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elegans and Neuronal Cultures

Nikoletta Papaevgeniou,1,2,* Marianthi Sakellari,1,3,* Sweta Jha,4 Nektarios Tavernarakis,5,6 Carina I. Holmberg,4

Efstathios S. Gonos,1,3 and Niki Chondrogianni1

Abstract

Aims: Proteasomes are constituents of the cellular proteolytic networks that maintain protein homeostasis through
regulated proteolysis of normal and abnormal (in any way) proteins. Genetically mediated proteasome activation
in multicellular organisms has been shown to promote longevity and to exert protein antiaggregation activity. In
this study, we investigate whether compound-mediated proteasome activation is feasible in a multicellular or-
ganism and we dissect the effects of such approach in aging and Alzheimer�s disease (AD) progression.
Results: Feeding of wild-type Caenorhabditis elegans with 18a-glycyrrhetinic acid (18a-GA; a previously shown
proteasome activator in cell culture) results in enhanced levels of proteasome activities that lead to a skinhead-1- and
proteasome activation-dependent life span extension. The elevated proteasome function confers lower paralysis rates
in various AD nematode models accompanied by decreased Ab deposits, thus ultimately decelerating the pro-
gression of AD phenotype. More importantly, similar positive results are also delivered when human and murine
cells of nervous origin are subjected to 18a-GA treatment.
Innovation: This is the �rst report of the use of 18a-GA, a diet-derived compound as prolongevity and
antiaggregation factor in the context of a multicellular organism.
Conclusion: Our results suggest that proteasome activation with downstream positive outcomes on aging and
AD, an aggregation-related disease, is feasible in a nongenetic manipulation manner in a multicellular or-
ganism. Moreover, they unveil the need for identi�cation of antiaging and antiamyloidogenic compounds
among the nutrients found in our normal diet. Antioxid. Redox Signal. 25, 855�869.
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Introduction

Aging is a natural process characterized by gradual
deterioration of various molecular pathways, continuing

loss of homeostatic integrity, and accumulated levels of
damaged macromolecules that eventually result in increased
death incidence (12). Its progression is dynamically affected
by both genetic and environmental factors, and several
hallmarks of aging have been suggested, including loss of
proteostasis (37). Moreover, it is considered as a major risk

factor for several pathologies, including aggregation-related
disorders such as Alzheimer�s disease (AD) (37). The various
cellular proteolytic systems are among the major guardians
of proteostasis, with the proteasome playing a catalytic
role (16).

The proteasome is one of the two constituents of the
ubiquitin-proteasome system (UPS, the other constituent being
the ubiquitin system) responsible for the degradation of a
pleiad of both normal and abnormal (in any way) proteins. The
main proteasome core is called 20S complex, a barrel-shaped

1Institute of Biology, Medicinal Chemistry and Biotechnology, National Hellenic Research Foundation, Athens, Greece.
2Faculty of Biology and Pharmacy, Institute of Nutrition, Friedrich Schiller University of Jena, Jena, Germany.
3Medical School, O¤ rebro University, O¤ rebro, Sweden.
4Translational Cancer Biology Program, Research Programs Unit, University of Helsinki, Helsinki, Finland.
5Institute of Molecular Biology and Biotechnology, Foundation for Research and Technology-Hellas, Heraklion, Greece.
6Faculty of Medicine, Department of Basic Sciences, University of Crete, Heraklion, Greece.
*These two authors contributed equally.

ANTIOXIDANTS & REDOX SIGNALING
Volume 25, Number 16, 2016
“ Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2015.6494

855



structure with seven different a- and seven different b-
subunits, arranged in an a1�7b1�7b1�7a1�7 order. The complex
carries the peptidylglutamyl peptide hydrolyzing (PGPH),
trypsin-like (T-L), and chymotrypsin-like (CT-L) proteolytic
activities hosted by b1, b2, and b5 catalytic subunits, respec-
tively, with CT-L being the major one. Upon attachment of one
or two 19S regulatory complexes at the end of the 20S core, the
26S and the 30S complexes are produced to exert ATP- and
ubiquitin-dependent degradation (59).

With the exception of the yeast regulatory particle non-
ATPase protein (RPN-4) that acts as the main proteasome
transcription factor (38), proteasome subunit expression
regulation in higher organisms, including humans, is not
entirely elucidated. Several other factors have been impli-
cated in the transcription of proteasome subunits under spe-
ci�c conditions, with skinhead-1 (SKN-1, in Caenorhabditis
elegans)/nuclear factor (erythroid-derived 2)-like 2 (Nrf2, in
mammals) being one of them (26, 34). More speci�cally,
SKN-1/Nrf2 is implicated in the induction of genes involved
in electrophile detoxi�cation and antioxidation, thus regu-
lating the cellular response to oxidative stress (56). Upon
proteasome inhibition, SKN-1 translocates to the nucleus to
induce proteasome subunit expression (26, 35). Likewise,
most of the mammalian proteasome genes are regulated by
Nrf2 in response to antioxidants such as 3H-1,2-dithiole-3-
thione (D3T) (34). We have previously shown that SKN-1 is
involved in proteasome activation in C. elegans following
pbs-5 overexpression (8). Moreover, treatment of human �-
broblasts with 18a-glycyrrhetinic acid (18a-GA) triterpenoid
promotes Nrf2 activation, leading to proteasome activation,
and enhanced cellular stress resistance and life span (27).
Therefore, compound-mediated targeting of Nrf2 is a plau-
sible strategy to achieve proteasome upregulation.

Proteasome levels and/or function have been documented to
decline with aging in vitro and in vivo (12), as well as during
several age- and aggregation-related diseases, including AD
(47). On the other hand, proteasome activation has been sug-
gested as a potential antiaging (9) and retardation strategy
against the progression of age-related diseases (16). Lately,
proteasome activation was achieved in multicellular organ-
isms through genetic manipulation of either 20S or 19S sub-
units with positive outcomes on aging, stress resistance, and
aggregation-related neuropathies (8, 55, 58). Given the re-
straints of genetic manipulation in humans, identi�cation of

proteasome-activating compounds is needed to promote pro-
teasome enhancement ideally through human normal diet.

In this study, we sought to investigate whether compound-
mediated proteasome activation is feasible in a multicellular
model system using C. elegans. We provide evidence that
treatment with 18a-GA [a previously identi�ed proteasome
activator in cell culture; (27)] induces proteasome enhancement
leading to an SKN-1- and proteasome activation-dependent life
span extension. We also demonstrate that 18a-GA treatment
affects AD progression in a proteasome activation-dependent
manner in various AD nematode models and in cells of nervous
origin. In total, our results demonstrate the potential use of 18a-
GA as a prolongevity and antiaggregation compound.

Results

18a-GA confers proteasome activation in C. elegans

We have previously shown that 18a-GA treatment of hu-
man �broblasts induces proteasome activation and results in
extended cellular life span (27). We therefore aimed to ex-
amine whether this is an in vitro cell-speci�c effect or whe-
ther it may be exerted in a multicellular organism, namely
C. elegans. Wild-type (wt) animals were treated with various
concentrations of 18a-GA; CT-L and T-L proteasome ac-
tivities were signi�cantly enhanced (Fig. 1A). In-gel activity
assay veri�ed the enhancement of both 20S and 26S/30S
proteasome activities (Fig. 1B). By taking advantage of a
�uorescent in vivo polyubiquitin reporter system that re-
sponds to changes in proteasome activity (40), we also ob-
served induced UPS activity in vivo (Fig. 1C). Protein
expression analysis of PAS-1-7, PBS-5, and RPT-6 subunits
revealed increased levels (Fig. 1D), correlating with the de-
tected enhanced activity. Collectively, our results show that
18a-GA promotes proteasome activation in the context of a
multicellular organism.

18a-GA promotes life span extension in a
SKN-1- and proteasome activation-dependent manner

Since compound-mediated proteasome enhancement is a
desired goal in the proteasome and antiaging �eld, we sought
to investigate whether the observed 18a-GA-mediated pro-
teasome activation promotes life span extension in C. ele-
gans. Signi�cant life span enhancement was revealed with
the most effective concentration being 20 lg/ml (Fig. 2A
and Supplementary Fig. S1A, B; Supplementary Data are
available online at www.liebertpub.com/ars). We have also
investigated whether 18a-GA treatment confers any pheno-
typic differences (Table 1). Pharyngeal pumping, defecation
rhythm, fecundity, and capacity to enter the stress-resistant
dauer larvae form remained unaffected. We only observed a
slightly delayed embryonic development, which has also
been seen in long-lived strains (60).

The transcription factor, SKN-1, has been shown to be
essential for life span regulation (3, 56) and has been corre-
lated with the proteasome (26, 35, 45). Having shown that
18a-GA treatment activates Nrf2 in human primary cells
(27), we tested whether it also affects SKN-1. Use of a re-
porter fusion of SKN-1 (skn-1B/C::GFP) revealed its nuclear
translocation in the intestinal cells of 18a-GA-treated ani-
mals (Fig. 2B). Immunoblot analysis of the activated form of
p38 MAPK revealed p38 MAPK kinase phosphorylation

Innovation

Proteasome activation is feasible in multicellular or-
ganisms exerting antiaging and antiaggregation activities.
However, in all studies, activation has been succeeded via
genetic overexpression of various proteasome subunits.
This is the �rst report of the use of 18a-glycyrrhetinic acid,
a diet-derived compound with proteasome-activating
properties serving as prolongevity and antiaggregation
factor in a multicellular organism. Dietary available active
compounds may be supplied through normal diet from
young ages, thus having the potential to block the initial
stages of misfolded/damaged/oxidized protein accumula-
tion (for aging) or oligomer/aggregate formation (for
Alzheimer�s disease) before the senescent phenotype or
the disease is established.
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following 18a-GA treatment (Supplementary Fig. S2), lead-
ing to SKN-1 activation (25). We then employed three dif-
ferent skn-1 mutant strains [EU1, EU31, and EU40, bearing
premature stop codon mutations; (56)] to reveal the potential
SKN-1 dependence of the observed life span extension; 18a-
GA failed to extend the life span of all three homozygous skn-1
mutants (Fig. 2C), thus verifying SKN-1 implication. Inter-
estingly, lifetime 18a-GA treatment of heterozygous skn-1
mutants resulted in extended life span, suggesting that even
only one normal skn-1 allele is suf�cient for the life span-

extending action of the compound (Fig. 2D). In support,
knockdown of skn-1 (Fig. 2E; compare dimethylsulfoxide
[DMSO] [skn-1 RNA interference [RNAi] with 18a-GA [skn-
1 RNAi]) or pbs-5 (Fig. 2F; compare DMSO [pbs-5 RNAi]
with 18a-GA [pbs-5 RNAi]) by RNAi abolished this exten-
sion. Accordingly, CT-L proteasome activity in EU1 mutant
was not enhanced following 18a-GA treatment (Fig. 2G).
Given that DAF-16/FOXO transcription factor is also a major
aging regulator in C. elegans (30), we have also investigated
whether this extension is DAF-16 dependent; 18a-GA did not

FIG. 1. 18a-GA-mediated proteasome
activation. (A) Percentage (%) of CT-L,
T-L, and PGPH proteasome activities in wt
animals treated with 20 lg/ml 18a-GA or
DMSO. Mean value of each activity in
DMSO-treated animals set to 100%. (B)
Native gel electrophoresis, followed by in-
gel proteasome activity assay and quanti�-
cation (right panel; signal from 20S or 30S/
26S complex in DMSO-treated animals
set as 1) in wt animals treated with 20 lg/ml
18a-GA or DMSO. (C) Representative
�uorescence micrographs of animals ex-
pressing the polyubiquitin reporter (Pvha-
6::UIM2-ZsPro-Sensor) in the intestine
treated with 20 lg/ml 18a-GA or DMSO.
(D) Immunoblot analysis and quanti�cation
of PAS-1-7, PBS-5, and RPT-6 proteasome
subunits in wt animals treated with 20 lg/ml
18a-GA or DMSO. Actin in (B) and (D) was
used as a loading control. Error bars denote �
SEM. **p < 0.01, ***p < 0.001. 18a-GA, 18a-
glycyrrhetinic acid; CT-L, chymotrypsin-like;
DMSO, dimethyl sulfoxide; NS, not signi�-
cant; PGPH, peptidylglutamyl peptide hydro-
lyzing; SEM, standard error of the mean; T-L,
trypsin-like; wt, wild-type. To see this illus-
tration in color, the reader is referred to the
web version of this article at www.liebertpub
.com/ars
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extend the life span of daf-16 mutants, thus suggesting DAF-
16 dependence (Supplementary Fig. 1C). In total, our results
indicate that 18a-GA treatment promotes life span extension in
a skn-1- and proteasome activation-dependent manner.

Oxidatively modi�ed proteins are removed by the pro-
teasome (49). Treatment with 18a-GA for 48, 72, and 96 h
resulted in reduction of the carbonylated proteins by 18%,
44%, and 40%, respectively (Fig. 3A).These decreased levels
may be due either to the increased proteasome activity levels
or to the antioxidant activity of 18a-GA. When superoxide
dismutase (SOD) activity was evaluated, we did not detect
any alterations in the intracellular superoxide anion (O2

-)
levels in contrast to the positive control (tetracycline;
Fig. 3B). In accordance, monitoring of the reporter psod-3GFP
following 18a-GA treatment did not reveal signi�cant alter-
ations, thus verifying the lack of sod-3 induction (data not
shown). In contrast, catalase activity was found to be in-
creased in 18a-GA-treated animals (Fig. 3C). Furthermore,
the RNA expression levels of various SKN-1 target genes
(glutathione S-transferase [gst-4] and c-glutamylcysteine
synthetase [gcs-1]) were altered in opposite ways following
18a-GA treatment, whereas all proteasome subunits tested
were induced (Fig. 3D). Finally, we did not detect oxidative
stress resistance of wt animals in paraquat (a generator of
O2

-; Fig. 3E) or juglone (that produces damaging adducts
with proteins; Fig. 3F). Our data suggest that the positive
outcomes of 18a-GA may not be solely related to its anti-
oxidant activity per se and may advocate for the link between
the observed lower amounts of oxidized proteins and the
increased levels of proteasome activity.

18a-GA-mediated proteasome activation delays
aggregation-related pathologies

Aging represents a crucial risk factor for aggregation-
related disorders (12, 43). Moreover, proteasome inhibition
and diminished proteasome activities have been monitored in
AD patients (29, 57). We therefore investigated the effects of
18a-GA-mediated proteasome activation on AD progression
by taking advantage of three different nematode AD models.
More speci�cally, paralysis assays in CL2006 strain [con-
stitutive expression of human Ab1�42 in body wall muscle
cells with adult-onset paralysis accompanied by b-amyloid

formation; (36)] revealed a signi�cant delay of paralysis upon
18a-GA treatment (Fig. 4A). Similar results were obtained in
CL4176 strain [temperature-sensitive expression of human
Ab1�42 resulting in b-amyloid formation; (20); Fig. 4B].
More importantly, combined treatment with pbs-5 RNAi and
18a-GA abolished the delayed paralysis (Fig. 4C), thus ad-
vocating for the dependence of the decelerated paralysis rates
on proteasome activation. Protein expression analysis of
various 19S and 20S proteasome subunits further veri�ed
the 18a-GA-mediated enhancement of proteasome levels
(Fig. 4D) similarly to the results in wt animals (Fig. 1D).
Finally, lifetime 18a-GA treatment resulted in signi�cant life
span extension of CL2006 animals (where age-dependent
aggregation and paralysis occur; Fig. 4E). Collectively, our
results suggest that 18a-GA promotes deceleration of the AD
paralysis phenotype in a proteasome activation-dependent
manner.

To evaluate the Ab aggregation state in vivo, we took
advantage of CL2331 strain (temperature-sensitive expres-
sion of human Ab3�42 conjugated with GFP in the body wall
muscle cells); 18a-GA treatment confers a signi�cant re-
duction of Ab deposits (Fig. 5A; red panels and arrows and
Fig. 5B). We did not observe any differences in the GFP
production upon 18a-GA or DMSO treatment in the CL2179
control strain (data not shown). We have also revealed sig-
ni�cant reduction of total Ab levels in CL4176 animals upon
18a-GA treatment (Fig. 5C upper and middle panels), while
pbs-5 knockdown drastically reduced this positive outcome
(Fig. 5C compare middle and lower panels). We suggest that
these decreased levels are due to the 18a-GA-mediated en-
hanced proteasome function.

Finally, we sought to evaluate whether 18a-GA treatment
may protect neuronal cells against Ab toxicity. We took ad-
vantage of SH-SY5Y human neuroblastoma cells that were
exposed to 7PA2-conditioned medium (CM, CMAb; contains
Ab) in the presence of 18a-GA or DMSO. We initially veri�ed
that 18a-GA induces proteasome activation in those cells and
conditions (Fig. 6A). Parallel treatment of SH-SY5Y exposed
to CMAb with 18a-GA led to a signi�cantly reduced cell death
and increased cell survival compared with the control cultures
(Fig. 6B1, B2). Treatment with CMcontrol (no Ab production)
did not reveal any differences (data not shown). Dot blot
analysis revealed reduced levels of total Ab upon 18a-GA

FIG. 2. 18a-GA promotes life span extension of wt Caenorhabditis elegans in a SKN-1- and proteasome activation-
dependent manner. Survival curves of (A) wt C. elegans, (C) homozygous (-/-) skn-1 mutants, and (D) heterozygous (+/-)
skn-1 mutants treated with 20 lg/ml 18a-GA or DMSO. (A) DMSO: mean = 15.6 � 0.8, n = 657/866; 18a-GA: mean = 18.3
� 1.2, n = 575/827, p < 0.0001; (C) DMSO EU1 (-/-): mean = 13.5 � 0.5, n = 86/173; 18a-GA EU1 (-/-): mean = 13.5 � 0.5,
n = 84/173; NS. DMSO EU40 (-/-): mean = 16.3 � 0.9, n = 173/293; 18a-GA EU40 (-/-): mean = 17 � 0.6, n = 180/292; NS.
DMSO EU31 (-/-): mean = 19.5 � 5.5, n = 135/164; 18a-GA EU31 (-/-): mean = 18 � 4, n = 112/161, NS. (D) DMSO EU1
(+/-): mean = 11 � 1, n = 143/195; 18a-GA EU1 (+/-): mean = 16.5 � 0.5, n = 141/203, p < 0.0001; DMSO EU40 (+/-):
mean = 12 � 1, n = 115/167; 18a-GA EU40 (+/-): mean = 18 � 0, n = 110/152, p = 0.0002; DMSO EU31 (+/-): mean = 11 � 1,
n = 137/171; 18a-GA EU31 (+/-): mean = 16 � 1, n = 142/174, p < 0.0001. (B) Percentage of cytosolic, intermediate, or nuclear
accumulation of SKN-1B/C::GFP in wt animals treated with 20 lg/ml 18a-GA or DMSO. Survival curves of wt animals
subjected to RNAi for (E) skn-1 or the empty vector and (F) pbs-5 or the empty vector treated with 20 lg/ml 18a-GA or
DMSO. DMSO (vector) and 18a-GA (vector) are common in (E) and (F) DMSO (vector): mean = 22.3 � 0.3, n = 219/275; 18a-
GA (vector): mean = 23.7 � 0.3, n = 221/301, p < 0.0001; (E) DMSO (skn-1 RNAi): mean = 20 � 0, n = 157/185; 18a-GA (skn-1
RNAi): mean = 20.5 � 0.5, n = 180/213, NS. (F) DMSO ( pbs-5 RNAi): mean = 11 � 0.1, n = 88/107; 18a-GA ( pbs-5 RNAi):
mean = 11 � 0.1, n = 91/105, NS. (G) Percentage (%) of CT-L proteasome activity in EU1 (-/-) animals treated with 20 lg/ml
18a-GA or DMSO. Mean value of each activity in DMSO-treated animals set to 100%. Error bars denote � SEM. *p < 0.05.
RNAi, RNA interference; SKN-1, skinhead-1.
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