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Abstract: Glucosamine (GIcN) is commonly used as a dietary supplement to promote cartilage health in
humans. We previously reported that GlcN could induce autophagy in cultured mammalian cells.
Autophagy is known to be involved in the prevention of various diseases and aging. Here, we showed
that GIcN extended the lifespan of the nematode Caenorhabditis elegans by inducing autophagy.
Autophagy induction by GlcN was demonstrated by western blotting for LGG-1 (an ortholog of
mammalian LC3) and by detecting autophagosomal dots in seam cells by fluorescence microscopy.
Lifespan assays revealed that GlcN-induced lifespan extension was achieved with at least S mM GlcN. A
maximum lifespan extension of approximately 30 % was achieved with 20 mM GleN (p<0.0001). GlcN-
induced lifespan extension was not dependent on the longevity genes daf-16 and sir-2.1 but dependent
on the autophagy-essential gene arg-18. Therefore, we suggest that oral administration of GIcN could

help delay the aging process via autophagy induction.
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INTRODUCTION

Glucosamine (2-amino-2-deoxy-D-glucose, GlcN) is the
constitutional unit of chitosan and chitin, which are pro-
duced in nature by arthropods, fungi, and cephalopods.
GlcN is industrially manufactured for dietary supplements
by the hydrolysis of crustacean exoskeletons, which are
mainly composed of chitin. GlcN has been reported to ef-
fectively prevent and treat osteoarthritis in humans"? and
have a positive effect on skin aging in a clinical study.? On
the other hand, a meta-analysis has reported the ineffective-
ness of GlcN on articulation.® Therefore, the anti-osteoar-
thritis effect of GIcN remains controversial. Thus far, many
people have taken GlcN as a dietary supplement. Accord-
ing to a large-scale epidemiological study on consumers of
various dietary supplements, use of GIcN was reported to
associate with decreased total mortility.> However, the un-
derlying molecular mechanism of the longevity effect of
GIcN remains unclear.

Autophagy is a cellular process that nonspecifically de-
grades cytosolic components. An autophagic membrane en-
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gulfs parts of the cytosol containing proteins and organelles
and is fused with the lysosome to degrade inner compo-
nents.® Autophagy is known to play critical roles in various
cellular processes such as the response to starvation,” the
prevention of bacterial infection,®” antigen presentation,'®
neural development,' glycogen degradation,'? and lipid
metabolism.'® In contrast to autophagy induced in response
to environmental signals, basal level autophagy may also
have important functions, which include protein quality
control and cellular anti-aging functions.!¥'> Therefore, the
induction of autophagy by drugs has attracted attention as a
promising anti-aging approach.'® Several autophagy induc-
ers have been reported to ameliorate the toxicity of poly-
glutamine-expanded huntingtin and related proteinopa-
thies!® and extend the lifespan of animal models.!”
Caenorhabditis elegans is a common animal model for
lifespan assays. The lifespan of C. elegans is known to be
mediated by several proteins.'® DAF-16, an ortholog of
mammalian FOXO transcription factors, is regulated by
TOR signaling and can affect lifespan.!” In addition,
SIR-2.1 (NAD*-dependent protein deacetylase), an ortho-
log of mammalian SIRT1, is a longevity-related protein.
A study found that resveratrol could extend the lifespan of
nematodes and fruit flies in a SIR-2.1/Sir2-dependent man-
ner without reducing fertility.? Aging could also be medi-
ated by autophagy and autophagy-related genes.??
Previously, we reported that GlcN supplementation with-
in a physiological concentration range could strongly in-
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duce autophagy in mammalian cells.?® To investigate the
autophagy-inducing effect of GIcN on aging, we selected
the nematode C. elegans as a model. C. elegans is com-
monly used as an aging model and for autophagy
studies.??* Here, we demonstrated the autophagy-inducing
activity of GIcN in the nematode. In addition, at least 5 mM
GIcN extended the lifespan of the nematode in an autopha-
gy-dependent manner.

MATERIALS AND METHODS

Chemicals. GlcN hydrochloride was purchased from Naca-
lai Tesque, INC. (Kyoto, Japan). Other chemicals (not men-
tioned in the following sections) were obtained from Wako
Pure Chemical Industries (Osaka, Japan).

Strains. The C. elegans strains N2 (wild type), DA2123
(asIs2122[1gg-1::GFP + rol(sul006)], and atg-18(gk378)
were provided by the Caenorhabditis Genetic Center
(CGC). The strains daf-16(mgDf50) and sir-2.1(0k434)
were provided from Prof. Eisuke Nishida (Kyoto Universi-
ty, Kyoto, Japan).?> Escherichia coli OP50 was used as a
food source for the nematodes.?®

C. elegans culture and preparation of L1 larvae. C. ele-
gans was maintained at 20 °C on nematode growth medium
(NGM) (2.0 % agar, 0.5 % peptone, 50 mM NacCl, 25 mM
potassium phosphate buffer pH 6.0, 1 mM CaCl,, 1 mM
MgSO,, and 5 pg/mL cholesterol) with E. coli OP50 as
food source.’® The eggs of C. elegans were collected by
treating egg-bearing adult worms with alkaline hypochlor-
ite solution, and they were shaken in S basal medium at
20 °C for 20-24 h to prepare synchronized first-stage lar-
vae (L1).27

Western blotting. Worms were lysed in 20 mM Tris/HCI
buffer (pH 7.4) containing 1.0 % Triton X-100, 150 mM
NacCl, and cOmplete™ Protease Inhibitor Cocktail (F. Hoff-
mann-La Roche AG, Basel, Switzerland). After centrifuga-
tion at 12,000 rpm for 10 min, the supernatants were ob-
tained. Protein concentration was measured using BCA
Protein Assay Kit (Thermo Fisher Scientific, Inc., Wal-
tham, MA, USA). Supernatants containing 20 pg of pro-
teins were separated by a 15 % SDS-PAGE gel under re-
ducing conditions and blotted onto a PVDF membrane. The
membrane was blocked with 5.0 % bovine serum albumin
(Nacalai Tesque) for the detection of phosphorylated pro-
teins and 1.0 % skim milk (Wako Pure Chemical Indus-
tries) for other proteins. The primary antibody was mouse
anti-GFP IgG (1/1,000; Sigma-Aldrich Corporation, St.
Louis, MO, USA). The secondary antibody was horseradish
peroxidase-conjugated anti-mouse IgG (1/4,000, MEDI-
CAL & BIOLOGICAL LABORATORIES CO., LTD., Na-
goya, Japan). Detection of the target proteins was carried
out using West Pico Chemiluminescent Kit (Thermo Fisher
Scientific) and LAS Image Analyzer (Fuji Film Corpora-
tion, Tokyo, Japan).

Fluorescence microscopy. One drop of 10 mM sodium
azide (in M9 buffer; 6.0 g/L Na,HPO,, 3.0 g/L KH,PO,, 5.0
g/L NaCl, 0.25 g/L MgSO,- 7H,0) was placed onto a glass
slide followed by a drop of M9 buffer containing nemato-
des, and a cover glass was placed on top. The transgenic

worms expressing GFP::LGG-1?® on the glass slide were
analyzed using a fluorescence microscope (Olympus IX-70;
Olympus Corporation, Tokyo, Japan). The GFP dots of ap-
proximately 100 seam cells were counted for each worm
group.

Lifespan assay. Lifespan assays were carried out at
20 °C.2" L1 nematodes were transferred to culture plates
containing NGM with E. coli OP50. 5-Fluoro-2'-deoxyuri-
dine (FUdR) was added (50 uM, final concentration) to the
NGM plates to prevent progeny growth. Then, 50
synchronized animals (10 or 25 animals/plate) were placed
on NGM plates containing GIcN with UV-killed E. coli
OP50. Control worms were incubated in medium without
GIcN. In each assay, 2 plates (50 animals) were used for the
same condition. The numbers of live and dead animals
were counted every second day under a microscope based
on their movement. Each assay was repeated twice except
for the assays using N2 adults (30 mM GIcN), atg-18 mu-
tants, and sir-2./ mutants. The survival curves were deter-
mined using the Kaplan-Meier method, and survival differ-
ences were tested for significance using the log-rank test.
Data are expressed as the mean =+ standard error (SE).

RESULTS

Autophagy induction in C. elegans by GicN.

In a previous study, we found that GlcN could strongly
induce autophagy in mammalian cells such as HeLa and
COS cells.?® For the detection of autophagy induction, mi-
crotubule-associated protein 1 light chain 3 (LC3) is one of
the most suitable marker proteins in mammalian cells.?”
When autophagy is induced, cytosolic LC3-I is covalently
attached to phosphatidylethanolamine (PE) on the autopha-
gosomal membrane to form LC3-II. Membrane-anchored
LC3-II is involved in autophagosomal membrane elonga-
tion, and those on the inner membrane will be degraded in
autolysosomes. To assess the autophagy-inducing activity
of GIcN in C. elegans, we used transgenic worms express-
ing LGG-1 (an ortholog of mammalian LC3) fused with
GFP. The preliminary results revealed that growth inhibi-
tion was observed by microscopic analysis when GIlcN was
more than 80 mM (data not shown). Therefore,
GFP::LGG-1 worms were grown with 0—-80 mM GlcN for
96 h and harvested, and the lysates were analyzed by west-
ern blotting using anti-GFP antibody (Fig. 1A). PE-conju-
gated GFP::LGG-1, the autophagosomal membrane-anch-
ored form, was hardly detected by SDS-PAGE because of
the small difference in migration between PE-conjugated
and -unconjugated GFP::LGG-1. However, the accumula-
tion of protease-resistant free GFP could be detected, which
might be transferred into autolysosomes via autophagy acti-
vation and released from PE-conjugated GFP::LGG-1 by
lysosomal protease. Therefore, the level of GFP would cor-
respond to the degree of autophagy induction. In this assay,
we detected free GFP with 40-80 mM GIcN but not 20 mM
GlcN. Next, autophagosome formation was analyzed by
fluorescence microscopy using the same transgenic ani-
mals, which were continuously cultured in the presence of
40 mM GlcN. GFP-positive dots were observed in both the
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Fig. 1.  Autophagy induction by GlcN in C. elegans.
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(A) Transgenic worms expressing GFP::LGG-1 were grown with 0-80 mM GIcN for 96 h and harvested. GFP::LGG-1 and free GFP were
detected by western blotting using anti-GFP antibody. (B) Autophagosome formation was analyzed by fluorescence microscopy. Left column,
control; right column, worms grown in medium containing 40 mM GlcN. Upper row, Nomarski images of eggs/embryos; middle row, fluorescent
images of eggs/embryos; bottom row, fluorescent images of adults. (C) The number of GFP-positive dots in the cytosol of seam cells was deter-
mined. Approximately 100 seam cells were analyzed. Data represent the mean + standard deviation. Asterisks indicate significant differences

compared with the control (p<0.05) by Student's #-test.
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Fig. 2.  Survival curves of C. elegans grown with GlcN.

(A) Young adults of the wild-type strain (N2) were grown with GlcN (0-30 mM). (B) Larvae of the wild-type strain (N2) were grown with
GlceN (0-30 mM). (C) The daf-16 mutant worms were grown with or without 10 mM GIcN. (D) The sir-2./ mutant worms were grown with or
without 10 mM GlcN. (E) The atg-18 mutant worms were grown with or without 10-20 mM GIcN.

GlcN-treated eggs/embryos and adults but not in the control
worms (Fig. 1B). In adult worms, seam cells arranged as
longitudinal rows on the left and right sides of the body
were used for counting autophagosomes.’”® Approximately
100 cells were analyzed by fluorescence microscopy. A sig-
nificant increase (p<0.05) in the number of GFP-positive
dots was observed in the cytosol of the seam cells of worms
grown with 5-80 mM GlIcN (Fig. 1C). A similar pattern
was observed with 40 mM GIcN; however, it was not sig-
nificant. Taken together, these results suggest that 5-80

mM GIcN significantly induced autophagy activation. In-
consistency in autophagy induction levels and required
GIcN concentration in Figs. 1A—1C might be due to differ-
ences in cell types and detection methods.

Lifespan extension of C. elegans by GIcN.

To assess the effect of GIcN on the lifespan of nemato-
des, synchronized young adults of the wild-type strain were
treated with FUdR to prevent oviposition. They were
grown in the presence of 0—30 mM GIcN, and their lifespan
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Table 1. Summary and statistical analysis of C. elegans lifespan assays.
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Strain GleN Mean lifespan Extension Number of p-value
(mM) + SE (days) (%) worms (vs. control)
N2 (starting from adult) 0 190 £ 15 100
5 221 £ 1.8 16 100 <0.001
10 223 £ 0.1 17 100 <0.0001
15 232 £ 21 22 100 <0.001
20 212 £ 1.6 12 100 <0.01
25 184 £ 0.1 -3 50 NS
30 201 £ 0.1 6 50 <0.01
N2 (starting from egg) 0 182 £ 05 100
5 197 £ 1.0 8 100 NS
10 220 £ 09 21 100 <0.0001
15 21.8 £ 0.1 20 100 <0.0001
20 238 £ 0.1 31 100 <0.0001
25 237 £ 1.0 30 100 <0.0001
30 203 £ 0.1 12 100 <0.01
daf-16(mgDf50) 0 155 £ 03 100
10 189 £ 1.0 22 100 <0.0001
sir-2.1(0k434) 0 184 £ 0.1 50
10 244 £ 0.1 33 50 <0.0001
atg-18(k378) 0 159 + 0.1 50
10 152 £ 0.1 -4 50 NS
20 16.0 £ 0.1 1 50 NS

The p-value (vs. control) was calculated by the log-rank test. NS, not significant.

was measured (Fig. 2A). In the presence of 5-20 mM
GlcN, the mean lifespan was significantly increased
(»<0.01) compared with that of the control. The same ex-
periments were independently performed twice, and the re-
sults are shown in Table 1. In these experiments, 15 mM
GlcN was the most effective, demonstrating a lifespan ex-
tension of 22 %. A higher GIcN concentration (25-30 mM)
was less effective for lifespan extension. In addition, we in-
vestigated the effect of GIcN on the total lifespan from the
larval stage. Eggs were hatched in GlcN-containing medi-
um. Then, the larvae were grown on the same plate, and
their lifespan was measured. In this assay, 10-25 mM GIcN
significantly increased the lifespan (p<0.0001), and a maxi-
mum lifespan extension of around 30 % was achieved with
20-25 mM GleN (Fig. 2B, Table 1). Overall, 10-20 mM
GlcN was found to be the most effective for the lifespan
extension of C. elegans.

Lifespan extension of C. elegans via an autophagy-de-
pendent mechanism.

Thus far, several molecules involved in longevity, such
as DAF-16 and SIR-2.1, have been identified in
C. elegans.'® The former is the sole ortholog of the FOXO
transcription factors of mammals, and the latter is an
NAD"-dependent histone deacetylase. To determine wheth-
er the lifespan extension effect of GIcN is mediated via
pathways involving these molecules, we used daf-16 and
sir-2.1 mutants. These mutants were grown from eggs with
or without 10 mM GIcN. The lifespan of both daf-16 and
sir-2.1 mutants was significantly increased (p<0.0001) in
the presence of GIcN (Figs. 2C and 2D, Table 1). These re-
sults indicated that GlcN-induced lifespan extension was

independent of DAF-16 and SIR-2.1. Next, we investigated
whether lifespan extension is induced by GIcN in an au-
tophagy-dependent manner. The autophagy-defective
atg-18 mutant has been reported to be short-lived, and it
does not accumulate LGG-1 at the embryonic stage.’” The
lifespan of the afg-18 mutant was not affected by 10-20
mM GIcN (Fig. 2E, Table 1). Taken together, these results
clearly indicated that GlcN-induced lifespan extension was
dependent on autophagy but not dependent on common
longevity pathways that involve DAF-16 and SIR-2.1.

DISCUSSION

Thus far, the most common strategy for promoting lon-
gevity is calorie restriction. An appropriate level of calorie
restriction has been experimentally demonstrated to elon-
gate the lifespan of various animal models such as rhesus
monkeys, mice, fruit flies, and nematodes.?” On the other
hand, the intake of certain exogenous factors has also been
reported to induce longevity.?® These longevity-inducing
factors include resveratrol, rapamycin, spermidine, and 2-
deoxy-glucose. Most of these factors and calorie restriction
have been found to induce autophagy; thus, autophagy has
been recognized as one of the most important cellular
mechanisms that prevent aging.>¥*> Resveratrol, a polyphe-
nol found in red wine, can induce autophagy by activating
sirtuin, an NAD"-dependent histone deacetylase.’? Rapa-
mycin, an antibiotic produced by actinomycete, can directly
inhibit TOR, which negatively regulates autophagy.’? Sper-
midine, a type of polyamine, can also induce autophagy
through histone acetyltransferase inhibition in a dependent
or independent manner.3® 2-Deoxy-glucose is a well known
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inhibitor of glycolysis that can deplete cellular ATP and act
as a calorie restriction mimetic to induce autophagy.>”*®

We previously reported that GIcN could induce autopha-
gy in mammalian cells via an mTOR-independent signaling
pathway.?» In this study, we demonstrated for the first time
that GIcN induced autophagy in the adults and embryos of
C. elegans. We also found that GIcN supplementation ex-
tended the lifespan of the nematode. Recently, another
group reported the longevity effect of GlcN on nematodes
and mice.>® They suggest that the effect was caused by im-
paired glucose metabolism; however, the involvement of
autophagy was not discussed. Here, we clearly showed that
the longevity effect of GlcN required an autophagy gene,
atg-18. However, unlike functional food factors and calorie
restriction, the longevity genes sir-2.1 and daf-16 were not
required for GlcN-induced lifespan extension.

GIcN is known to be incorporated into cells via glucose
transporters and metabolized to UDP-GIcNAc through
GIlcN-6-phosphate.*® UDP-GlcNAc is used for the biosyn-
thesis of O-linked GlcNAc, N-glycan, and GPI-anchor.
Among these, O-linked GIcNAc is important modification
of intracellular proteins required for regulating insulin sig-
naling. Therefore, a high concentration of intracellular
UDP-GIcNAc may induce autophagy. The increased syn-
thesis of N-glycan precursors can also improve protein ho-
meostasis and extend the lifespan of C. elegans.*)

An excess amount of GlcN-6-phosphate is metabolized
to fructose-6-phosphate (an intermediate of glycolysis) and
ammonia by glucosamine-6-phosphate deaminase. Intracel-
lular ammonia has been reported to induce autophagy via
UNC-51-like kinase 1 (ULKI1)/ULK2-independent path-
ways.*? We found that mammalian cells cultured with am-
monia induced autophagy in an mTOR-independent man-
ner (unpublished data). However further studies would be
needed to elucidate the autophagy-inducing mechanism of
GlcN in terms of UDP-GIcNAc and/or ammonia.

Recently, non-metabolizable D-allulose, one of the rare
hexoses, has been reported to extend the lifespan of nemat-
odes.*” Similar to GIcN and 2-deoxy-glucose, D-allulose
enters into cells through glucose transporters and inhibits
glycolysis, inducing the metabolism of stored fat and mito-
chondrial respiration via AMP-activated protein kinase
(AMPK). Increased respiration can cause the temporary
formation of reactive oxygen species, leading to increased
anti-oxidative enzyme activity, oxidative stress resistance,
and survival rates.**? Orally administrated GIcN has also
been reported to affect carbohydrate metabolism and reduce
body fat in rodents,* and it could contribute to enhanced
oxidative stress resistance followed by AMPK activation.*”
Therefore, the mechanism of the anti-aging effect of GlcN
may be partially similar to that of D-allulose and 2-deoxy-
glucose.

GIcN is widely consumed as a dietary supplement to pro-
mote cartilage health; however, its efficacy remains contro-
versial. A large-scale epidemiological study on the long-
term intake of various dietary supplements has revealed
that the use of GlcN or chondroitin could significantly re-
duce mortality.” Despite its limitations, the results of this
study were consistent, to some extent, with those of the epi-

demiological study. Therefore, GIcN may exert anti-aging
effects by inducing autophagy in humans.
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