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ABSTRACT
In a variety of organisms, including worms, ﬂies, and mammals, glucose homeostasis is maintained by
insulin-like signaling in a robust network of opposing and complementary signaling pathways. The
hexosamine signaling pathway, terminating in O-linked-N-acetylglucosamine (O-GlcNAc) cycling, is a key
sensor of nutrient status and has been genetically linked to the regulation of insulin signaling in Caenorhabditis
elegans. Here we demonstrate that O-GlcNAc cycling and insulin signaling are both essential components of
the C. elegans response to glucose stress. A number of insulin-dependent processes were found to be sensitive
to glucose stress, including fertility, reproductive timing, and dauer formation, yet each of these differed in
their threshold of sensitivity to glucose excess. Our ﬁndings suggest that O-GlcNAc cycling and insulin
signaling are both required for a robust and adaptable response to glucose stress, but these two pathways
show complex and interdependent roles in the maintenance of glucose–insulin homeostasis.

G

LUCOSE homeostasis is crucial for the fundamental processes of development, fertility, and life
span in organisms as diverse as yeast, nematodes, and
humans. In humans, loss of homeostatic control can
lead to toxic levels of blood glucose and the development of obesity and type 2 diabetes, diseases characterized by decreased ability to respond to and metabolize
glucose. Twin, family, and epidemiological studies have
demonstrated a signiﬁcant genetic component for diseases of glucose toxicity (reviewed in Vimaleswaran
and Loos 2010; Walker et al. 2010). Genetic background can be thought of as setting a threshold for
glucose toxicity, and environmental factors such as diet
and physical activity determine whether an individual
crosses that threshold. Sugar consumption has increased by .20% in the past two decades (Haley
et al. 2005), and it is clear that individuals of many
genetic backgrounds are now crossing the threshold
for glucose toxicity, resulting in a rapidly increasing
burden of glucose toxicity diseases [Centers for Disease
Control and Prevention (CDC) 2007]. Glucose toxicity and insulin resistance both play a role in the development of diabetic complications, including heart
disease, blindness, and stroke (reviewed in Aronson
2008; Brownlee 2001). Understanding which genes
set the glucose toxicity threshold, how these genes work
in combination, and how the threshold level differs for
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different processes or in different stages of life is crucial
to combat the diseases of glucose toxicity.
Mexican-Americans have an increased incidence of type
2 diabetes (Haffner et al. 1991), and a single-nucleotide
polymorphism at the OGA-1 locus is correlated with
both the disease and age of onset in this population
(Lehman et al. 2005). OGA-1 removes the O-linked-Nacetylglucosamine (O-GlcNAc) post-translational modiﬁcation from proteins, countering the activity of the
O-GlcNAc transferase OGT-1. Several studies have implicated O-GlcNAc cycling in the development of insulin resistance, the hallmark of type 2 diabetes (reviewed
in Mondoux et al. 2010). Transgenic mice that overexpress OGT-1 in muscle or liver cells develop insulin resistance, as do mammalian culture cells treated with an
inhibitor of OGA-1 (McClain et al. 2002; Vosseller et al.
2002; Arias et al. 2004; Akimoto et al. 2007; Park et al.
2007; Yang et al. 2008). Furthermore, insulin-signaling
components, including the insulin receptor substrate
(IRS-1) and Akt1, are modiﬁed by O-GlcNAc in mammalian cells, which antagonizes insulin signaling (Yang
et al. 2008). The downstream target of mammalian insulin signaling, FOXO1, is also modiﬁed by O-GlcNAc.
Normally suppressed by insulin signaling, FOXO1 is
activated in response to glucose, providing another
mechanism for OGT-1 to counteract the insulin signal
(Housley et al. 2008, 2009; Kuo et al. 2008).
The substrate for OGT-1, UDP-GlcNAc, is derived
from glucose, and glucose levels generally correlate
with the level of O-GlcNAc protein modiﬁcation (YkiJarvinen et al. 1998; Liu et al. 2000), suggesting that
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this hexosamine signaling pathway acts as a nutrient
sensor. Furthermore, OGT-1 interacts with other nutrientsensing pathways, including the insulin-signaling, MAP
kinase, mTOR, and AMPK pathways (reviewed in Hanover
et al. 2010), making OGA-1 and OGT-1 candidates for
genes that contribute to setting the glucose toxicity
threshold.
Glucose toxicity diseases are multifactorial: many
genes in addition to OGA-1 can contribute to the development of obesity or type 2 diabetes. Over 125 human obesity and diabetes susceptibility loci have been
identiﬁed by studies of different ethnic groups, candidate gene association studies, and genome-wide association studies (GWA). Despite these large-scale efforts
(some with sample sizes in the tens of thousands), only
a few candidate genes have been found to be robustly
associated with obesity or type 2 diabetes across multiple studies (reviewed in Vimaleswaran and Loos
2010). This is likely due to the small degree of association for any individual gene, differing allele frequencies
between populations, the combinatorial effects of different variants, and complex interactions between gene
variants and environmental factors. Furthermore, it is
unclear how or whether these susceptibility genes affect
processes like fertility and aging in the absence of
diabetes.
The multifactorial character of glucose toxicity diseases is just one major roadblock to determining which
genes set the glucose toxicity threshold. In addition, it is
nearly impossible to control for environmental factors
including diet and physical activity in human studies.
Furthermore, many genes known to be important in
responding to glucose and regulating insulin signaling
are essential in mammals, including OGA-1 and OGT-1
(Shaﬁ et al. 2000; O’Donnell et al. 2004). OGA-1 and
OGT-1 are highly conserved in Caenorhabditis elegans (68%
and 88% similarity to the human orthologs, respectively)
(Lubas et al. 1997; Forsythe et al. 2006), as is the insulinlike signaling pathway (reviewed in Broughton and
Partridge 2009; Narasimhan et al. 2009). In this
study, we used C. elegans to model the genetic response
to glucose and the roles of insulin signaling and
O-GlcNAcylation in this process.

MATERIALS AND METHODS
Strains: The following alleles were used in these studies:
wild-type N2 Bristol; the O-GlcNAc transferase deletion strains
ogt-1(ok430), ogt-1(ok1474), and ogt-1(tm1046); the O-GlcNAcase
deletion mutant oga-1(ok1207) (Hanover et al. 2005; Forsythe
et al. 2006; Love et al. 2010), the temperature-sensitive insulinlike receptor mutants daf-2(e1370) and daf-2(e1368), the temperature-sensitive TGF-b pathway mutants daf-1(m40) and daf-7
(e1372), and the guanyl cyclase mutant daf-11(m47). Some nematode strains used in this work were provided by the Caenorhabditis Genetics Center, which is funded by the National
Institutes of Health (NIH) National Center for Research Resources (NCRR).

Glucose treatment and fertility assays: Synchronous embryos were produced by hypochlorite-NaOH treatment of
gravid adults grown on NGM plates. The synchronous
embryos were allowed to develop on NGM or NGM plus
supplemental glucose plates at the indicated temperature
(20!–25!) until the L4 stage (for fertility assays) or for 4–5 days
(for collection for Western blotting and macronutrient analysis). Fertility assays were performed as described (Love et al.
2010). N2 strains were grown at the indicated temperature
(20! or 22.5!) throughout the fertility experiments; daf-2
strains were grown at 15! until the L4 stage and then shifted
to 22.5! or 25!. The total number of broods counted at 20!
(control, 50 mm glucose, 125 mm glucose, 250 mm glucose,
333 mm glucose, and 500 mm glucose) is as follows: N2, 73, 22,
27, 59, 41, and 19; oga-1, 50, 15, 15, 32, 15, and 13; ogt-1(ok430),
47, 13, 14, 31, 15, and 12; ogt-1(tm1046), 22, ND, ND, 22, 17,
and ND; and ogt-1(ok1474), 38, ND, ND, 31, 15, and ND. The
total number of broods counted at 22.5! (control and 250 mm
glucose) is as follows: N2, 36 and 34; oga-1(ok1207 ), 35 and 33;
ogt-1(ok1474), 32 and 37; daf-2, 48 and 46; daf-2;oga-1, 32 and
32; and daf-2 ogt-1, 31 and 32. The total number of broods
counted at 25! (control and 250 mm glucose) is as follows: daf-2,
24 and 24; daf-2;oga-1, 24 and 24; and daf-2 ogt-1, 24 and 24.
Western blots: Worm lysates and immunoblotting were
conducted as described (Forsythe et al. 2006) with some
modiﬁcations. Worms were sonicated three times for 30 sec
at medium power (36 W, level 3) and lysates were made from
whole animals dissolved in T-PER tissue protein extraction
reagent (Pierce Chemical, Rockford, IL) supplemented
with complete miniprotease inhibitors (Roche Diagnostics)
and 1 mm PMSF on ice. Insoluble material was removed by
centrifugation at 16,000 · g for 10 min at 4!. Protein concentration was determined using a NanoDrop spectrophotometer
(Thermo Scientiﬁc). Twenty-ﬁve micrograms of total protein
was added per lane. Immunoblots were imaged using an Odyssey imaging system (Li-COR Biosciences). The O-GlcNAcspeciﬁc antibody RL2 (MA1-072) (Afﬁnity Bioreagents) and
secondary infrared 800- and 680-conjugated antibodies (LiCOR Biosciences) were used for immunoblotting.
Dauer assays: Gravid adults were allowed to lay embryos at
15! overnight. Adults were removed and plates transferred to
experimental temperature (23!–25!) for 2–3 days and the
numbers of dauers and L4/adults were counted. The total
number of daf-2(e1370) animals counted (control and 250 mm
glucose) is as follows: OP50, 958 and 918; and HT115, 778
and 822. The total number of daf-2(e1370) animals counted
(control, 5 mm glucose, 50 mm glucose, 100 mm glucose, and
250 mm glucose) is as follows: 23!, 400, 461, 213, 495, and
112; 23.5!, 269, 214, 179, 318, and 103; and 24!, 177, 317,
330, 326, and 72. The total number of animals counted (control and 250 mm glucose) is as follows: daf-2, 504 and 432;
daf-2;oga-1, 1224 and 422; and daf-2 ogt-1, 794 and 379. The
total number of animals counted (control and 250 mm glucose, including temperature) is as follows: daf-2(e1370), 985
and 487 (23!), 919 and 503 (23.5!), and 340 and 134 (24!);
daf-2(e1368), 1698 and 1154 (25.5!); daf-11(m47), 1134 and 853
(24!); daf-1(m40), 875 and 435 (23!), 1277 and 662 (23.5!), and
715 and 324 (24!); and daf-7(e1372), 425 and 106 (23!), 664
and 333 (23.5!), and 472 and 105 (24!).

RESULTS

C. elegans as a model for the glucose stress response:
C. elegans grows poorly in carbohydrate-free liquid medium and can utilize glucose as an effective energy
source (Lu and Goetsch 1993). Therefore, although
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worms are subject to glucose stress, glucose is not generally toxic. We wanted to determine the threshold for
glucose stress, which we deﬁned as the highest concentration that supported wild-type fertility levels when
added to standard NGM plates. We assayed growth
and fertility on a range of glucose concentrations. A
total of 50–250 mm supplemental glucose had no significant effect on wild-type (N2) brood size; however, fertility was signiﬁcantly decreased in the presence of
333 mm or 500 mm glucose (!25% and !60% reduction in brood size, respectively; Figure 1A). A total of
250 mm supplemental glucose was thus deﬁned as the
threshold for glucose stress for our experiments.
We further characterized the glucose stress response
by examining reproductive timing. On control plates,
wild-type animals lay most of their embryos (!75% of
the total brood) within the ﬁrst 2 days of adulthood.
This reproductive proﬁle is highly reproducible. However, in the presence of glucose stress, there was a shift
in the reproductive proﬁle and a reduction in the number of embryos laid in the ﬁrst 2 days (!50% of the total
brood; Figure 1B). This shift was seen at glucose concentrations of $250 mm (Figure 1B and data not shown),
even though animals were fully fertile at 250 mm glucose, suggesting that reproductive timing is more sensitive to glucose stress than brood size.
We also used pharyngeal pumping as a measure of
health span, to determine whether glucose stress
contributed to age-related decline. Exposure to glucose
stress during development did not affect adult pumping
rates on the ﬁrst day of adulthood (Figure 1C). As the
animals aged, exposure to glucose concentrations below the toxicity threshold caused no change in pumping rates, whereas concentrations at (250 mm) or above
(333 mm) the threshold caused a slight reduction in
pumping rates (!20% decrease compared to control;
Figure 1C and data not shown). Because glucose stress
leads to shortened life span in C. elegans (Schulz et al.
2007; Lee et al. 2009; Schlotterer et al. 2009), this
pumping decline may be a general symptom of sick and
dying animals, consistent with our own observations on
the effects of glucose toxicity on life span.
The O-GlcNAc cycling pathway responds to glucose
stress: Many cellular signaling pathways respond to
glucose and could be required for the glucose stress response. One such pathway is the hexosamine-signaling
pathway, as !2–5% of the total intracellular glucose
is converted to UDP-GlcNAc, the substrate for OGT-1
(Figure 1D) (Bouche et al. 2004). A consequence of glucose toxicity in mammalian cells is an increase in ﬂux
through the hexosamine signaling pathway, and insulin treatment increases the O-GlcNAcylation of key proteins in the insulin-signaling pathway (Whelan et al.
2010).
We tested how glucose inﬂuenced O-GlcNAc modiﬁcation levels in C. elegans and found that increased
glucose caused increased hexosamine ﬂux. The addi-

371

tion of either 250 mm glucose (glucose stress threshold)
or 333 mm glucose (toxic level of glucose) resulted in a
reproducible increase in the level of O-GlcNAc–modiﬁed
proteins in wild-type animals (3.6-fold increase compared to control, Figure 1, E and F), suggesting that increased O-GlycNacylation is a characteristic of glucose
stress. Like the changes in reproductive proﬁle, the levels of O-GlcNAcylation were similar whether the animals were grown on 250 mm or 333 mm glucose. This
could be due to feedback inhibition, as UDP-GlcNAc is
an inhibitor of fructose-6-phosphate amidotransferase
(GFAT), the rate-limiting enzyme of the hexosamine
biosynthesis pathway (Figure 1D) (reviewed in Buse
2006). Alternatively, O-GlcNAc cycling may maintain a
steady-state concentration of O-GlcNAcylated proteins
that does not signiﬁcantly increase above 250 mm supplemental glucose.
Compared to wild type, oga-1 mutants have increased
levels of O-GlcNAc–modiﬁed proteins (Forsythe et al.
2006) (Figure 1, E and F). The level of O-GlcNAcylation
was similar in glucose-treated N2 worms compared to
untreated oga-1 worms. Combining the oga-1 mutation
with glucose treatment resulted in a greatly elevated
level of protein O-GlcNAcylation (11- to 13-fold increase compared to untreated N2 control; Figure 1, E
and F). As expected, null mutants of ogt-1 are unable to
catalyze the modiﬁcation and no O-GlcNAc signal was
detected by Western blot for control or glucose-grown
ogt-1 strains (Hanover et al. 2005; Figure 1D). Taken
together, these ﬁndings suggest that O-GlcNAc levels
are glucose responsive and normally limited by active
O-GlcNAc cycling.
Since the hexosamine signaling pathway responded
to glucose, we next tested whether changes in protein
O-GlcNAcylation affected fertility or reproductive timing. The oga-1 null mutants had signiﬁcantly elevated
protein O-GlcNAcylation compared to wild type (Figure
1), but this had no effect on brood size, as oga-1 mutants
had similar brood sizes compared to N2 at a range of
glucose concentrations (Figure 2A). Furthermore, 333
mm glucose and 500 mm glucose reduced fertility similarly in the oga-1 mutant and in wild type (Figure 2A).
This suggests that the toxic effects of 333 mm supplemental glucose on N2 and oga-1 mutants are independent of the increased O-GlcNAcylation level observed
on high glucose.
Since ogt-1 null mutants cannot O-GlcNAcylate proteins in response to excess glucose, we hypothesized
that these mutants would be hypersensitive to glucose
toxicity and have a lower threshold for glucose stress.
Although wild-type animals were fully fertile at glucose
concentrations up to 250 mm, the ogt-1(ok430) null mutant was subfertile in the presence of glucose stress.
This reduction in fertility was observed at each concentration tested, from 50 to 500 mm supplemental
glucose (Figure 2A). In addition, the magnitude of the
fertility decrease was greater in ogt-1(ok430) at the toxic
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Figure 1.—Characterization of the glucose stress response. (A) Brood size was determined for wild-type (N2, gray line) animals
at 20! on a range of supplemental glucose concentrations and is expressed as a fraction of brood on control plates. Animals were
fully fertile ($90% of control brood size) at supplemental glucose concentrations up to 250 mm glucose, which we deﬁne as the
threshold for glucose stress (dashed line). Glucose toxicity was observed at 333 mm and 500 mm supplemental glucose (25% and
60% reduction in brood size, respectively). Data are presented as the mean from 2–10 independent experiments; error bars
represent standard error of the mean (SEM). (B) Glucose stress affects reproductive timing. Brood size was counted on control
(gray line), 250 mm glucose (orange line), and 333 mm glucose (blue line) plates at 20! and the percentage of embryos laid in each
time frame was calculated. On control plates, wild-type animals laid most of their embryos (!75%) in the ﬁrst 2 days of adulthood.
At the threshold or toxic levels of glucose stress, reproduction is delayed and fewer embryos (!50%) are laid in days 1 and 2. Data
are presented as the mean from 2–5 independent experiments 6 SEM. (C) Pharyngeal pumping rates were determined as a
measure of health span for animals reared on control (gray bars), 250 mm (orange bars), or 333 mm (blue bars) supplemental
glucose plates. Unlike brood size and reproductive timing, high concentrations of glucose had no effect on day 1 adult pharyngeal
pumping rates. The slight decline in pumping rate with age was associated with increased mortality of these animals, suggesting
shortened life span is a dominant contributing factor. (D) Simpliﬁed schematic showing the role of glucose ﬂux in hexosamine
signaling. Glucose levels inﬂuence O-GlcNAcylation, as !2–5% of intracellular glucose is converted to UDP-GlcNAc, the substrate
for OGT-1. High levels of UDP-GlcNAc can negatively regulate GFAT, the rate-limiting enzyme in the pathway, through a feedback
loop. (E) Extracts of C. elegans wild-type (N2), ogt-1(ok430) (T), ogt-1(tm1046) (Tm), and oga-1 (ok1207) (A) strains grown on control,
250 mm glucose, or 333 mm glucose plates were subjected to Western blotting with the anti-O-GlcNAc antibody RL2. At this
exposure, the visible bands are the highly O-GlcNAcylated nuclear porins (arrows). ogt-1 null mutants (ok430 and tm1046) cannot
catalyze the O-GlcNAc modiﬁcation and have no RL2-positive bands in either condition. Representative blots are shown. (F)
Quantitation of RL2-positive bands. The upper and lower bands (indicated in E with arrows) were quantitated as a measure of
protein O-GlcNAcylation level. Glucose stress of 250 mm (orange bars) and 333 mm (blue bars) increased the level of protein
O-GlcNAcylation three- to fourfold in both N2 and oga-1 mutant strains compared to control (gray bars).
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concentrations of glucose, 333 mm glucose (94% reduction in brood size vs. 25% in N2) and 500 mm glucose
(97% reduction vs. 60% in N2). Although 250 mm glucose stress affected fertility differently in ogt-1 compared
to wild-type or oga-1 animals, the effect of glucose stress
on reproductive timing was strain independent, with
a shift in the reproductive proﬁle observed at 250 mm
glucose (Figure 2B).
To ensure that reduced fertility in response to glucose
stress was speciﬁc to the absence of OGT-1, we tested
three different null alleles of ogt-1. We observed a 40–
60% reduction in brood size in the presence of glucose
stress in all three null alleles of ogt-1 at the glucose stress
threshold (250 mm glucose) and a 70–95% reduction
in brood size in the presence of toxic levels of glucose
(333 mm glucose; Figure 2C). This shift in the glucose
toxicity proﬁle strongly suggests that OGT-1 is necessary
for the wild-type response to glucose stress.
The insulin-signaling pathway responds to glucose
stress: Previous work in our laboratories showed that
one of the key targets of O-GlcNAc cycling is the insulinsignaling pathway (Hanover et al. 2005; Forsythe et al.
2006; Love et al. 2010). Since insulin signaling responds
to glucose levels in mammalian systems, we tested the
effects of glucose stress on C. elegans insulin signaling
and the role of O-GlcNAc cycling in this response.
Mutations in the C. elegans insulin-like receptor, daf-2,
lead to the alternative dauer larval stage, increased life
span, and decreased fertility (reviewed in Landis and
Murphy 2010). The level of insulin signaling can be
regulated in a daf-2(e1370) mutant by varying the temperature: as temperature increases, insulin signaling
decreases, and the characteristic daf-2 phenotypes become more severe.
We ﬁrst assayed how glucose stress inﬂuenced protein O-GlcNAcylation in the presence of reduced insulin signaling. We tested these effects at two levels of
insulin-like signaling in daf-2 mutants: at 20!, when daf-2
insulin signaling is intermediate to high (few, if any
dauers are formed), and at 25!, when daf-2 insulin signaling is very low (essentially all animals enter dauer).
Twenty degrees was selected as the intermediate signaling condition for this experiment because at temperatures between 20! and 23.5!, oga-1 and ogt-1 regulate
daf-2 dauer entry (Hanover et al. 2005; Forsythe et al.
2006) (Figure 5C). Similar to the effects in a wild-type
background, threshold levels of glucose stress caused
an increase in protein O-GlcNAcylation in the daf-2
mutant, independent of the level of insulin signaling
(!2- to 2.4-fold increase compared to control; Figure 3).
However, the loss of oga-1 had dramatic effects on protein O-GlcNAcylation levels when insulin signaling was
reduced. In dauer animals, protein O-GlcNAcylation
was increased .40-fold in daf-2;oga-1 mutants compared
to daf-2 mutants (Figure 3). This is consistent with reports that daumone treatment increases protein OGlcNAcylation (Lee et al. 2010) and may reﬂect reduced
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Figure 2.—OGT-1 is required for the glucose stress response. (A) Brood size was determined for wild type (N2, gray
line), oga-1(ok1207) (black line), and ogt-1(ok430) (red line) at
20! and is expressed as a fraction of the N2 brood on control
plates. oga-1 mutant animals were fully fertile at supplemental
glucose concentrations up to 250 mm but were subject to
glucose toxicity at 333 mm and 500 mm supplemental glucose
(30% and 60% reduction in brood size). ogt-1(ok430)
exhibited a lower threshold for glucose stress, as each supplemental glucose concentration tested (50–500 mm glucose) reduced fertility. At toxic glucose levels, brood size was more
severely affected in ogt-1 mutants (70–98% reduction in brood
size) compared to N2 or oga-1 mutants. Data are presented as
mean from two to seven independent experiments 6 SEM.
(B) The glucose effect on reproductive timing is strain independent. Brood size was counted on control (solid lines) and
250 mm glucose plates (dashed lines) at 22.5! and the percentage of embryos laid in each time frame was calculated. On
control plates, all three strains lay most of their embryos (75–
80%) in the ﬁrst 2 days of adulthood in a highly reproducible
manner. At the threshold for glucose stress, reproduction is
delayed and fewer embryos (40–50%) are laid in days 1 and 2.
Data are presented as the mean from four independent experiments 6 SEM. (C) Fertility was reduced at the glucose
stress threshold (250 mm glucose, orange bars) and in the
presence of toxic glucose levels (333 mm glucose, blue bars)
in three different null alleles of ogt-1. A total of 250 mm supplemental glucose reduced brood size in ogt-1 mutants 40–70%
and 333 mm glucose reduced brood size 70–95%, indicating
that OGT-1 is required for fertility in the presence of glucose
stress. Data are presented as the mean from two to four independent experiments 6 SEM.
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Figure 3.—O-GlcNAcylation is responsive to glucose stress and insulin signaling. (A) Extracts of C. elegans daf-2(e1370), daf-2;
oga-1, and daf-2 ogt-1(ok1474) strains grown on control or 250 mm glucose plates at high to intermediate (20!, nondauers) or low
(25!, dauers) levels of insulin signaling were subjected to Western blotting with the anti-O-GlcNAc antibody RL2. daf-2 ogt-1 mutants cannot catalyze the O-GlcNAc modiﬁcation and have no RL2-positive bands; daf-2;oga-1 mutants cannot remove the modiﬁcation enzymatically and exhibit high levels of O-GlcNAcylation, which were not greatly enhanced by glucose stress. Representative
blots are shown. (B) Quantitation of RL2-positive bands. Bar graph of integrated intensity was measured for each lane and normalized to control (daf-2, NGM) at each temperature (20! and 25!).

protein turnover rates in dauer animals (Burnell et al.
2005; Jones et al. 2010). Interestingly, although glucose
stress resulted in a slight increase in O-GlcNAcylation
in the daf-2;oga-1 background, the magnitude was much
less than that observed in the wild-type background
(compare Figure 1F to Figure 3B), which may suggest
an altered steady state in the absence of insulin
signaling.
We tested the effect of glucose stress on daf-2 fertility
at two different levels of insulin signaling (intermediate,
22.5!; and very low, 25!) and found that daf-2 mutants are

sensitized to glucose stress (Figure 4A). Although oga-1
mutants are not sensitive to 250 mm glucose stress in
a wild-type background (Figure 2A), in the daf-2 background, oga-1 mutants had reduced fertility at both the
semipermissive (!40% reduction in brood size) and restrictive (!70% reduction) temperatures (Figure 4A).
Likewise, the fertility decrease observed for ogt-1 mutants
in the presence of glucose stress (!60%; Figure 2C) was
exacerbated when insulin signaling was decreased in
the daf-2 background (80–95% reduction in brood size
in daf-2 ogt-1 mutants; Figure 4A).

Figure 4.—daf-2 is a sensitized background for glucose stress. (A) Brood size
was counted on control (gray bars) and
250 mm supplemental glucose (orange
bars) plates for daf-2(e1370), daf-2
(e1370);oga-1(ok1207), and daf-2(e1370)
ogt-1(ok430) strains at 22.5! (semipermissive temperature for insulin signaling)
and 25! (restrictive temperature for insulin signaling). The response to glucose was variable for daf-2 mutants:
although brood size tended to be lower
in daf-2 mutants on glucose plates, the
difference was not statistically signiﬁcant
(P . 0.06 by Student’s t-test). Brood size
in daf-2;oga-1 mutants was reduced 50%
at the semipermissive temperature and
70% at the restrictive temperature on
glucose compared to control (P ,
0.03). In the daf-2 ogt-1 mutant, brood
size was reduced by 80% (semipermissive) and 95% (restrictive) on glucose
compared to control (P , 0.02). For
both O-GlcNAc cycling mutants, the
magnitude of the response to glucose
stress was greater when insulin signaling
was compromised (compare to Fig. 2A).
(B) Glucose stress and O-GlcNAc cycling do not affect daf-2 reproductive timing. On control plates (gray bars), all three strains lay
40–50% of their brood in the ﬁrst 2 days of adulthood and !40% of the brood in days 3 and 4 when insulin signaling is
compromised (22.5!). Glucose had little to no effect on this proﬁle. Data are presented as the mean from three to six independent
experiments 6 standard deviation (SD).
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Figure 5.—Glucose stress suppresses daf-2 dauer formation
in a food source-, concentration-, insulin signaling-, and
O-GlcNAc-dependent manner. (A) 250 mm glucose stress (orange bars) reduced dauer formation in the daf-2(e1370) mutant by .80% at 23.5! with E. coli OP50 as the food source
(P , 0.001). daf-2 dauer formation is also reduced with E. coli
HT115 as the food source (!40% reduction on glucose compared to control; P , 0.05), but the suppression was threefold
stronger on OP50 compared to HT115 (P , 0.04). Data are
presented as the mean of four independent experiments 6
SEM. (B) Glucose suppression of dauer formation is dependent on the level of insulin signaling (temperature) and glucose concentration. At 23!, daf-2(e1370) dauer formation was
suppressed !40% by 5–50 mm glucose. The reduction in
dauer formation generally correlated with concentration for
100 mm and 250 mm glucose. As the level of insulin signaling
goes down with increasing temperature, only 250 mm glucose
reduces dauer formation. Data are presented as the mean of
two independent experiments 6 SEM. (C) Lack of O-GlcNAc
blunts insulin signaling in the presence of glucose stress. A
total of 250 mm glucose (orange bars) suppressed dauer formation equally in daf-2(e1370) mutants and daf-2(e1370);oga-1
(ok1207) mutants (!70% reduced compared to control) at
23.5!. The level of glucose suppression was decreased in daf-2
(e1370) ogt-1(ok430) double mutants (!30% reduction in
dauer formation; P , 0.03 compared to daf-2). Data are presented as the mean of four independent experiments 6 SEM.

Reproductive timing is delayed in daf-2 mutants
(Larsen et al. 1995; Gems et al. 1998), so we tested
whether O-GlcNAc cycling or glucose stress affected the
reproductive proﬁle. On control plates, !40–50% of the
brood is laid in the ﬁrst 2 days of adulthood in a daf-2
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mutant, compared to !75% in N2 (compare Figure 4B
to Figure 2B). O-GlcNAc cycling and glucose stress had
little to no effect on reproductive timing when insulin
signaling was compromised in the daf-2 background
(Figure 4B).
Although decreased fertility and increased dauer formation are characteristic phenotypes of decreased insulin signaling in daf-2 mutants, these phenotypes are
separable (Gems et al. 1998; Tissenbaum and Ruvkun
1998). Nutrient availability is a key factor in the dauer
entry decision, so we tested how nutrient availability affected daf-2 dauer formation. In the presence of 250 mm
glucose stress, daf-2 dauer formation was greatly suppressed (!80% reduction in dauer formation; Figure
5A). C. elegans diet and metabolism can be regulated
by bacterial food source. The two most common Escherichia coli strains used for C. elegans feeding, the B-derived
strain OP50 and the K12-derived strain HT115, are
known to have variations in nutrient composition (Brooks
et al. 2009; Reinke et al. 2010). Glucose stress had a
much greater effect on dauer formation with OP50 as
the food source compared to HT115 (!80% vs. 40%
decrease in dauer formation; Figure 5A), indicating
that both the amount of available nutrients and the
relative composition of the diet affect insulin signaling.
Combining an HT115 food source with glucose stress
did not produce a change in fertility, reproductive timing, or pharyngeal pumping rates compared to an OP50
food source in wild-type animals (data not shown),
which suggests that dauer formation is more sensitive to
nutrient composition.
To characterize the role of glucose stress on dauer
formation, we tested a range of glucose concentrations
from 0 to 250 mm glucose. Just as the effects of glucose stress on fertility varied with dose, the effect of glucose on dauer formation was also dose dependent;
however, dauer formation was much more sensitive to
glucose stress. At 23!, concentrations of glucose as low
as 5–50 mm suppressed daf-2 dauer formation (!40%
decrease compared to control), and the dauer suppression effect generally correlated with concentration for
100 mm (67% decrease) and 250 mm glucose (87% decrease; Figure 5B). However, just as the effects of glucose
stress on fertility varied with the level of insulin signaling
(Figure 4A), glucose stress suppressed daf-2 dauer formation in a temperature-dependent manner. At lower levels
of insulin signaling (23.5!–24!), concentrations of glucose below the threshold for fertility stress had little to
no effect on dauer formation (Figure 5B), and at restrictive temperatures ($25!), 250 mm glucose had no effect
on dauer formation (data not shown). While this study
was in progress, Lee et al. reported independently that
111 mm glucose suppressed dauer formation in daf-2
mutants at a semipermissive temperature (22.5!; Lee
et al. 2009). Taken together, these data show that daf-2
dauer formation in C. elegans responds to nutrient stress
and that this response is dependent on both nutrient
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Figure 6.—Glucose stress is not a general
suppressor of dauer formation. (A) Simpliﬁed schematic showing parallel pathways to
dauer formation. In addition to the insulinsignaling pathway, guanyl cyclase and
TGF-b activity regulate dauer formation in
C. elegans. The guanyl cyclase pathway also
intersects with the insulin-signaling pathway
via regulation of the expression of one of
the insulin-like peptides, daf-28, and with
the TGF-b pathway via regulation of the
ligand daf-7. (B) Glucose stress is not a general suppressor of dauer formation. Glucose
stress of 250 mm (orange bars) suppressed
dauer formation compared to control (gray
bars) in two different insulin-like receptor
mutants, the class I daf-2(e1370) mutant
(20–80% reduction from 24! to 23!) and
the weaker class II e1368 mutant (86% reduction at 25.5!). Glucose stress had no signiﬁcant effect on dauer formation in daf-11
(m47) guanyl cyclase mutants assayed at 24!.
Although there is no overall change in daf11 dauer formation in glucose stress compared to control, the trend varied between
experiments. Glucose stress enhanced dauer
formation in the daf-1(m40) TGF-b receptor
mutant at 23! and 23.5! (3.5- and 2.2-fold
enhancement; P , 0.02) but had no signiﬁcant effect at 24! or in daf-7(e1372) TGF-b ligand mutants. Data are presented as the
mean of two to ﬁve independent experiments 6 SEM.

availability (glucose concentration and bacterial food
source) and the level of insulin signaling.
The daf-2 response to glucose stress depends on
O-GlcNAc cycling: Since glucose stress (Figure 5A)
and O-GlcNAc cycling (Hanover et al. 2005; Forsythe
et al. 2006) each affect dauer formation, we tested the
effect of combining glucose stress with null mutants of
oga-1 or ogt-1 at an intermediate level of insulin signaling (23.5!). Combining glucose stress and increased
O-GlcNAcylation had no effect on dauer formation: glucose stress suppressed dauer formation in daf-2 single
mutants and daf-2;oga-1 double mutants equally (!80%
decrease compared to control; Figure 5C), despite the
higher level of protein O-GlcNAcylation in the daf-2;oga-1
animals (Figure 3). In contrast, glucose stress only weakly
suppressed dauer formation when O-GlcNAcylation
was lacking in daf-2 ogt-1 double mutants (!30% decrease; Figure 5C), suggesting that insulin signaling does
not respond properly to glucose signals in the absence
of O-GlcNAcylation. Other nutrient sensing pathways
may also be altered in these mutants, as O-GlcNAc cycling
and insulin signaling also interact with mTOR, AMPK,
and other nutrient sensors (reviewed in Hanover et al.
2010; Mondoux et al. 2010).
Glucose is not a general suppressor of dauer formation: Although daf-2 mutant worms can enter dauer in
replete nutrient conditions, wild-type C. elegans enter
dauer in response to limited environmental nutrients.
Therefore, one model consistent with our data would
be that nutrient excess is not conducive to dauer entry.
In addition to the insulin-signaling pathway, defects in

the guanyl cyclase and TGF-b signaling pathways also
lead to abnormal dauer formation (Figure 6A) (reviewed
in Fielenbach and Antebi 2008). To determine whether
the high glucose suppression of dauer was speciﬁc to the
insulin-signaling pathway, we tested dauer formation in
an additional insulin-like receptor mutant, daf-2(e1368),
the guanyl cyclase mutant daf-11(m47), the TGF-b receptor mutant daf-1(m40), and the TGF-b ligand mutant
daf-7(e1372).
The daf-2(e1368) allele has a mutation in the extracellular domain of the protein and is weaker than the
e1370 allele, which has an intracellular mutation (Patel
et al. 2008). A total of 250 mm glucose stress suppressed
dauer formation in both the daf-2 insulin-like receptor
alleles (Figure 6B). However, there was no change in
daf-11 dauer formation in the presence of glucose stress
(Figure 6B). Furthermore, glucose stress did not reduce
dauer formation in the TGF-b mutants. Dauer formation was enhanced in the presence of glucose stress in
the TGF-b receptor mutant daf-1 (Figure 6B). Because
this mutant forms fewer dauers than daf-2(e1370)
mutants over the same temperature range (17–60%
dauer formation compared to 95–100% dauer formation), we also tested an additional TGF-b pathway mutant, daf-7. Although daf-7 mutants have a rate of dauer
formation that is similar to that of daf-2(e1370) (85–95%
dauer formation; Figure 6B), glucose had no signiﬁcant
effect on dauer formation and there was a slight trend
toward enhancement (94–100% dauer formation; Figure 6B). Therefore, glucose stress is not a general suppressor of dauer formation and may be speciﬁc to the
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Figure 7.—Glucose stress and
O-GlcNAc cycling alter carbohydrate and lipid metabolism. (A)
Carbohydrate content (nmol/mg
dry weight) was measured in the
indicated strains grown on control
(gray bars), 250 mm glucose (orange bars), or 333 mm glucose
(blue bars) at 20!. Glucose stress,
oga-1 mutations, and ogt-1 mutations each result in an increase
in carbohydrate storage (!1.5- to
4-fold increase compared to control). At 250 mm glucose, carbohydrate storage is increased in all
three strains, but especially in
ogt-1 mutants (7-fold increase). Increasing glucose concentrations
(333 mm glucose) did not result
in a corresponding increase in glucose storage. Representative data
are shown. (B) Carbohydrate content (nmol/mg dry weight) was
measured in the indicated strains
grown in the presence (orange
bars) or the absence (gray bars)
of glucose stress. All soluble glucose polymers were included in
the glucose measurement. At 20!
(intermediate to high insulin signaling) and glucose stress, oga-1
mutants, and ogt-1 mutants each
result in an increase in daf-2 carbohydrate storage (!1.5- to 2-fold
increase compared to daf-2 control).
Glucose stress has no additional
effect on daf-2;oga-1 mutants but
greatly increases glucose (4.1-fold
increase) storage in daf-2 ogt-1 mutants. At 25! (low insulin signaling), overall carbohydrate storage is reduced in daf-2 mutants (2-fold decrease compared to 20!). Loss of O-GlcNAc cycling did
not affect carbohydrate storage in dauers. Glucose stress had modest effects on carbohydrate storage in daf-2 and daf-2 ogt-1
mutants (1.5-fold increase compared to control), but had no effect on carbohydrate storage in the daf-2;oga-1 mutant. Data are
presented as the mean of two independent experiments 6 SEM. (C) Neutral lipid content (mg/mg dry weight) was measured in
the indicated strains grown in the presence (orange bars) or the absence (gray bars) of glucose stress. At 20! (intermediate to high
insulin signaling), glucose stress, oga-1 mutations, and ogt-1 mutations each result in a decrease in daf-2 lipid storage (!1.3- to 2-fold
decrease compared to daf-2 control). Glucose stress has no additional effect on daf-2 ogt-1 mutants. At 25! (low insulin signaling),
overall lipid storage was reduced in daf-2 mutants (1.8-fold decrease compared to 20!). Loss of O-GlcNAc cycling and glucose stress
did not affect lipid storage in dauers.

insulin-signaling pathway. Taken together, these data
suggest that glucose stress, O-GlcNAc cycling, and insulin
signaling act in the same pathway to regulate dauer
formation.
O-GlcNAc cycling and insulin signaling regulate
macronutrient storage in response to glucose stress:
Changes in a variety of nutrient-sensing pathways,
including O-GlcNAc cycling, regulate macronutrient
storage in C. elegans (Hanover et al. 2005; Forsythe
et al. 2006). We tested whether the glucose stress response was characterized by changes in macronutrient
storage. In wild-type animals, threshold levels of glucose
stress (250 mm glucose) resulted in an accumulation of
both trehalose and glucose (Figure 7A and data not

shown). Similar to the effects seen with reproductive
timing and protein O-GlcNAcylation, increased glucose
concentration (333 mm) did not correlate with increased carbohydrate storage. A lack of O-GlcNAc cycling also resulted in an accumulation of both trehalose
and glucose (!1.5- to 2-fold increase compared to N2
control; Figure 7A) (Hanover et al. 2005; Forsythe
et al. 2006; and data not shown). Glucose stress further
increased carbohydrate storage when O-GlcNAc cycling
was disrupted, especially in the ogt-1 mutant (!7-fold
more glucose compared to N2 control; Figure 7A).
We next tested how carbohydrate and lipid metabolism in the daf-2 mutant was affected by O-GlcNAc cycling
and glucose stress at different levels of insulin signaling.
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Similar to the effects in a wild-type background, when
insulin signaling was intermediate to high, a lack of
O-GlcNAc cycling or the presence of glucose stress
resulted in an accumulation of both trehalose and glucose (Figure 7B and data not shown). Just as we observed
in the dauer assay (Figure 5C), glucose stress had similar effects on carbohydrate metabolism in the daf-2 and
daf-2;oga-1 mutants (!1.5-fold increase in trehalose and
2-fold increase in glucose compared to daf-2 control).
However, in the daf-2 ogt-1 mutant, glucose stress had
a more dramatic effect on carbohydrate metabolism,
resulting in an !3- to 4-fold increase in both trehalose
and glucose (Figure 7B).
In contrast to its effects on carbohydrate storage,
disrupting O-GlcNAc cycling decreases neutral lipid
stores in a wild-type background [1.3- to 2-fold decrease
compared to N2 (Hanover et al. 2005; Forsythe et al.
2006)]. Similarly, at high to intermediate levels of insulin signaling, a lack of O-GlcNAc cycling or the presence of glucose stress resulted in a reduction in neutral
lipid stores (1.3- to 2-fold decrease compared to daf-2;
Figure 7C). Glucose stress had a similar effect on lipid
storage in daf-2 and daf-2;oga-1 mutants (1.3-fold reduction compared to daf-2 control), but had no additional
effect on daf-2 ogt-1 mutants (Figure 7C).
At low insulin signaling (25!), all of the daf-2 mutant
animals enter dauer. Overall carbohydrate storage and
neutral lipid storage in the daf-2 dauers was lower
compared to those in intermediate signaling (!2-fold
reduction in both soluble glucose and lipids in daf-2
mutants at 25! compared to 20!; Figure 7). O-GlcNAc
cycling did not regulate carbohydrate or lipid storage
when insulin signaling was low: there was little to no
difference in soluble glucose or neutral lipids between
daf-2 and daf-2;oga-1 or daf-2 ogt-1 mutant strains. Furthermore, glucose stress had no effect on trehalose storage or lipid storage in any of the three strains. Glucose
stress also had no effect on glucose storage in the daf-2;
oga-1 mutant, and we observed only modest effects on
glucose storage in the daf-2 and daf-2 ogt-1 mutant
strains (#1.5-fold accumulation of glucose compared
to daf-2 control; Figure 7B). Together, these data indicate that glucose stress and O-GlcNAc cycling regulate
macronutrient storage in a manner dependent on insulin signaling levels.

DISCUSSION

In diabetic patients, insulin resistance prevents the
cellular utilization of glucose, leading to glucose toxicity, which is characterized by chronic cellular and tissue
damage. In addition, the frequency of infertility, developmental defects, pregnancy complications, and
perinatal mortality is higher in obese and diabetic
patients (reviewed in Tsoi et al. 2010; Vimaleswaran
and Loos 2010). Like mammals, C. elegans is subject

to glucose toxicity, as high levels of glucose lead to
reductions in fertility (Lu and Goetsch 1993; Lee
et al. 2009) (Figure 1) and life span (Schulz et al.
2007; Lee et al. 2009; Schlotterer et al. 2009). The
conservation of glucose-responsive pathways, including
the insulin-like signaling pathway and the hexosamine
signaling pathway, coupled with the ability to control
diet and genetic background, make C. elegans an excellent model system for studying the glucose stress response and the genes that determine the threshold
for glucose toxicity.
O-GlcNAc cycling is essential for metabolic tolerance
to ﬂuctuations in glucose availability: As our ﬁrst marker
for glucose stress, we chose to assay fertility, which has
a large energy cost and is under genetic selection. At
the glucose toxicity threshold (250 mm), animals were
fully fertile but had a delay in reproductive timing, an
increase in protein O-GlcNAcylation, and an increase in
carbohydrate storage. That fertility was robust over such
a wide range of glucose concentrations indicates that
C. elegans has a well-buffered metabolic system for dealing with glucose stress. The buffered glucose stress response requires the O-GlcNAc transferase OGT-1. Animals
lacking ogt-1 were subfertile below the threshold concentration of glucose and more adversely affected by
the toxic concentrations of glucose compared to wild
type, demonstrated by greatly reduced fertility and
greatly increased carbohydrate storage. The decrease
in fertility is closely correlated to glucose concentration,
suggesting that OGT-1 is acting as a nutrient sensor.
O-GlcNAc cycling has also been implicated in the response to starvation, as OGT expression increases and
OGA expression decreases in response to glucose deprivation (Kreppel et al. 1997; Whisenhunt et al. 2006),
indicating that this pathway is ﬁnely tuned to maintain
homeostasis.
A complex interplay exists between nutrient-driven
O-GlcNAc cycling and insulin signaling: O-GlcNAc
cycling is a regulator of insulin signaling phenotypes
(Hanover et al. 2005; Forsythe et al. 2006; Love et al.
2010), and our results demonstrate that insulin signaling also responds to glucose stress. When insulin signaling was compromised in daf-2 mutants, a role for the
O-GlcNAcase OGA-1, which normally has a wild-type
glucose toxicity proﬁle, is uncovered, as both oga-1
and ogt-1 mutants are more sensitive to glucose in the
daf-2 background. Furthermore, this sensitivity increases
as the level of insulin signaling decreases. Similarly, an
oga-1 mutation has no effect on dauer formation in
a wild-type background but increases dauer formation
when insulin signaling is compromised (Forsythe
et al. 2006). A role for OGA-1 in life span regulation is
also uncovered when insulin signaling is compromised,
as oga-1 mutants have a small but signiﬁcant decrease in
life span in a wild-type background, but an increased
life span when insulin signaling is compromised (Love
et al. 2010). Together with recent data from mammalian
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cells (Macauley et al. 2010), these data indicate that
increased protein O-GlcNAcylation contributes to insulin resistance but is not the only determinant and
that levels of insulin signaling inﬂuence the role of
O-GlcNAc cycling and vice versa. Rahman et al.
(2010) also reported that OGA-1 has a role in regulating C. elegans life span dependent on insulin signaling
levels. However, they observed that an oga-1 mutation
increases life span in a wild-type background, but
has no effect when insulin signaling is compromised
(Rahman et al. 2010). We have demonstrated here that
O-GlcNAc cycling phenotypes are exquisitely sensitive
to both the level of insulin signaling and nutrient composition, small ﬂuctuations in either temperature or
feeding conditions could account for these different
results.
Several macromolecular changes accompany alterations in O-GlcNAc cycling or exposure to glucose stress,
and these changes are also dependent on the level of
insulin signaling. When insulin signaling is high (as in
wild-type animals), defects in O-GlcNAc cycling result in
increased carbohydrate storage, decreased lipid storage, and deregulation of genes necessary for carbohydrate and lipid metabolism (Hanover et al. 2005;
Forsythe et al. 2006; Love et al. 2010). As the level of
insulin signaling decreases, glucose stress severely affects ogt-1 animals, resulting in increased carbohydrate
storage and dauer formation and decreased fertility,
consistent with a key role for OGT-1 as a nutrient
sensor.
Macronutrient availability and insulin signaling are
just two of the multiple input pathways that regulate the
dauer entry decision. Defects in the TGF-b pathway,
which is also nutrient responsive, can lead to dauer
formation in the presence of food (Figure 6A)
(reviewed in Fielenbach and Antebi 2008). Glucose
seems to speciﬁcally enhance insulin signaling, as we
found that dauer formation was suppressed in daf-2
mutants but unaffected or even enhanced in TGF-b
mutants. Although mutations in both the insulin signaling and the TGF-b pathways can lead to dauer entry,
these pathways are known to have overlapping but distinct regulatory roles. For example, recovery from
dauer seems to require insulin signaling but not TGF-b
signaling (Tissenbaum et al. 2000). In humans, both
insulin signaling and the TGF-b signaling pathways respond to glucose and are implicated in diseases of glucose toxicity, like diabetes (reviewed in Zhu et al. 2007).
Our data demonstrate that these signaling pathways respond differently to nutrient ﬂux, even though both
pathways contribute to the same developmental processes (e.g., dauer entry), underscoring the need to model
these metabolic processes in genetically tractable systems that allow us to consider the effects of different
pathways in combination.
Assessing the levels of macronutrient stores provides
a mechanism for integrating the effects of glucose ﬂux
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and O-GlcNAc cycling on multiple nutrient sensing
pathways. In the presence of glucose stress, daf-2 mutants accumulate more carbohydrates and fewer lipids
compared to growth on control plates, and dauer formation is suppressed. Animals lacking ogt-1 also accumulate carbohydrates and have reduced lipid stores and
reduced dauer formation (Figures 5 and 7) (Hanover
et al. 2005; Forsythe et al. 2006). However, there is not
a simple relationship between macronutrient levels
and dauer entry. First, daf-2;oga-1 mutants also store
more carbohydrates and fewer lipids compared to daf2 animals, but these double mutants form either the
same number or a higher number of dauers compared
to daf-2, depending on the level of insulin signaling
(this study and Forsythe et al. 2006). Second, combining glucose stress with an ogt-1 mutation had an additive
effect on carbohydrate storage, but did not further reduce dauer formation. Rather, an increase in dauer
formation was observed when an ogt-1 mutation and
glucose stress were combined. Third, animals fed with
the E. coli strain HT115 have distinct metabolic proﬁles
compared to OP50-fed animals, including an increase
in glucose storage and a reduction in lipid storage
(Brooks et al. 2009; Reinke et al. 2010). Similar to an
ogt-1 mutation, however, combining HT115 feeding
with glucose stress resulted in an increase in daf-2 dauer
formation compared to that in OP50-fed animals. This
result suggests that in addition to the amount of available nutrients, the composition of the diet inﬂuences
levels of insulin signaling and mutant insulin-signaling
phenotypes in C. elegans. A relationship between diet
composition and insulin signaling was recently demonstrated in Drosophila, as amino acid balance was shown
to be crucial for optimization of both life span and fecundity independent of overall nutrient levels (Grandison
et al. 2009). Together, these data indicate that macronutrient storage levels may inﬂuence the insulin-mediated
dauer entry decision, but there is not a linear relationship
between glucose storage and dauer entry. Rather, there
seems to be a robust range of glucose storage levels that
are permissive for reproductive growth, and both low
levels of carbohydrate storage (e.g., when insulin signaling
is very low) and high levels of carbohydrate storage (e.g.,
in the presence of glucose stress and the absence of
O-GlcNAcylation) can increase dauer formation and decrease fertility.
Macronutrient storage has been implicated in a variety of developmental processes and stress responses in
C. elegans, including life span shortening and extension,
thermotolerance, osmotic stress resistance, and oxygen
sensitivity. Several laboratories have demonstrated that
supplemental glucose shortens C. elegans life span, at
both high and low levels of insulin signaling (Schulz
et al. 2007; Lee et al. 2009; Schlotterer et al. 2009).
Recently, the glucose disaccharide trehalose, which is
elevated in daf-2 and age-1 mutants (Lamitina and
Strange 2005; Honda et al. 2010), has been shown to
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extend C. elegans life span in a DAF-2–dependent manner (Honda et al. 2010). Trehalose increases thermotolerance and osmotic stress resistance (Lamitina et al.
2004; Lamitina and Strange 2005; Lamitina et al.
2006; Frazier and Roth 2009; Honda et al. 2010),
leading to the hypothesis that this insulin-regulated
molecule retards aging by protecting against stress.
ogt-1 mutants have increased trehalose storage at both
low and high levels of insulin signaling (this study;
Hanover et al. 2005; Forsythe et al. 2006). However,
ogt-1 mutants have shortened life spans and decreased
resistance to UV stress compared to wild type (Love
et al. 2010), indicating that increased trehalose storage
does not slow aging in the absence of O-GlcNAcylation.
This ﬁts well with recent data demonstrating that nutrient sensing pathways can regulate macronutrient storage differently under different conditions. For example,
alterations in sugar homeostasis regulate C. elegans survival in hyperosmotic and anoxic conditions; however,
opposing macronutrient proﬁles are associated with
distinct stress resistance phenotypes (Frazier and Roth
2009). Furthermore, AMPK activation can either promote or prevent the depletion of fat stores (Narbonne
and Roy 2009). Together, these results demonstrate that
energy homeostasis is a complex process whereby different storage molecules—even those commonly derived from glucose—have distinct roles in development,
fertility, aging, and the response to various types of stress.
Life span, dauer, and fertility show differing sensitivities to glucose excess: We deﬁned the threshold
for glucose toxicity in wild-type worms by assaying fertility; interestingly, life span seems to be less adaptable
to changes in glucose concentration. First, the threshold for glucose toxicity in life span assays is 2.8 mm
supplemental glucose (Lee et al. 2009), nearly 100-fold
less than the threshold for glucose toxicity in the fertility assay. Second, life span does not seem to respond to
dose in the way that fertility and dauer formation do,
as concentrations of glucose ranging from 2.8 mm to
111 mm glucose reduce mean life span !15–25% without correlation to dose (Lee et al. 2009). These data
suggest that nutrient buffering systems allow robust fertility over a range of glucose concentrations, whereas those same glucose levels result in a sharp decline
in life span. This could occur in several ways. Different
tissues may have different sensitivities to nutrient ﬂux.
Insulin signaling is implicated in both fertility and life
span, but fertility is regulated by insulin-like activity in
the germline (Michaelson et al. 2010) whereas life span
is regulated by activity in neurons and intestine (Apfeld
and Kenyon 1998; Wolkow et al. 2000; reviewed in
Fielenbach and Antebi 2008). Alternatively, or in combination, nutrient buffering systems may be active in
young adults but lacking or overwhelmed in older
animals.
Homeostatic adaptations to nutrient excess and deregulation in diseases of aging: Disrupting O-GlcNAc

cycling leads to changes in insulin signaling and gene
expression associated with the regulation of longevity
(Hanover et al. 2005; Forsythe et al. 2006; Love et al.
2010). Here we have extended these ﬁndings to include
a role for hexosamine signaling and insulin signaling
in the response to glucose excess. These ﬁndings in
C. elegans may have important implications for the diseases associated with human aging. As humans age, homeostatic control breaks down, and glucose tolerance
and insulin responsiveness decrease. During reproductive years, diabetes negatively affects both male and
female fertility, as well as prenatal development. As glucose consumption has increased across all stages of life
in the human population, it is important to understand
which genes and pathways respond to nutrients and
how those pathways regulate different processes at different stages.
Different systems share common biochemical pathways that sense and respond to nutrients, but that
response may vary with tissue, developmental stage, or
genetic background. In C. elegans, we observed that glucose stress had opposing effects on dauer formation in
insulin-like signaling mutants and TGF-b signaling
mutants. In mammals, two key regulators of glucose
homeostasis, AMPK and mTOR, also have different speciﬁcities. AMPK activation regulates glucose homeostasis in the liver and disrupts the energy balance in the
brain, whereas mTOR activation disrupts homeostasis in
the liver and favors homeostasis in the brain (reviewed
in Lam 2010). All of these nutrient-responsive pathways
are connected to the O-GlcNAc cycling pathway (reviewed in Hanover et al. 2010; Mondoux et al. 2010).
Understanding which genes and pathways respond to
nutrients; how they distinctly regulate growth, fertility,
and aging; and how these are inﬂuenced by genetic
background will be necessary if we are to develop appropriate strategies and therapeutics to deal with the
pressures of nutrient stress.
We thank Thomas Brodigan for technical assistance and members
of the Krause and Hanover laboratories for helpful discussions. This
research was supported by the Intramural Research Program of the
National Institutes of Health, National Institute for Diabetes and
Digestive and Kidney Diseases.

LITERATURE CITED
Akimoto, Y., G. W. Hart, L. Wells, K. Vosseller, K. Yamamoto
et al., 2007 Elevation of the post-translational modiﬁcation of
proteins by O-linked N-acetylglucosamine leads to deterioration
of the glucose-stimulated insulin secretion in the pancreas of diabetic goto-kakizaki rats. Glycobiology 17: 127–140.
Apfeld, J., and C. Kenyon, 1998 Cell nonautonomy of C. elegans
daf-2 function in the regulation of diapause and life span. Cell 95:
199–210.
Arias, E. B., J. Kim and G. D. Cartee, 2004 Prolonged incubation
in PUGNAc results in increased protein O-linked glycosylation and insulin resistance in rat skeletal muscle. Diabetes 53:
921–930.
Aronson, D., 2008 Hyperglycemia and the pathobiology of diabetic
complications. Adv. Cardiol. 45: 1–16.

Glucose Stress Response in C. elegans
Bouche, C., S. Serdy, C. R. Kahn and A. B. Goldﬁne, 2004 The
cellular fate of glucose and its relevance in type 2 diabetes. Endocr. Rev. 25: 807–830.
Brooks, K. K., B. Liang and J. L. Watts, 2009 The inﬂuence of
bacterial diet on fat storage in C. elegans. PLoS One 4: e7545.
Broughton, S., and L. Partridge, 2009 Insulin/IGF-like signalling,
the central nervous system and aging. Biochem. J. 418: 1–12.
Brownlee, M., 2001 Biochemistry and molecular cell biology of diabetic complications. Nature 414: 813–820.
Burnell, A. M., K. Houthoofd, K. O’Hanlon and J. R. Vanﬂeteren, 2005 Alternate metabolism during the dauer stage of the
nematode Caenorhabditis elegans. Exp. Gerontol. 40: 850–856.
Buse, M. G., 2006 Hexosamines, insulin resistance, and the complications of diabetes: current status. Am. J. Physiol. Endocrinol.
Metab. 290: E1–E8.
Centers for Disease Control and Prevention (CDC), 2007 National Diabetes Fact Sheet. Centers for Disease Control and Prevention, Atlanta.
Fielenbach, N., and A. Antebi, 2008 C. elegans dauer formation
and the molecular basis of plasticity. Genes Dev. 22: 2149–2165.
Forsythe, M. E., D. C. Love, B. D. Lazarus, E. J. Kim, W. A. Prinz
et al., 2006 Caenorhabditis elegans ortholog of a diabetes
susceptibility locus: Oga-1 (O-GlcNAcase) knockout impacts
O-GlcNAc cycling, metabolism, and dauer. Proc. Natl. Acad.
Sci. USA 103: 11952–11957.
Frazier, 3rd, H. N., and M. B. Roth, 2009 Adaptive sugar provisioning controls survival of C. elegans embryos in adverse environments. Curr. Biol. 19: 859–863.
Gems, D., A. J. Sutton, M. L. Sundermeyer, P. S. Albert, K. V. King
et al., 1998 Two pleiotropic classes of daf-2 mutation affect
larval arrest, adult behavior, reproduction and longevity in
Caenorhabditis elegans. Genetics 150: 129–155.
Grandison, R. C., M. D. Piper and L. Partridge, 2009 Amino-acid
imbalance explains extension of lifespan by dietary restriction in
Drosophila. Nature 462: 1061–1064.
Haffner, S. M., H. P. Hazuda, B. D. Mitchell, J. K. Patterson and
M. P. Stern, 1991 Increased incidence of type II diabetes mellitus in Mexican Americans. Diabetes Care 14: 102–108.
Haley, S., J. Reed, B. H. Lin and A. Cook, 2005 Sweetener Consumption in the United States: Distribution by Demographic and Product
Characteristics (ERS Outlook Report Series) pp. 1–19.
Hanover, J. A., M. E. Forsythe, P. T. Hennessey, T. M. Brodigan,
D. C. Love et al., 2005 A Caenorhabditis elegans model of insulin
resistance: altered macronutrient storage and dauer formation in
an OGT-1 knockout. Proc. Natl. Acad. Sci. USA 102: 11266–
11271.
Hanover, J. A., M. W. Krause and D. C. Love, 2010 The hexosamine signaling pathway: O-GlcNAc cycling in feast or famine.
Biochim. Biophys. Acta 1800: 80–95.
Honda, Y., M. Tanaka and S. Honda, 2010 Trehalose extends longevity in the nematode Caenorhabditis elegans. Aging Cell. 9:
558–569.
Housley, M. P., J. T. Rodgers, N. D. Udeshi, T. J. Kelly, J.
Shabanowitz et al., 2008 O-GlcNAc regulates FoxO activation
in response to glucose. J. Biol. Chem. 283: 16283–16292.
Housley, M. P., N. D. Udeshi, J. T. Rodgers, J. Shabanowitz,
P. Puigserver et al., 2009 A PGC-1alpha-O-GlcNAc transferase
complex regulates FoxO transcription factor activity in response to
glucose. J. Biol. Chem. 284: 5148–5157.
Jones, L. M., K. Staffa, S. Perally, E. J. LaCourse, P. M. Brophy et al.,
2010 Proteomic analyses of Caenorhabditis elegans dauer larvae
and long-lived daf-2 mutants implicates a shared detoxiﬁcation
system in longevity assurance. J. Proteome Res. 9: 2871–2881.
Kreppel, L. K., M. A. Blomberg and G. W. Hart, 1997 Dynamic
glycosylation of nuclear and cytosolic proteins: Cloning and characterization of a unique O-GlcNAc transferase with multiple tetratricopeptide repeats. J. Biol. Chem. 272: 9308–9315.
Kuo, M., V. Zilberfarb, N. Gangneux, N. Christeff and T. Issad,
2008 O-GlcNAc modiﬁcation of FoxO1 increases its transcriptional activity: A role in the glucotoxicity phenomenon? Biochimie 90: 679–685.
Lam, T. K., 2010 Neuronal regulation of homeostasis by nutrient
sensing. Nat. Med. 16: 392–395.
Lamitina, S. T., and K. Strange, 2005 Transcriptional targets
of DAF-16 insulin signaling pathway protect C. elegans from

381

extreme hypertonic stress. Am. J. Physiol. Cell. Physiol. 288:
C467–C474.
Lamitina, S. T., R. Morrison, G. W. Moeckel and K. Strange,
2004 Adaptation of the nematode caenorhabditis elegans to extreme osmotic stress. Am. J. Physiol. Cell. Physiol. 286: C785–C791.
Lamitina, T., C. G. Huang and K. Strange, 2006 Genome-wide
RNAi screening identiﬁes protein damage as a regulator of osmoprotective gene expression. Proc. Natl. Acad. Sci. USA 103:
12173–12178.
Landis, J. N., and C. T. Murphy, 2010 Integration of diverse inputs
in the regulation of Caenorhabditis elegans DAF-16/FOXO. Dev.
Dyn. 239: 1405–1412.
Larsen, P. L., P. S. Albert and D. L. Riddle, 1995 Genes that
regulate both development and longevity in Caenorhabditis elegans.
Genetics 139: 1567–1583.
Lee, S. J., C. T. Murphy and C. Kenyon, 2009 Glucose shortens the
life span of C. elegans by downregulating DAF-16/FOXO activity
and aquaporin gene expression. Cell. Metab. 10: 379–391.
Lee, J., K. Y. Kim, J. Lee and Y. K. Paik, 2010 Regulation of dauer
formation by O-GlcNAcylation in Caenorhabditis elegans. J. Biol.
Chem. 285: 2930–2939.
Lehman, D. M., D. J. Fu, A. B. Freeman, K. J. Hunt, R. J. Leach et al.,
2005 A single nucleotide polymorphism in MGEA5 encoding
O-GlcNAc-selective N-acetyl-beta-D glucosaminidase is associated
with type 2 diabetes in Mexican Americans. Diabetes 54: 1214–
1221.
Liu, K., A. J. Paterson, E. Chin and J. E. Kudlow, 2000 Glucose
stimulates protein modiﬁcation by O-linked GlcNAc in pancreatic
beta cells: linkage of O-linked GlcNAc to beta cell death. Proc.
Natl. Acad. Sci. USA 97: 2820–2825.
Love, D. C., S. Ghosh, M. A. Mondoux, T. Fukushige, P. Wang et al.,
2010 Dynamic O-GlcNAc cycling at promoters of Caenorhabditis
elegans genes regulating longevity, stress, and immunity. Proc.
Natl. Acad. Sci. USA 107: 7413–7418.
Lu, N. C., and K. M. Goetsch, 1993 Carbohydrate requirement of
Caenorhabditis elegans and the ﬁnal development of a chemically
deﬁned medium. Nematologica 39(1): 303–311.
Lubas, W. A., D. W. Frank, M. Krause and J. A. Hanover,
1997 O-linked GlcNAc transferase is a conserved nucleocytoplasmic protein containing tetratricopeptide repeats. J. Biol.
Chem. 272: 9316–9324.
Macauley, M. S., Y. He, T. M. Gloster, K. A. Stubbs, G. J. Davies
et al., 2010 Inhibition of O-GlcNAcase using a potent and cellpermeable inhibitor does not induce insulin resistance in 3T3–L1
adipocytes. Chem. Biol. 17: 937–948.
McClain, D. A., W. A. Lubas, R. C. Cooksey, M. Hazel, G. J. Parker
et al., 2002 Altered glycan-dependent signaling induces insulin
resistance and hyperleptinemia. Proc. Natl. Acad. Sci. USA 99:
10695–10699.
Michaelson, D., D. Z. Korta, Y. Capua and E. J. Hubbard,
2010 Insulin signaling promotes germline proliferation in
C. elegans. Development 137: 671–680.
Mondoux, M. A., M. W. Krause and J. A. Hanover, 2010 C. elegans
genetic networks predict roles for O-GlcNAc cycling in key signaling pathways. Curr. Signal Transduction Therapy 5: 60–73.
Narasimhan, S. D., K. Yen and H. A. Tissenbaum, 2009 Converging
pathways in lifespan regulation. Curr. Biol. 19: R657–R666.
Narbonne, P., and R. Roy, 2009 Caenorhabditis elegans dauers
need LKB1/AMPK to ration lipid reserves and ensure long-term
survival. Nature 457: 210–214.
O’Donnell, N., N. E. Zachara, G. W. Hart and J. D. Marth,
2004 Ogt-dependent X-chromosome-linked protein glycosylation is a requisite modiﬁcation in somatic cell function and embryo viability. Mol. Cell. Biol. 24: 1680–1690.
Park, J., H. Kwon, Y. Kang and Y. Kim, 2007 Proteomic analysis of
O-GlcNAc modiﬁcations derived from streptozotocin and glucosamine induced beta-cell apoptosis. J. Biochem. Mol. Biol. 40:
1058–1068.
Patel, D. S., A. Garza-Garcia, M. Nanji, J. J. McElwee, D. Ackerman
et al., 2008 Clustering of genetically deﬁned allele classes in the
Caenorhabditis elegans DAF-2 insulin/IGF-1 receptor. Genetics 178:
931–946.
Rahman, M. M., O. Stuchlick, E. G. El-Karim, R. Stuart, E. T.
Kipreos et al., 2010 Intracellular protein glycosylation modulates insulin mediated lifespan in C. elegans. Aging 2: 678–690.

382

M. A. Mondoux et al.

Reinke, S. N., X. Hu, B. D. Sykes and B. D. Lemire, 2010 Caenorhabditis elegans diet signiﬁcantly affects metabolic proﬁle, mitochondrial DNA levels, lifespan and brood size. Mol. Genet.
Metab. 100: 274–282.
Schlotterer, A., G. Kukudov, F. Bozorgmehr, H. Hutter, X. Du
et al., 2009 C. elegans as model for the study of high glucosemediated life span reduction. Diabetes 58: 2450–2456.
Schulz, T. J., K. Zarse, A. Voigt, N. Urban, M. Birringer et al.,
2007 Glucose restriction extends Caenorhabditis elegans life
span by inducing mitochondrial respiration and increasing oxidative stress. Cell. Metab. 6: 280–293.
Shaﬁ, R., S. P. Iyer, L. G. Ellies, N. O’Donnell, K. W. Marek et al.,
2000 The O-GlcNAc transferase gene resides on the X chromosome and is essential for embryonic stem cell viability and mouse
ontogeny. Proc. Natl. Acad. Sci. USA 97: 5735–5739.
Tissenbaum, H. A., and G. Ruvkun, 1998 An insulin-like signaling
pathway affects both longevity and reproduction in Caenorhabditis
elegans. Genetics 148: 703–717.
Tissenbaum, H. A., J. Hawdon, M. Perregaux, P. Hotez, L. Guarente
et al., 2000 A common muscarinic pathway for diapause recovery
in the distantly related nematode species Caenorhabditis elegans and
Ancylostoma caninum. Proc. Natl. Acad. Sci. USA 97: 460–465.
Tsoi, E., H. Shaikh, S. Robinson and T. G. Teoh, 2010 Obesity
in pregnancy: a major healthcare issue. Postgrad. Med. J. 86:
617–623.
Vimaleswaran, K. S., and R. J. Loos, 2010 Progress in the genetics
of common obesity and type 2 diabetes. Expert Rev. Mol. Med.
12: e7.
Vosseller, K., L. Wells, M. D. Lane and G. W. Hart, 2002 Elevated nucleocytoplasmic glycosylation by O-GlcNAc results in

insulin resistance associated with defects in akt activation in
3T3–L1 adipocytes. Proc. Natl. Acad. Sci. USA 99: 5313–5318.
Walker, S. E., M. J. Gurka, M. N. Oliver, D. W. Johns and M. D.
Deboer, 2010 Racial/ethnic discrepancies in the metabolic syndrome begin in childhood and persist after adjustment for environmental factors. Nutr. Metab. Cardiovasc. Dis. (in press).
Whelan, S. A., W. B. Dias, L. Thiruneelakantapillai, M. D. Lane
and G. W. Hart, 2010 Regulation of insulin receptor substrate 1
(IRS-1)/AKT kinase-mediated insulin signaling by O-linked betaN-acetylglucosamine in 3T3–L1 adipocytes. J. Biol. Chem. 285:
5204–5211.
Whisenhunt, T. R., X. Yang, D. B. Bowe, A. J. Paterson, B. A. Van
Tine et al., 2006 Disrupting the enzyme complex regulating OGlcNAcylation blocks signaling and development. Glycobiology
16: 551–563.
Wolkow, C. A., K. D. Kimura, M. S. Lee and G. Ruvkun,
2000 Regulation of C. elegans life-span by insulinlike signaling
in the nervous system. Science 290: 147–150.
Yang, X., P. P. Ongusaha, P. D. Miles, J. C. Havstad, F. Zhang et al.,
2008 Phosphoinositide signalling links O-GlcNAc transferase to
insulin resistance. Nature 451: 964–969.
Yki-Jarvinen, H., A. Virkamaki, M. C. Daniels, D. McClain and
W. K. Gottschalk, 1998 Insulin and glucosamine infusions
increase O-linked N-acetyl-glucosamine in skeletal muscle proteins
in vivo. Metabolism 47: 449–455.
Zhu, Y., H. K. Usui and K. Sharma, 2007 Regulation of transforming growth factor beta in diabetic nephropathy: implications for
treatment. Semin. Nephrol. 27: 153–160.
Communicating editor: K. Kemphues

