low satiating effect. Indeed, ingestion of
fructose does not induce secretion of the anorexigenic hormone
insulin. Furthermore, compared with glucose, fructose induces
a lower secretion of leptin (anorexigenic) and a higher level of
ghrelin (orexigenic) either in the fasting state in rats or through
a lower inhibition of ghrelin secretion than glucose in the
postprandial state in women(91,236) and it could lead to leptin
resistance as studied in the rat(235). These effects are amplified
by the fact that the secretion of neuropeptide Y (NPY) and
agouti-related protein (AgRP), two orexigenic neuropeptides
synthesised in the hypothalamus, is activated by ghrelin and
inhibited by leptin(237). Fructose could also regulate the activity
of NPY/AgRP neurons via a decrease in malonyl-CoA con-
centration: malonyl-CoA is able to suppress expression of NPY
and AgRP, and to increase the expression of the anorexigenic
neuropeptides α-melanocyte-stimulating hormone, pro-
opiomelanocortin and cocaine- and amphetamine-regulated
transcript(238,239). Contrary to glucose, centrally administered
fructose in food-deprived mice leads to an increase in food
intake(240). In men, MRI showed that, contrary to glucose,
fructose ingestion was not able to reduce the activation of
brain regions that regulate appetite (hypothalamus, insula and
striatum) and thereby to induce satiety(241).
Thus, it seems clear that consuming a high amount of fructose

increases the risk of consuming more energy than necessary, but
it is only in that case that body weight is increased. However, as
shown previously, HCIAS can accelerate the loss of lean body
mass, and can promote fat accumulation(72). Thus, body weight
could be unchanged after HCIAS, but with a lower lean body
mass, and a higher fat mass as is often observed during ageing.

Conclusion

HCIAS induces oxidative stress, protein glycation, inflammation,
dyslipidaemia and insulin resistance. All these metabolic
alterations are closely related to each other and are also
observed during ageing. It seems that many of the more

complex alterations that are observed both during ageing and
after a HCIAS can derive from these primary alterations, such
as NAFLD, hypertension, central nervous system disorders,
sarcopenia and osteoporosis (Fig. 2). Ageing is the result of the
interaction between genetically programmed phenomena and
failure to resist the aggression of our environment. It is clear that
HCIAS interferes with the ageing process, accelerates the
accumulation of metabolic alterations, although it is not solely
responsible for multifactorial metabolic alterations like hyper-
tension or sarcopenia.

Like obesity, HCIAS is probably one of the factors that could
prevent the continuous increase in life span that has so far been
observed in humans. Such a result was obtained in rats, com-
paring the longevity of ad libitum starch-fed and fructose-fed
rodents(242) especially in female animals, at a dose comparable
with human consumption(243). Human-relevant levels of added
sugar consumption increase female mortality and lower male
fitness in mice(243). Thus, it is clear that, whatever the age,
HCIAS should be avoided.
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