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Abstract: Diet and sex are important determinants of lifespan. In humans, high sugar diets, obesity, and type 2 diabetes
correlate with decreased lifespan, and females generally live longer than males. The nematode Caenorhabditis elegans is
a classical model for aging studies, and has also proven useful for characterizing the response to high-glucose diets.
However, studies on male animals are lacking. We found a surprising dichotomy: glucose regulates lifespan and aging in a

sex-specific manner, with beneficial effects on males compared to toxic effects on hermaphrodites.

High-glucose diet

resulted in greater mobility with age for males, along with a modest increase in median lifespan. In contrast, high-glucose
diets decrease both lifespan and mobility for hermaphrodites. Understanding sex-specific responses to high-glucose diets
will be important for determining which evolutionarily conserved glucose-responsive pathways that regulate aging are
“universal” and which are likely to be cell-type or sex-specific.

INTRODUCTION

Diet is a key regulator of lifespan: caloric intake, and in
particular, glucose metabolism, must be tightly
controlled for health and survival. High levels of
glucose lead to toxicity, which can manifest in humans
as obesity and type 2 diabetes. These diseases, in turn,
are correlated with decreased fertility and lifespan.
Given the global rise in sugar consumption,
understanding glucose toxicity and its role in health and
aging is a crucial public health problem [1].
Caenorhabditis elegans is an excellent model for
studying aging and glucose toxicity, as worms have a
well-conserved insulin-signaling system implicated in
both processes. Mutations that decrease insulin
signaling extend lifespan [2], and insulin signaling is up
regulated in response to excess glucose [3, 4]. As in
humans, excess glucose leads to toxicity in C. elegans:
high-glucose diets lead to decreased fertility and
lifespan [3-7]. In addition to differences in lifespan,
differences in aging can be assessed by measuring
healthspan, the period before age-related decline when
animals maintain at least 50% of their functional
capacity [8, 9]. High-glucose diet leads to a reduction

in functional capacity in C. elegans by several
measures, including the locomotion response to touch
[10], the ability to survive oxygen deprivation [11], the
structural integrity of the nervous system [12], and
pharyngeal pumping [4]. Declines in some healthspan
parameters, like pharyngeal pumping, have been shown
to correlate with declining lifespan [13]. High-glucose
diet reduces many of these healthspan parameters even
in young adults, indicating that glucose affects age-
associated phenotypes long before differences in
lifespan potential can be observed [4, 11, 12].

Sex is also a key regulator of lifespan: different sexes
have different average lifespans in a wide range of
species, including humans. C. elegans exists in two
sexes: males and self-fertilizing hermaphrodites, which
anatomically resemble females that store sperm. C.
elegans hermaphrodites and males are distinct from
each other in anatomy, physiology, behavior, and gene
expression [14]. Lifespan in C. elegans males, but not
hermaphrodites, is regulated by social interactions with
hermaphrodites and other males [15]. Despite these
differences, most experiments in this model system,
including the studies on high-glucose diet and aging,
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have been conducted exclusively with hermaphrodites.

Here, we tested the effects of a high-glucose diet on C.
elegans lifespan and aging in both sexes. Surprisingly,
we found that a high-glucose diet produced a diametric
aging response in C. elegans: toxic to one sex
(heramphrodites) but beneficial to the other (males). In
contrast to its well-established negative effects on
hermaphrodites, a high-glucose diet was not toxic to
males. Rather, high-glucose diet specifically protected
male mobility with age and produced a modest lifespan
extension in males.

RESULTS

We tested the effects of a high-glucose diet on two
aging parameters in C. elegans: lifespan and mobility,
which is an important measure of healthspan.
Consistent with previously published reports, high-
glucose diet significantly decreased both median and
maximum hermaphrodite lifespan by 30-40% (Fig. 1A;
[3, 6, 7]). In contrast, high-glucose diet did not
decrease maximum lifespan in males (Fig. 1B),
suggesting that the negative effects of glucose on
lifespan are sex-specific. Indeed, high-glucose diet
modestly increased average longevity (10% increase;
Fig. 1B), indicating a sexually diametric response.
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C. elegans, like humans, demonstrate a decline in both
coordination and mobility with age, in concert with loss
of muscle mass, or sarcopenia [9, 13, 16, 17]. In
hermaphrodites, this decrease in mobility is regulated
by insulin signaling [17] and in males by the NAD+-
dependent metabolic regulator SIR-2.1 [18], suggesting
a potential role for glucose in this process. Indeed,
hermaphrodites aged on high-glucose diet have
decreased locomotion in response to touch [10].
Mobility is an especially important measure of
healthspan for males, as their ability to reproduce
depends on their ability to seek mates and perform
mating behaviors, which also undergo an age-related
decline [19].

We observed visually striking, sex-specific differences
in mobility of animals aged on high-glucose diet
compared to control. We quantified these changes by
assaying paralysis at day 14 of adulthood, when the
effect of glucose on male lifespan becomes apparent
(Fig. 1B). On control diet, both sexes had similar levels
of paralysis in the population (17% male, 23%
hermaphrodite; Fig. 2A). Consistent with previous
reports of glucose reducing mobility [10] and other
healthspan parameters [4, 11, 12], high-glucose diet
increased paralysis in the aged hermaphrodite
population by almost twofold (43%). In contrast, high-
glucose diet reduced paralysis in the male population
2.4-fold (7%, Fig. 2A), suggesting that a high-glucose
diet might prevent age-related mobility decline
specifically in males.

We further analyzed male mobility by tracking speed.
Glucose-induced changes in mobility were observed at
day 7 of adulthood, which is just post-reproductive [20]
and is before discernable lifespan effects (Fig. 1B).
Males on high-glucose diet moved ~25% faster on day 7
compared to control (Fig. 2B), indicating that diet
influences healthspan before lifespan. Consistent with
our paralysis data (Fig. 2A), although mobility declined
with age on both diets, males aged on high glucose were
significantly more mobile on day 14 of adulthood,
moving ~85% faster than control (Fig. 2B).

Figure 1. High-glucose diet regulates lifespan in a sex-specific
manner. (A) In hermaphrodites, high-glucose diet (orange)
reduced median and maximum lifespan compared to control
(black). p < 0.0001 by log-rank. (B) In males, high-glucose diet
increased median lifespan (p < 0.0001 by log-rank) and had no
effect on maximum lifespan. Median lifespans are indicated in
parentheses. Composites of at least 3 replicates are shown.
Individual experimental data are provided in Table S1.
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Figure 2. High-glucose diet regulates mobility in a sex-specific manner.
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(A) High-glucose diet (orange bars)

decreased male paralysis (increased mobility) and increased hermaphrodite paralysis (decreased mobility)
compared to control (black bars) at day 14 of adulthood. (B-D) Male mobility was analyzed using Multi-Worm
Tracker. (B) Average speed decreases with age on both diets (p < 0.001 by ANOVA), but average speed on high-
glucose diet was significantly higher than control on day 7 and day 14 (*p < 0.001 by ANOVA). Error bars represent
SEM. (C-D) The distribution of observed speeds was significantly different for males on high-glucose diet compared
to control on day 7 (C) and day 14 (D) (p = 0.02 and 0.004, respectively, by Kolmogorov-Smirnov Z test).

At any given age in a population, there is a range of
healthspan phenotypes, including varying mobility,
which may be predictive of how long an individual
animal will live [13, 21]. A wide range of speeds was
observed on both diets at both 7 and 14 days of age,
from paralyzed animals to animals that move quite
rapidly.  However, high-glucose diet reduced the
number of paralyzed or extremely slow-moving males
by ~85% on day 7 and ~40% on day 14 (Figs. 2C-D).
Likewise, nearly twice as many 7-day old males on
high-glucose diet reached the fastest speeds compared
to control (> 0.12 mm/s; Fig. 2C). This increase in fast-
moving animals was further pronounced on day 14, as
none of the control males reached speeds above 0.09
mm/s, compared to 23% of the animals on high glucose
(Fig. 2D). These data demonstrate that high-glucose
diet improves an important measure of healthspan in C.
elegans males, in contrast to its effects on C. elegans
hermaphrodites (Fig. 2A; [4, 10-12]).

DISCUSSION

Why is glucose toxic to hermaphrodites but beneficial
for male aging? There is evidence that the relationship
between lifespan and diet is sex-regulated. Dietary
restriction (DR) extends lifespan in many species.
Some of the effects of DR in C. elegans (e.g., body
size) are more pronounced in hermaphrodites compared
to males, and DR differentially regulates several
hundred genes between the sexes [22]. Furthermore,
rapamycin, which partially mimics DR, has a more
potent lifespan extension effect on female mice
compared to males [23], and lifespan is maximized
under different DR conditions in Drosophila females
compared to males [24].

Since glucose occupies a central role in metabolism,
there are seemingly limitless, non-mutually exclusive
ways it could regulate aging in a sex-specific manner.
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Over 2,000 genes have been identified as differentially
expressed in response to a high-glucose diet in C.
elegans hermaphrodites [3, 11], and nearly an equal
number are differentially expressed between males and
hermaphrodites on a control diet [25]. Any of these
genes may be involved in the sex-specific response to
glucose. Potential mechanisms include sex-specific
differences in carbohydrate storage [26], sex-specific
regulation of pathways that respond to glucose or
insulin signaling [15, 27], the role of the reproductive
system in regulating lifespan [28], differences in
glucose usage and processing in sex-specific cells
(males have 89 additional neurons and 41 additional
muscle cells [29, 30]), and so on.

We have identified high-glucose diet as a factor that
specifically protects mobility during aging in male C.
elegans. This increase in healthspan occurs without a
concomitant extension in maximum lifespan. In humans,
where advances in health care have led to longer median,
but not maximum, lifespans, this extension of healthspan
is termed “compression of morbidity” or “healthy aging”.
Recently, it has been suggested that lifespan be divided
into two parts: healthspan, in which animals have 50% or
greater functional capacity, and “gerospan”, when
functional capacity declines below 50% [9]. A key goal
for aging research, then, is to extend healthspan without
extending gerospan, as we show here for a high-glucose
diet in male C. elegans.

Although other mutations and dietary interventions have
been shown to have sex-specific lifespan phenotypes in
C. elegans [15, 22], these differences have been a
matter of degree (i.e. the effect is greater in one sex
compared to the other or affects one sex and not the
other). Uniquely, high-glucose diets produce a sexually
diametric aging response: beneficial to one sex (males)
and toxic to the other (hermaphrodites). Recently, the
National Institutes of Health (NIH) called for balancing
sex in preclinical studies to increase the inclusion of
females [31]. In C. elegans, the male has often been
excluded from study. The unique sex-specific response
to high-glucose diet identified here underscores the need
to study the response to dietary interventions in both
sexes in order to maximize the usefulness of C. elegans
as a model for human aging and metabolic disease.

METHODS

Maintenance and strains. All of the experiments
described used the wild type N2 (Bristol) strain of C.
elegans maintained at 20°C on solid Nematode Growth
Medium (NGM) using E. coli OP50 as a food source.
Males were maintained using small mating plates with
7-8 males and 2 adult hermaphrodites. All animals

were allowed to develop on NGM control plates. High
glucose feeding began in the late L4 stage on NGM
plates supplemented with 250 mM glucose.

Lifespan assays. Populations were synchronized by
hypochlorite treatment to isolate embryos followed by
visual selection of late L4 animals. Hermaphrodites
were grouped 5-10 animals per plate (as in [3]) and
transferred to new plates every 1-2 days until
reproduction ceased (~7 days). Males were maintained
on individual plates to avoid male-male interactions that
influence lifespan; hermaphrodite lifespan was not
affected by singling animals ([15] and data not shown).
Animals were scored as dead if they did not respond to
gentle prodding with a worm pick. Animals that died
because of bagging or crawling off the plate were
censored. GraphPad Prism v. 6 was used for analysis
and P values were calculated using the log-rank test.

Mobility assays. Animals were aged on control or high-
glucose diet as described above and tested for paralysis at
day 14 of adulthood. Animals were scored as paralyzed
if they moved only their heads in response to prodding
with a worm pick. n = 60-200 animals per condition.
Male speed was quantified on days 7 and 14 of adulthood
using a Pike F421b camera from Allied Vision
Technologies and the Multi-Worm Tracker video
recording and Choreography analysis software [32].
Animals were recorded individually for 60 seconds.
Only forward motion lasting at least 10 seconds and
covering at least one body length was used to calculate
average speed, and only one average speed was
calculated per animal. Animals that did not move
forward at least one body length during the time course
were counted as paralyzed (speed = 0 mm/s). Animals
used for analysis with the Worm Tracker were not
returned to the population. n = 40-70 animals per
condition. P values were calculated using a two-way
analysis of variance (ANOVA) for mean speeds and a
two-tailed Kolmogorov-Smirnov Z test for speed
distributions.

ACKNOWLEDGEMENTS

We thank Jeremy Florman and Dr. Mark Alkema for use
of and assistance with the Multi-Worm Tracker; Dr.
Robert Bertin for help with statistical analysis; and Drs.
Heidi Tissenbaum, Marian Walhout, Victor Ambros, and
members of their laboratories for helpful discussions.

Funding

This work was supported by the Holy Cross Biology
Department, the Robert L. Ardizzone Fund for Junior
Faculty Excellence, a Batchelor-Ford Faculty

www.impactaging.com

386

AGING, June 2015, Vol. 7 No.6



Fellowship (MAM), BD Corporation Summer
Fellowships (MRL, MJH, MM), and a Holy Cross
Summer Research Fellowship (MRL).

Conflict of interest statement

The authors have no conflict of interests to declare.

REFERENCES

1. Lustig RH, Schmidt LA, Brindis CD. Public health: The toxic
truth about sugar. Nature. 2012; 482:27-29.

2. Kenyon CJ. The genetics of ageing. Nature. 2010; 464:504-512.
3. Lee SJ, Murphy CT, Kenyon C. Glucose shortens the life span
of C. elegans by downregulating DAF-16/FOXO activity and
aquaporin gene expression. Cell Metab. 2009; 10:379-391.

4. Mondoux MA, Love DC, Ghosh SK, Fukushige T, Bond M,
Weerasinghe GR, Hanover JA, Krause MW. O-linked-N-
acetylglucosamine cycling and insulin signaling are required for
the glucose stress response in caenorhabditis elegans. Genetics.
2011; 188:369-382.

5. Lu NC, Goetsch KM. Carbohydrate requirement of
caenorhabditis elegans and the final development of a
chemically defined medium. Nematologica, 39. 1993; 1:303-311.
6. Schulz TJ, Zarse K, Voigt A, Urban N, Birringer M, Ristow M.
Glucose restriction extends caenorhabditis elegans life span by
inducing mitochondrial respiration and increasing oxidative
stress. Cell Metab. 2007; 6:280-293.

7. Schlotterer A, Kukudov G, Bozorgmehr F, Hutter H, Du X,
Oikonomou D, lbrahim Y, Pfisterer F, Rabbani N, Thornalley P,
Sayed A, Fleming T, Humpert P et al. C. elegans as model for the
study of high glucose- mediated life span reduction. Diabetes.
2009; 58:2450-2456.

8. Tissenbaum HA. Genetics, life span, health span, and the aging
process in caenorhabditis elegans. J Gerontol A Biol Sci Med Sci.
2012; 67:503-510.

9. Bansal A, Zhu LJ, Yen K, Tissenbaum HA. Uncoupling lifespan
and healthspan in caenorhabditis elegans longevity mutants.
Proc Natl Acad Sci U S A. 2015; 112:E277-86.

10. Choi SS. High glucose diets shorten lifespan of
caenorhabditis elegans via ectopic apoptosis induction. Nutr Res
Pract. 2011; 5:214-218.

11. Garcia AM, Ladage ML, Dumesnil DR, Zaman K, Shulaev V,
Azad RK, Padilla PA. Glucose induces sensitivity to oxygen
deprivation and modulates insulin/IGF-1 signaling and lipid
biosynthesis in caenorhabditis elegans. Genetics. 2015.

12. Mendler M, Schlotterer A, Morcos M, Nawroth PP.
Understanding diabetic polyneuropathy and longevity: What can
we learn from the nematode caenorhabditis elegans? Exp Clin
Endocrinol Diabetes. 2012; 120:182-183.

13. Huang C, Xiong C, Kornfeld K. Measurements of age-related
changes of physiological processes that predict lifespan of
caenorhabditis elegans. Proc Natl Acad Sci U S A. 2004;
101:8084-8089.

14. Wolff JR, Zarkower D. Somatic sexual differentiation in
caenorhabditis elegans. Curr Top Dev Biol. 2008; 83:1-39.

15. Gems D, Riddle DL. Genetic, behavioral and environmental
determinants of male longevity in caenorhabditis elegans.
Genetics. 2000; 154:1597-1610.

16. Herndon LA, Schmeissner PJ, Dudaronek JM, Brown PA,
Listner KM, Sakano Y, Paupard MC, Hall DH, Driscoll M.
Stochastic and genetic factors influence tissue-specific decline in
ageing C. elegans. Nature. 2002; 419:808-814.

17. Glenn CF, Chow DK, David L, Cooke CA, Gami MS, Iser WB,
Hanselman KB, Goldberg 1G, Wolkow CA. Behavioral deficits
during early stages of aging in caenorhabditis elegans result
from locomotory deficits possibly linked to muscle frailty. J
Gerontol A Biol Sci Med Sci. 2004; 59:1251-1260.

18. Guo X, Garcia LR. SIR-2.1 integrates metabolic homeostasis
with the reproductive neuromuscular excitability in early aging
male caenorhabditis elegans. Elife. 2014; 3:e01730.

19. Guo X, Navetta A, Gualberto DG, Garcia LR. Behavioral decay
in aging male C. elegans correlates with increased cell
excitability. Neurobiol Aging. 2012; 33:1483.e5-1483.23.

20. Chatterjee |, Ibanez-Ventoso C, Vijay P, Singaravelu G, Baldi
C, Bair J, Ng S, Smolyanskaya A, Driscoll M, Singson A. Dramatic
fertility decline in aging C. elegans males is associated with
mating execution deficits rather than diminished sperm quality.
Exp Gerontol. 2013; 48:1156-1166.

21. Cypser JR, Wu D, Park SK, Ishii T, Tedesco PM, Mendenhall
AR, Johnson TE. Predicting longevity in C. elegans: Fertility,
mobility and gene expression. Mech Ageing Dev. 2013; 134:291-
297.

22. Miersch C, Doring F. Sex differences in body composition, fat
storage, and gene expression profile in caenorhabditis elegans in
response to dietary restriction. Physiol Genomics. 2013; 45:539-
551.

23. Miller RA, Harrison DE, Astle CM, Fernandez E, Flurkey K, Han
M, Javors MA, Li X, Nadon NL, Nelson JF, Pletcher S, Salmon AB,
Sharp ZD et al. Rapamycin-mediated lifespan increase in mice is
dose and sex dependent and metabolically distinct from dietary
restriction. Aging Cell. 2014; 13:468-477.

24. Magwere T, Chapman T, Partridge L. Sex differences in the
effect of dietary restriction on life span and mortality rates in
female and male drosophila melanogaster. J Gerontol A Biol Sci
Med Sci. 2004; 59:3-9.

25. Jiang M, Ryu J, Kiraly M, Duke K, Reinke V, Kim SK. Genome-
wide analysis of developmental and sex-regulated gene
expression profiles in caenorhabditis elegans. Proc Natl Acad Sci
USA. 2001; 98:218-223.

26. Miersch C, Doring F. Sex differences in carbohydrate
metabolism are linked to gene expression in caenorhabditis
elegans. PLoS One. 2012; 7:e44748.

27. Ailion M, Inoue T, Weaver Cl, Holdcraft RW, Thomas JH.
Neurosecretory control of aging in caenorhabditis elegans. Proc
Natl Acad Sci U S A. 1999; 96:7394-7397.

28. Antebi A. Regulation of longevity by the reproductive
system. Exp Gerontol. 2013; 48:596-602.

29. Sulston JE, Albertson DG, Thomson JN. The caenorhabditis
elegans male: Postembryonic development of nongonadal
structures. Dev Biol. 1980; 78:542-576.

30. Sulston JE, Horvitz HR. Post-embryonic cell lineages of the
nematode, caenorhabditis elegans. Dev Biol. 1977; 56:110-156.
31. Clayton JA, Collins FS. Policy: NIH to balance sex in cell and
animal studies. Nature. 2014; 509:282-283.

32. Swierczek NA, Giles AC, Rankin CH, Kerr RA. High-throughput
behavioral analysis in C. elegans. Nat Methods. 2011; 8:592-598.

www.impactaging.com

387

AGING, June 2015, Vol. 7 No.6





