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Abstract Carbohydrates are essential nutrients that are
used as a primary source of energy. Carbohydrate utiliza-
tion should be properly controlled, as abnormal regulation
of carbohydrate metabolism is associated with diseases,
such as diabetes, cardiovascular diseases, and stroke. These
metabolic syndromes have become a serious problem in
developed countries, and there is an increased need for
research examining the influence of carbohydrates on ani-
mal physiology. Diets enriched in glucose, a major
carbohydrate, are also associated with accelerated aging in
several model organisms, including yeast and Caenorhab-
ditis elegans (C. elegans). Genetic factors that mediate the
effects of high glucose diets on aging have been identified
during the last decade, mostly through the use of C. ele-
gans. In this review, we describe studies that determine the
effects of carbohydrate-enriched diets on aging by focusing
on the mechanisms through which evolutionarily conserved
pathways mediate the lifespan-altering effects of glucose in
C. elegans. These include the insulin/insulin-like growth
factor-1, sterol-regulatory element-binding protein, and
AMP-activated protein kinase signaling pathways. We also
discuss the effects of various carbohydrates and carbohy-
drate-derived metabolites on aging in model organisms and
cultured mammalian cells. Finally, we discuss how dietary
carbohydrates influence health and aging in humans.
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Introduction

Carbohydrates are crucial molecules that are used for
various cellular processes, including energy production.
Diverse forms of carbohydrates are converted to glucose,
which is an essential cellular nutrient and a primary source
of energy. However, excessive glucose is associated with
metabolic complications. In humans, high blood glucose
levels contribute to the development of many chronic dis-
eases, such as diabetes mellitus. Glucose is also one of the
most extensively studied dietary nutrients that influence
lifespan in several model organisms. In simple eukaryotic
organisms, such as Caenorhabditis elegans (C. elegans)
and yeast, glucose-enriched diets decrease lifespan. During
the last decade, various genetic components that mediate
the lifespan-altering effects conferred by high glucose diets
have been identified, primarily through the use of C. ele-
gans as a model.

The roundworm C. elegans has been a popular model
for aging research for more than 30 years. The main
advantage of C. elegans for aging research is its short
lifespan of approximately 3 weeks in standard culture
conditions. C. elegans is also a powerful system for
molecular genetics research, with numerous available
mutants, a feeding RNAi system, and transgenesis or
genome editing using CRISPR/Cas9 techniques (reviewed
in [1, 2]). Importantly, various signaling pathways,
including insulin/insulin-like growth factor-1 (IGF-1) and
target of rapamycin (TOR) signaling, are evolutionarily
conserved and influence aging in C. elegans and complex
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organisms, such as mammals (reviewed in [3, 4]). There-
fore, research on C. elegans aging has provided important
insights into the molecular mechanisms by which mam-
malian aging is regulated. In standard laboratory
conditions, C. elegans is cultured on solid agar media with
E. coli as a food source [5]. The effects of specific dietary
nutrients, including carbohydrates, on C. elegans aging can
be tested by supplementing media or E. coli culture with
specific nutrients. Using the C. elegans system, researchers
have found that dietary carbohydrates, including glucose,
and carbohydrate-derived metabolites influence aging and
lifespan through various genes and signaling pathways.

Here, we will review studies on the effects of carbo-
hydrates on lifespan, focusing on how dietary glucose
affects lifespan in C. elegans. We will review various
genes and signaling pathways that mediate the effects of
dietary glucose on lifespan in C. elegans. We will also
describe studies on the effects of non-glucose carbohy-
drates on aging and related findings in other organisms and
cultured mammalian cells. We will further discuss the
implications of studies using model organisms in human
health and aging.

Glucose-enriched diets shorten lifespan
via inhibition of forkhead box O (FOXO) and heat
shock factor-1 (HSF-1)

The insulin/IGF-1 signaling (IIS) pathway is a major reg-
ulator of glucose and carbohydrate metabolism (reviewed
in [6]). The insulin and IGF-1 receptors transduce signals
to downstream transcription factors, through the phospho-
inositide 3-kinase (PI3K) cascade (reviewed in [3, 7]). The
IIS receptor in C. elegans is DAF-2, whose name origi-
nated from the phenotypes of daf-2 mutants, which display
constitutive dauer (an alternative hibernation-like juvenile
larva) formation [8]. At least three longevity-promoting
transcription factors, DAF-16/FOXO, HSF-1, and SKN-1/
nuclear factor-erythroid-related factor (Nrf), function to
regulate the expression of various target genes in the IIS
pathway (reviewed in [3, 7]). These target genes are
implicated in a broad range of physiological processes,
including lifespan, development, metabolism, stress
responses, and immunity [9—13].

One mechanism by which glucose-enriched diets
shorten the lifespan of C. elegans is through down-regu-
lation of DAF-16/FOXO and HSF-1 transcription factors in
IIS (Fig. 1) [14]. Glucose-rich diets (111 mM in growth
media) reduce the lifespan of wild-type worms, but do not
further decrease the short lifespan of daf-16/FOXO or hsf-1
mutant worms [14]. Thus, glucose diets, DAF-16/FOXO,
and HSF-1 function in the same pathway to regulate
lifespan. In addition, glucose feeding prevents dauer
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Fig. 1 Glucose-enriched diets shorten lifespan through insulin/IGF-1
signaling and AMPK pathways in C. elegans. Glucose feeding
decreases the activity of DAF-16/FOXO, a downstream transcription
factor of DAF-2/insulin/IGF-1 signaling (IIS) receptor (InR). Down-
regulation of DAF-16/FOXO and its target AQP-1/aquaporin 1 on a
glucose-rich diet results in short lifespan and increases the expression
of INS-7/insulin-like peptide that amplifies the IIS. In addition,
decreased AMP/ATP ratio on a glucose-rich diet reduces the activity
of AMPK, and this leads to short lifespan. AMPK is also known to
increase the activity of DAF-16/FOXO [46]

formation, which requires DAF-16/FOXO activity (re-
viewed in [15]), and reduces the expression of DAF-16/
FOXO target genes, including a superoxide dismutase gene
(sod-3) [14]. These data suggest that glucose-rich diets
reduce the lifespan of C. elegans through IIS, which also
regulates glucose metabolism in mammals (reviewed in
[6]). However, it remains unknown how dietary glucose
down-regulates DAF-16/FOXO, and therefore it will be
important to address the underlying mechanisms in future
studies.

Interestingly, a glycerol channel AQP-1/aquaporin, a
target of DAF-16/FOXO and HSF-1, mediates the lifespan-
shortening effects of glucose-rich diets [14]. Glucose-rich
diet feeding or agp-1 mutation increases the expression of
INS-7/insulin-like peptide [14], which acts as an agonist of
DAF-2 [12, 16]. This event subsequently decreases the
activity of DAF-16/FOXO and in turn reduces the
expression of agp-1 [14]. Thus, the physiological conse-
quence of glucose feeding appears to be an insulin-
mediated endocrine positive feedback loop that amplifies
IIS [14]. Importantly, two mammalian glycerol channels,
AQP7 and AQP9, are implicated in glucose metabolism
[17, 18]; Agp7-knockout mice display obesity and insulin
resistance [17], and Agp9 deficiency causes reduced blood
glucose levels in diabetic mice [18]. Therefore, C. elegans
AQP-1 may play evolutionarily conserved roles in glucose
metabolism and lifespan regulation.

In contrast to DAF-16/FOXO and HSF-1, SKN-1/Nrf2
does not appear to directly affect the shortened lifespan
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caused by a glucose-enriched diet. Instead, SKN-1/Nrf2
prevents fat accumulation on a high glucose diet (111 mM)
[19]. The relationship between dietary glucose and SKN-1/
Nrf2 was based on the finding that high glucose feeding
does not increase fat levels in worms with gain-of-function
mutations in the skn-I gene. SKN-1 activation promotes
fatty acid oxidation, a catabolic process that decreases fat
levels and generates energy from stored fats [19]. Because
of this increased fatty acid oxidation, worms with the gain-
of-function skn-/ mutations maintain normal fat levels
during high glucose feeding [19]. A correlation between
SKN-1/Nrf2-regulated fat metabolism and glucose-rich
diet-induced shortened lifespan has not been demonstrated.
However, SKN-1/Nrf2-regulated fat metabolism may
contribute to longevity in other dietary conditions. Indeed,
SKN-1/Nrf2 is crucial for lifespan extension in C. elegans
conferred by dietary restriction (DR) [20], an evolution-
arily well-conserved anti-aging regimen (reviewed in [21]).
SKN-1/Nrf2 is activated in specific sensory neurons during
DR [20]. SKN-1/Nrf2 transmits signals from sensory
neurons to non-neuronal tissues and increases organismal
lifespan [20]. Thus, SKN-1 mediates the longevity effect of
DR and lipid metabolism in response to DR.

Sterol-regulatory element-binding protein
(SREBP)/MDT-15 moderates the life-shortening
effects of glucose by preventing accumulation
of saturated fatty acids and toxic intermediate
metabolites

High sugar diets promote fatty acid synthesis and storage of
excessive energy through SREBPs, which are major fat
metabolism-regulatory transcription factors. SREBPs
belong to a basic-helix-loop-helix leucine zipper class
family and play key roles in cholesterol and fatty acid
synthesis (reviewed in [22]). In mammals, SREBPs are
located on the endoplasmic reticulum (ER) membrane
during normal metabolic conditions. Under conditions of
low cholesterol or high carbohydrate, SREBPs are released
from the ER membrane by proteolytic cleavage. This
cleavage triggers the translocation of SREBPs into the
nucleus with subsequent induction of SREBP target genes,
including acetyl-CoA carboxylase (ACC), fatty acid syn-
thase (FAS), and steroyl-CoA desaturases (SCDs) [23].
ACC and FAS are key enzymes that regulate rate-limiting
steps for de novo fat synthesis. SCDs govern the conversion
of saturated fatty acids (SFAs) to unsaturated fatty acids
(UFAs) by inserting double bonds. Thus, SREBPs mediate
the increased fat levels and conversion of SFAs to UFAs
under high carbohydrate conditions in mammalian cells.
The role of SREBPs in fat and carbohydrate metabolism
is generally conserved in C. elegans [24-27]. Increased

concentrations (111 mM) of dietary glucose or fructose,
another major sugar that shortens the lifespan of C. ele-
gans, lead to the up-regulation of SBP-1, a C. elegans
homolog of SREBP [27]. Glucose-rich diets increase SBP-
1/SREBP protein levels both in the nucleus and the cytosol
without elevating sbp-I mRNA levels, indicating post-
transcriptional up-regulation of SBP-1/SREBP [27]. This
up-regulation of SBP-1/SREBP induces expression of
lipogenic genes, including fatty acid desaturases, homologs
of SCDs. Conversely, down-regulation of SBP-1/SREBP
causes decreased expression of lipogenic genes, which in
turn leads to developmental defects, short lifespan, and
sterility [24, 27-29]. These studies indicate that SBP-1/
SREBP is an evolutionarily conserved transcription factor
that governs lipid/glucose metabolism and animal physi-
ology. As it remains unknown how dietary glucose up-
regulates SBP-1/SREBP, it will be important to identify the
underlying mechanisms in future research.

Mediator is a large protein complex that interacts with
transcription factors for proper transcription (reviewed in
[30]). Mediator complex subunit 15 (MED15) acts as a co-
regulator for the transcriptional activity of SREBP, and the
roles of MEDI15 are also conserved in C. elegans [29].
MDT-15, the MEDI15 homolog in C. elegans, physically
interacts with SBP-1/SREBP and regulates the expression
of SBP-1/SREBP target genes [29]. MDT-15/MEDI1S5 also
functions in fatty acid oxidation as a co-regulator for other
transcription factors, including nuclear receptor 49 (NHR-
49) and SKN-1/Nrf2 [19, 31, 32]. Thus, MDT-15/MEDI15
is a crucial transcriptional co-regulator that mediates fat
metabolism in response to changes in metabolic status.

SBP-1/SREBP and MDT-15/MED15 play critical roles in
lifespan regulation in C. elegans on high glucose diets
(Fig. 2) [27]. C. elegans fed with a high glucose diet has
extremely short lifespan and displays accelerated aging
phenotypes, including age-dependent declines in motility,
when SBP-1/SREBP or MDT-15/MED15 is genetically
inhibited [27]. Conversely, up-regulation of SBP-1/SREBP
or MDT-15/MED15 mitigates the life-shortening effect of
dietary glucose [27]. These results indicate that SBP-1/
SREBP and MDT-15/MED15 protect worms from the life-
shortening effects of glucose-enriched diets [27]. Expression
of SBP-1/SREBP or MDT-15/MED15 is mainly observed in
the intestine of C. elegans [24, 27, 31], which is a major
organ that regulates metabolism, similar to the mammalian
liver [33]. Consistent with the expression pattern, the
intestine is the most crucial organ for the protective roles of
SBP-1/SREBP and MDT-15/MED15 in aging under high
glucose-fed conditions [27]. SREBP-1-induced lipogenesis
in the mouse liver can lower blood glucose levels and reduce
glucose toxicity [34, 35]. Thus, the protective roles of SBP-
1/SREBP and MDT-15/MED15 in the intestine are similar to
those of mammalian SREBP in the liver.
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Fig. 2 The life-shortening effect of dietary glucose is moderated by
SBP-1/SREBP and MDT-15/MED15 complex in C. elegans. SBP-1/
SREBP and MDT-15/MED15 protect animals from lifespan-shorten-
ing effects of glucose-rich diets by inducing fatty acid desaturases that
promote saturated fatty acid (SFA) to unsaturated fatty acid (UFA)
conversion in C. elegans. This event also prevents the accumulation
of glucose-derived toxic intermediate metabolites, including dihy-
droxyacetone phosphate (DHAP), which potentially converts to
methylglyoxal and advanced glycation end products (AGEs) that
lead to short lifespan [40]

The major metabolic function of SBP-1/SREBP and
MDT-15/MEDI15 under glucose-rich conditions is the
conversion of SFAs to UFAs by increasing the expression
of SCDs/fatty acid desaturases [27]. Genetic inhibition of
SBP-1/SREBP or MDT-15/MED15 decreases the levels of
SCDs/fatty acid desaturases, leading to the accumulation of
SFAs and reduction of UFAs [27]. These data suggest that
the accumulation of SFAs or the reduction of UFAs
shortens lifespan in glucose-fed animals upon depletion of
SBP-1/SREBP or MDT-15/MED15. Additional experi-
ments show that SFA treatments greatly decrease the
lifespan of glucose-fed worms, similar to the genetic
inhibition of SBP-1/SREBP or MDT-15/MED-15. In con-
trast, UFA treatments do not suppress the very short
lifespan of glucose-fed worms depleted in SBP-1/SREBP
or MDT-15/MED15 [27]. Interestingly, the roles of SBP-1/
SREBP on a high glucose diet in C. elegans share simi-
larities to glucolipotoxicity in human diseases. High levels
of glucose and fatty acids induce glucolipotoxicity that
causes a functional decline and cell death in pancreatic B-
cells (reviewed in [36]). Similarly, the accumulation of
SFA by the inhibition of SBP-1/SREBP or SFA treatment
under glucose-rich conditions causes a very short lifespan
in C. elegans [27]. Together, these findings suggest that
SBP-1/SREBP and MDT-15/MED15 protect animals on
glucose-enriched diets from rapid aging by preventing the
accumulation of SFAs.

Accumulation of certain metabolites can block upstream
metabolic enzymes, because metabolism is tightly regu-
lated through a negative feedback mechanism. For
example, acetyl-CoA carboxylase (ACC) and fatty acid
synthase (FAS), which regulate rate-limiting steps in the de
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novo SFA synthesis pathway, are inhibited by their product
palmitoyl-CoA through a feedback mechanism [37, 38].
Similar to mammals, C. elegans POD-2/ACC and FASN-1/
FAS are crucial for de novo SFA synthesis. If the accu-
mulation of SFAs inhibits upstream metabolic processes in
a negative feedback manner, these two enzymes can be
down-regulated by SFAs. This implies that the accumula-
tion of SFAs caused by the genetic inhibition of SBP-1/
SREBP or MDT-15/MED15 in glucose-rich conditions can
accelerate aging by decreasing the activity of POD-2/ACC
or FASN-1/FAS. Indeed, depletion of POD-2/ACC or
FASN-1/FAS causes a very short lifespan on a glucose-
enriched diet, similar to the genetic inhibition of SBP-1/
SREBP and MDT-15/MEDI15 [27]. Because POD-2/ACC
and FASN-1/FAS link glucose metabolism and fatty acid
synthesis, depletion of POD-2/ACC or FASN-1/FAS may
result in the accumulation of glucose-derived intermediate
metabolites. Thus, increased SFA levels by the inhibition
of SBP-1/SREBP or MDT-15/MED15 appear to cause the
accumulation of glucose-derived intermediates, which also
contribute to an accelerated aging.

What are the lifespan-shortening intermediate metabo-
lites that are generated from glucose? Among the potential
metabolites generated from dietary glucose via glycolysis,
dihydroxyacetone phosphate (DHAP) feeding drastically
shortens the lifespan of C. elegans [27]. In addition, genetic
inhibition of the glycolytic enzymes that regulate the
upstream steps of DHAP, such as glucose-6-phosphate
isomerases and aldolases, ameliorates the lifespan-short-
ening effects of glucose [27]. These data suggest that
DHAP is a glucose-derived intermediate metabolite that
accelerates aging. It will be interesting to determine if the
inhibition of SBP-1/SREBP or MDT-15/MED15 increases
the levels of DHAP on a glucose-rich diet.

The short lifespan caused by DHAP treatments can be
explained by the accumulation of advanced glycation end
products (AGEs). DHAP is non-enzymatically degraded to
methylglyoxal (MG), a precursor of AGEs, which are
associated with cellular oxidative stress as well as diabetes
and other age-related chronic diseases (reviewed in [39]).
Thus, the lifespan-shortening effects of dietary glucose can
result from the accumulation of AGEs by increasing the
levels of DHAP and MG. Indeed, glucose-enriched diets
(40 mM) increase the levels of MG-derived AGEs and
reactive oxygen species (ROS) in C. elegans [40]. This
study indicates that the glucose concentration in C. elegans
body extracts reaches 10—15 mM on glucose-enriched diets
(40 mM) and is similar to the glucose concentration in
diabetic patients [40]. Glucose feeding also seems to cause
the accumulation of AGEs by down-regulation of the
activity of glyoxalase-1, one of the two enzymes that
detoxify MG (glyoxalase-1 and glyoxalase-2); however,
the mechanisms by which glucose-rich diets down-regulate
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glyoxalase-1 activity are not clear [40]. During this
detoxification, MG and reduced glutathione (GSH) spon-
taneously form a hemithioacetal. Glyoxalase-1 then
converts hemithioacetal to S-lactoylglutathione, which is
subsequently metabolized to p-lactate by glyoxalase-2
(reviewed in [39]). Overexpression of glyoxalase-1 reduces
MG formation upon glucose treatment and diminishes the
lifespan-shortening effects of glucose-rich diets in C. ele-
gans [40]. Therefore, glucose-derived AGE accumulation
is one of the lifespan-decreasing mechanisms of high glu-
cose diets, and reducing the AGE levels can be beneficial
for ameliorating the life-shortening effects of glucose-en-
riched diets.

Glucose restriction increases lifespan by up-
regulating AMP-activated protein kinase (AMPK)
and mitochondrial ROS

AMPK acts as a cellular energy sensor (reviewed in [41]).
Low energy status such as DR decreases the level of ATP
and increases the ratio of AMP/ATP. This leads to AMP
binding to AMPK and the activation of AMPK via a con-
formational change. Conversely, when cellular energy levels
are high, such as under glucose-rich diet conditions, the
AMP to ATP ratio is low and AMPK becomes inactive.
Activated AMPK transduces cellular signals through phos-
phorylation of kinase substrates to adapt to a low-energy
status. AMPK promotes many catabolic processes, including
glucose uptake, mitochondrial respiration, glycolysis, and
fatty acid oxidation. AMPK also reduces overall anabolic
processes, including lipogenesis and protein synthesis.

AMPK regulates metabolism and longevity in C. ele-
gans. Mutations in aak-2, which encodes a catalytic o
subunit of AMPK, shorten lifespan, whereas overexpres-
sion or constitutive activation of AMPK extends lifespan
[42-46]. AMPK also acts downstream of IIS for lifespan
extension [45] and mediates DR-induced longevity by
phosphorylating and activating DAF-16/FOXO [46]. In
addition, AMPK mediates lifespan changes conferred by
interventions that potentially affect metabolic status. For
example, glucose surplus and glucose restriction result in
opposite effects on AMPK activity and lifespan. Glucose
restriction activates AMPK and extends lifespan (Fig. 1)
[47]. Conversely, a high glucose diet (5 or 50 mM)
decreases AMPK activity and shortens lifespan [47].
However, another study showed that glucose-rich diets still
shorten the lifespan of aak-2/AMPK mutants [14], and
therefore the life-decreasing effects of high glucose diets
do not seem to be dependent on down-regulation of
AMPK. Overall, these studies indicate that AMPK is one of
the crucial factors that mediate lifespan changes depending
on physiological nutritional status.

Under glucose-restricted conditions, animals may need
to increase their energy utilization efficiency due to
decreased available nutrient levels. Consistent with this
scenario, glucose restriction enhances mitochondrial res-
piration and AMPK activity in C. elegans [47]. This
enhanced mitochondrial respiration increases the genera-
tion of ROS, perhaps as a by-product, which paradoxically
leads to enhanced oxidative stress resistance and longevity
[47]. Mildly increased mitochondrial ROS levels equip
organisms against severe oxidative stresses and contribute
to longevity; this phenomenon is called “mitohormesis”
(reviewed in [48]). Our group showed that mitochondrial
ROS increase the activity of AMPK, preventing a further
increase in ROS levels through negative feedback [44].
These findings suggest that glucose restriction lengthens
lifespan by increasing AMPK activity and mitochondrial
ROS levels, which should be tightly regulated to exert a
beneficial effect.

Other factors that mediate the effects of dietary
glucose on animal physiology

Other genetic factors that mediate the effects of dietary
glucose on C. elegans physiology have been identified.
These include pro-apoptotic genes, glucose transporters,
adiponectin receptors, and mitochondrial unfolded protein
response (UPR™) genes [49-53]. Apoptosis contributes to
lifespan reduction by glucose-rich diets (6 pM) [49]. In C.
elegans, most apoptotic processes occur during develop-
ment, but glucose-rich diets induce apoptosis during
adulthood [49]. Moreover, genetic inhibition of pro-apop-
totic genes ameliorates the short lifespan of glucose-fed
worms [49]. It seems likely that glucose-rich foods cause
apoptotic cell death, which results in decreased lifespan at
an organismal level.

Glucose is metabolized to produce other organic mole-
cules and energy. Recent studies identified a C. elegans-
facilitated glucose transporter-1 (FGT-1) as a functional
glucose transporter [50, 51]. Genetic inhibition of fgr-1
decreases glucose uptake and glucose oxidation [51].
Moreover, fgt-1 knockdown extends lifespan [51], similar
to glucose restriction, which also increases lifespan [47].
However, FGT-1 does not seem to affect the lifespan of C.
elegans on glucose-enriched diets (20 mM) [51], suggest-
ing that the lifespan-decreasing effects of glucose-rich diets
bypass this glucose transporter possibly because of
redundancy. Overall, FGT-1 is a functionally important
glucose transporter that regulates metabolism and physi-
ology in C. elegans.

High glucose feeding changes lipid composition [27].
Lipids are crucial components of the plasma membrane and
important for maintaining membrane fluidity. Thus,
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organisms are equipped with mechanisms that maintain
proper membrane fluidity under various physiological
conditions, such as high sugar conditions. A recent paper
shows that an adiponectin receptor homolog PAQR-2/
progestin and adipoQ receptor 2 and its binding partner
IGLR-2/Ig (immunoglobulin) and LRR (leucine-rich
repeat) domain 2 regulate membrane fluidity under glu-
cose-enriched (20 mM) conditions in C. elegans [52].
Wild-type worms can homeostatically maintain membrane
fluidity at a low temperature or on a high glucose diet.
However, when PAQR-2 or IGLR-2 is depleted at a low
temperature or on a glucose diet, the plasma membrane
becomes rigid [52], resulting in developmental arrest at the
larval stages [27, 52, 54]. Because adiponectin signaling is
important for glucose and fat metabolism-associated
pathology (reviewed in [55]), this study implies conserved
roles for adiponectin receptors in metabolism and physi-
ology in C. elegans and mammals.

As discussed above, glucose-enriched diet feeding
throughout life or during adulthood shortens lifespan in C.
elegans [27, 40, 47]. Unexpectedly, however, glucose
feeding (111 mM or 222 mM) during larval developmental
stages extends lifespan [53]. This lifespan extension by
glucose feeding during larval stages requires UPR™, a
protective process that induces nuclear-encoded mito-
chondrial chaperones for reducing mitochondrial stress
caused by the accumulation of unfolded proteins [53].
Growing evidence indicates that UPR™ contributes to
longevity in diverse organisms (reviewed in [56]). Thus,
glucose treatment during early juvenile stages may extend
adult lifespan by increasing mitochondrial protein home-
ostasis via UPR™.

Glucose-rich diets also protect animals from an age-
dependent increase in proteotoxicity. Transgenic C. ele-
gans that expresses toxic proteins, such as expanded
polyglutamine (polyQ), mTDP-43 (human mutant trans-
active response DNA-binding protein (TDP) 43: an
amyotrophic lateral sclerosis (ALS) disease model), or
mFUS (ALS-associated fused in sarcoma mutant), displays
the accumulation of proteins in an insoluble fraction, age-
dependent neurodegeneration, and defects in touch sensa-
tion and motility [57]. Glucose-enriched diets (111 mM)
delay the age-associated phenotypes in these transgenic
animals by reducing the accumulation of toxic insoluble
proteins [57]. In addition, the neuroprotective effects of
glucose-rich diet feeding require DAF-16/FOXO, HSF-1,
UPR®R, and the ubiquitin—proteasome system [57]. These
results suggest that dietary glucose can reduce proteotoxi-
city through multiple protein homeostasis mechanisms
[57]. Moreover, a glucose-rich diet enhances resistance
against oxidative stress, heat stress, and osmotic stress [57].
These data imply that the negative effects of dietary
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glucose on lifespan can be separated from its protective
effects against various internal or external stresses.

Other carbohydrates that affect lifespan

In addition to glucose, other dietary carbohydrates affect
the lifespan of C. elegans. Trehalose is glucose disaccha-
ride found in many invertebrate organisms and an
important component of physiological responses to various
stresses [58—62]. Trehalose feeding increases lifespan and
enhances thermotolerance in C. elegans [62]. Trehalose
also contributes to the long lifespan of daf-2/insulin/IGF-1
receptor mutants, which contain more trehalose than wild-
type animals [62]. Glucose is metabolized to produce
energy through glycolysis, the tricarboxylic acid (TCA)
cycle, and the mitochondrial electron transport chain
(ETC). Elevation of pyruvate levels by direct feeding or by
genetic inhibition of pyruvate kinase, pyk-I, prolongs
lifespan [63, 64]. Several glucose-derived metabolites in
the TCA cycle increase lifespan; these include malate,
fumarate, succinate, and o-ketoglutarate (a-KG) [65, 66].
Among them, o-KG treatment extends the lifespan of C.
elegans by inhibiting ATP synthase subunit B and TOR
signaling [66]. This suggests that an intermediate
metabolite in energy metabolism can act as a signaling
molecule, which interacts with a specific protein that reg-
ulates longevity.

N-acetylglucosamine (GIcNAc), a glucose-derived
metabolite used as a precursor for N- and O-glycans in the
hexosamine pathway, a branch of glycolysis that generates
amino sugars, extends lifespan [67]. Moreover, gain-of-
function mutations in gfar-1/glutamine-fructose-6-phos-
phate aminotransferase, an enzyme that governs a rate-
limiting step in the hexosamine pathway, increase lifespan
seemingly without causing defects in development, feeding
capacity, or reproduction [67]. Mechanisms by which
metabolites in the hexosamine pathway extend lifespan are
linked to protein quality control, one of the most crucial
lifespan-influencing factors. The gfat-1 gain-of-function
mutants were first identified from a genetic screen for
tunicamycin-induced ER stress-resistant mutants [67].
Therefore, the activated hexosamine pathway likely leads
to better ER-regulated protein homeostasis. Indeed, the
gfat-1 gain-of-function mutation or GIcNAc supplementa-
tion increases diverse protein quality control processes,
including ER-associated protein degradation (ERAD),
autophagy, and proteasome-mediated degradation [67].
Thus, GlcNAc seems to extend lifespan by promoting
protein quality control. It will be interesting to determine if
the gain-of-function mutations in gfas-I protect worms
from short lifespan on a glucose-enriched diet by reducing
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glucose levels through increased synthesis of beneficial
GlcNAc.

Differential effects of various carbohydrates
on lifespan

Among the carbohydrates that we discussed, glucose,
fructose, and DHAP are pro-aging factors [14, 27, 40, 47],
whereas several other intermediate metabolites, including
pyruvate, malate, fumarate, succinate, and o-KG, are anti-
aging factors [63—66]. What causes the different effects of
these metabolites on lifespan? Glucose is metabolized in
the cytosol through glycolysis. The product of glycolysis,
pyruvate, enters the mitochondria for further metabolism
through the TCA cycle. Thus, treatment with metabolites in
the TCA cycle can activate mitochondrial respiration
without accumulating potentially toxic glucose-derived
glycolytic metabolites, such as glucose, fructose, or DHAP.

Organisms catabolize stored fats under energy-limited
conditions (e.g., glucose restriction) to generate acetyl-
CoA via fatty acid oxidation. The acetyl-CoA molecules
are used for energy production through the TCA cycle and
ETC in the mitochondria. This potentially results in
increased ROS generation, as mitochondrial ETC is a
major source of cellular ROS. Slightly elevated ROS may
extend lifespan by mitohormetic mechanisms. Indeed,
malate and fumarate treatments elevate oxygen consump-
tion rates [65], which correlate with increased ROS levels.
Moreover, mutations in slcf-I, which encodes a solute
carrier family protein, promote longevity and increase
internal pyruvate and ROS levels [63]. In addition, the
longevity of slcf~-I mutants is completely suppressed by
antioxidant treatment [63], suggesting that mildly up-reg-
ulated mitochondrial ROS mediate the lifespan-extending
effects of pyruvate. Thus, several TCA cycle metabolites
appear to prolong lifespan by activating mitochondrial
respiration and mildly increasing ROS levels. In the case of
glucose feeding, metabolites in both glycolysis and the
TCA cycle may be accumulated. Therefore, in glucose-fed
worms, toxic effects of glycolytic metabolites may be
greater than the beneficial effects of TCA cycle metabolites
on longevity.

Effects of carbohydrates on lifespan in yeast

High sugar conditions shorten the chronological lifespan
(CLS) of budding and fission yeasts (Fig. 3) [68, 69].
Glucose increases the levels of toxic superoxide ions (O, ™)
through activation of growth signaling, which results in
decreased CLS in budding yeast [69]. The CLS of fission
yeast is decreased by high glucose through the activation of

Glucose

Git3/
glucose receptor,

Growth
signaling

Short lifespan

Fig. 3 High sugar conditions reduce chronological lifespan in
budding and fission yeasts. In budding yeast, glucose increases
growth signaling and superoxide ion (O, ") levels, which lead to short
lifespan. In fission yeast, glucose increases the activity of glucose
receptor and reactive oxygen species (ROS) levels, which result in
decreased lifespan

Git3/a glucose receptor GPCR (G protein-coupled recep-
tor) and ROS formation, which may decrease lifespan [68].
In addition to glucose, the aging rate of budding yeast is
accelerated by another monosaccharide, fructose [70],
which also shortens the lifespan of C. elegans [27]. Inter-
estingly, high fructose-treated yeast contains more
carbonylated proteins and ROS, and displays higher mor-
tality rates than those of high glucose-treated yeast [70].
Because fructose is more reactive than glucose for protein
glycation [71], fructose may exert more toxic effects than
glucose on yeast physiology. Overall, these studies suggest
that high carbohydrate conditions accelerate the aging of
yeast, and the increased levels of toxic ROS appear to
underlie the carbohydrate-induced accelerated aging.

Effects of glucose on senescence in human cells

High glucose treatments also have negative effects on
aging in human endothelial cells and fibroblasts (Fig. 4)
[72, 73]. In these human cells, treatment with high glucose
accelerates various aging-related phenotypes, such as
increased levels of senescence-associated (SA) [-gal
staining, reduced proliferation, irregular morphology, and
increased ROS levels [72, 73]. Sirtuins (Sir2-like proteins:
SIRTs) appear to mediate glucose-induced accelerated
cellular aging. SIRTs are NAD'-dependent protein
deacetylases implicated in the aging of many organisms
(reviewed in [74]). Glucose treatments down-regulate
SIRTs and FOXO1 [72, 73]. Conversely, treatment with a
SIRT1 activator or SIRT3 overexpression restores FOXO1
activity and delays glucose-induced accelerated aging
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p38 MAPK

/

Cellular senescence

Fig. 4 High glucose treatments accelerate senescence in cultured
human cells. High glucose treatments down-regulate sirtuins (SIRTS),
and this leads to decreased activity of FOXO and accelerates cellular
senescence. High glucose also increases p38 MAP kinase (p38
MAPK) activity, which leads to cellular senescence

[72, 73]. As observed in human cells, glucose feeding
down-regulates DAF-16/FOXO in C. elegans [14]. Thus, it
will be interesting to test whether glucose-enriched diets
decrease the activity of DAF-16/FOXO through SIRTSs in
C. elegans.

High glucose also accelerates the senescence of human
endothelial progenitor cells (EPCs) by activating p38
mitogen-activated protein kinase (MAPK) (Fig. 4) [75].
Under glucose-rich conditions, cellular aging phenotypes,
such as increased levels of SA B-gal staining and reduced
cellular proliferation, are observed in EPCs, and p38
MAPK is activated [75]. These aging phenotypes are
restored by treatment with a p38 MAPK inhibitor, sug-
gesting that p38 MAPK mediates the pro-aging effects of
high glucose [75]. Together, these studies show that the
pro-aging effects of high glucose are also observed in
human cells.

Human implications

Although we do not have direct evidence regarding whe-
ther high or low levels of carbohydrate intake influence
aging in humans, several clinical studies show that low
carbohydrate diets can have beneficial effects on human
health. For example, consumption of a low carbohydrate
diet for 3 or 6 months causes significant weight loss,
improvement in insulin sensitivity and low levels of several
risk factors for heart diseases in obese people [76, 77]. Low
carbohydrate diets also improve serum factors associated
with aging in elderly people [78]. These findings suggest
that a low carbohydrate intake can be beneficial for

@ Springer

reducing risk factors associated with aging and aging-re-
lated diseases in humans.

Conclusions and perspectives

To study how dietary carbohydrates influence aging,
researchers have used model organisms, including C. ele-
gans and yeast. Several studies identified genes and
pathways, including insulin/IGF-1 signaling, SREBP and
MED15, and AMPK, which mediate or counteract the
aging-accelerating effects of high carbohydrate diets, par-
ticularly high dietary glucose in C. elegans. All of these
genetic factors are evolutionarily well conserved aging-
and/or metabolism-regulatory genes. Thus, the findings
may provide insights into the conserved roles of genetic
factors in lifespan regulation on a carbohydrate-rich diet in
mammals, including humans. Because carbohydrate meta-
bolism is the sum of complicated processes, and almost all
metabolites are interconnected, changes in specific inter-
mediate metabolites may affect the levels of other
metabolites. Interestingly, diverse carbohydrates or carbo-
hydrate-derived metabolites have different effects on
lifespan. For example, glucose, fructose, and DHAP
shorten the lifespan of C. elegans. In contrast, trehalose,
certain TCA cycle metabolites, and GlcNAc extend lifes-
pan. These suggest that each metabolite has a specific
function in physiology rather than simply increasing
energy levels as a carbon source.

Previous studies help understand the complexity of
carbohydrate metabolism and its roles in animal physiol-
ogy. However, it remains unclear how various genetic and
dietary factors interact with each other, or how these
interactions influence lifespan in higher organisms. Geo-
metric framework studies on insects and rodents, and
observational research in humans have shown that low
protein with high carbohydrate diets have beneficial effects
on lifespan or health (reviewed in [79]). These studies
suggest that various ratios of nutritional components, not a
single nutritional component, differentially affect health
and aging.

Diverse organisms have different nutritional sources and
metabolic processes. For instance, carbohydrate sources of
C. elegans under standard conditions are limited to specific
bacteria, but humans consume various foods as carbohy-
drate sources. In C. elegans glucose-enriched diets may
also affect the proportion of macronutrients and total
calorie intake, which can affect lifespan. In addition, nor-
mal glucose intake in C. elegans remains unknown, due to
technical issues involved in culturing C. elegans with
defined media. These issues should be considered when
interpreting C. elegans studies on how carbohydrates or
nutritional components influence lifespan and aging. More
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comprehensive research using mammalian systems will
solve these remaining issues and provide therapeutic
implications for human diseases and aging.
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