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A B S T R A C T   

Proteasome activation has been shown to promote cellular and organismal healthspan and to protect against 
aggregation-related conditions, such as Alzheimer’s disease (AD). Various natural compounds have been 
described for their proteasome activating properties but scarce data exist on marine metabolites that often 
possess unique chemical structures, exhibiting pronounced bioactivities with novel mechanisms of action. In this 
study, we have identified for the first time a marine structural proteasome activator, namely 
(1R,3E,6R,7Z,11S,12S)-dolabella-3,7,18-trien-6,17-olide (DBTO). DBTO activates the 20S proteasome complex 
in cell-free assays but also in cellulo. Continuous supplementation of human primary fibroblasts with DBTO 
throughout their cellular lifespan confers an improved healthspan while ameliorated health status is also 
observed in wild type (wt) Caenorhabditis elegans (C. elegans) nematodes supplemented with DBTO. Furthermore, 
treatment of various AD nematode models, as well as of human cells of neuronal origin challenged with exog
enously added Aβ peptide, with DBTO results in enhanced protection against Aβ-induced proteotoxicity. In total, 
our results reveal the first structural proteasome activator derived from the marine ecosystem and highlight its 
potential as a compound that might be used for healthspan maintenance and preventive strategies against 
proteinopathies, such as AD.   

1. Introduction 

Aging is a physiological, unavoidable process characterized by 
gradual dyshomeostasis, accompanied by accumulation of damage in all 
vital cellular building blocks that eventually leads to death. Both genetic 
and environmental factors regulate its progression [1]. Aging also rep
resents a major risk factor for the development of neurodegenerative 
diseases, including Alzheimer’s disease (AD) [2]. AD is the most com
mon form of dementia characterized by gradual loss of cognitive func
tion that affects a large proportion of the aged population [3]. The 
accumulation and aggregation of the extracellular amyloid-β (Аβ) pep
tide in plaques is one of its main neuropathological features. One of the 
priorities in the anti-aging field is the identification of naturally occur
ring bioactive compounds that may affect/alter specific molecular 
pathways that are deregulated during aging or upon age-related 

diseases. Ideally, these natural products would improve human health 
with minimal side effects. 

The proteasome is a multi-catalytic enzymatic complex with a 
pivotal role in the maintenance of protein homeostasis (proteostasis). It 
is implicated in the regulated proteolysis of normal and abnormal in any 
way proteins, as well as of partially or loosely unfolded proteins [4]. 
Proteasomes consist of the core particle, also known as the 20S pro
teasome, while its capping with either one or two regulatory particles 
gives rise to the 26S or 30S proteasomes, respectively [5]. Although the 
20S proteasome was believed to exclusively participate in the 
ubiquitin-independent proteolysis [6], it was recently shown that the 
20S proteasome can also degrade the ubiquitin tag along with the con
jugated substrate, albeit with different rates [7]. Moreover, it was shown 
that enhanced 20S proteasome levels are responsible for cell survival 
against stress associated with damaged proteins [7]. Seven different α 
and β subunits compose the 700 kDa barrel-shaped 20S core arranged in 
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a α1-7β1-7β1-7α1-7 configuration. Three β subunits, namely β1, β2, and β5 
represent the catalytic subunits responsible for the caspase-like (C-L; β1 
subunit), trypsin-like (T-L; β2 subunit) and chymotrypsin-like (CT-L; β5 
subunit) activities [5]. 

The proteasome in its various forms represents one of the main 
cellular secondary antioxidant mechanisms that is under tight redox 
control [8]. Thus, it is not surprising that an age-related impairment of 
the proteasome function in both in vitro and in vivo aging models (where 
redox status is altered) has been revealed. As aging progresses, the 
proteasome content and function diminish [9]. In contrast, cultured fi
broblasts from healthy centenarians maintained their proteasomes 
active compared to cultures from old donors [10], thus potentially 
indicating the importance of preserved functional proteasomes for a 
successful aging process. Indeed, enhanced proteasome levels and/or 
function accomplished either genetically through the overexpression of 
20S [11–14] and 19S [15] proteasome subunits or through natural 
compounds [16–18] resulted in cellular and organismal lifespan exten
sion and healthspan improvement. The latter has attracted increasing 
interest over the last few years since the importance of maintaining the 
well-being for longer, thus reducing frailty, even in the absence of life
span extension, has been widely recognized [19]. 

There is also emerging evidence that the proteasome plays a crucial 
role in AD onset and progression. More specifically, impaired protea
some activities have been found in post-mortem samples of AD patients 
[20] and in brain samples of transgenic AD mice [21,22]. Moreover, 
decreased expression levels of 20S proteasome subunits have been 
observed in both in vitro and in vivo AD models. Conversely, proteasome 
activation achieved through the overexpression of the 20S proteasome 
subunit pbs-5 (homolog of β5 in C. elegans) delayed paralysis onset and 
progression in an AD and a Huntington’s disease (HD) nematode model 
[11], while the overexpression of the rpn-6 19S proteasome subunit has 
been shown to delay HD-related paralysis in the respective HD nematode 
model [15]. More recently, ameliorated AD-like pathology in mouse and 
fly models overexpressing the amyloid precursor protein (APP) through 
enhanced proteasome activity has also been suggested [23]. Likewise, 
proteasome activation through a triterpene, namely 18α-glycyrrhetinic 
acid (18α-GA), conferred resistance to Aβ-induced proteotoxicity in 
various AD nematode models, as well as to murine cortical neurons 
exogenously supplemented with enhanced concentrations of Aβ peptide 
[17]. Similar positive results have also been observed for other natural 
compounds in various AD models [24,25]. 

It is worth noting that the majority of the natural products that have 
been described for their anti-aggregation properties and neuroprotective 
effects on AD models are of terrestrial origin, while only few are derived 
from marine organisms [26]. Marine metabolites, quite less explored as 
compared to compounds of terrestrial origin, often feature diversified 
chemical structures with novel carbocycles or uncommon functional 

groups, displaying more potent biological activities. Despite the above, 
only one study has directly linked the marine-derived polysaccharide 
fucoidan to elevated proteasome function and subsequent protection 
against Аβ-induced toxicity in an AD nematode model [27]. Neverthe
less, the fucoidan studied was not chemically characterized and the 
mode of proteasome activation (direct or indirect effect on proteasome 
structure and activity) was not revealed in that study. Herein, we 
identify for the first time a natural product isolated from the brown alga 
Dictyota mediterranea collected in the Aegean Sea, namely (1R,3E,6R,7Z, 
11S,12S)-dolabella-3,7,18-trien-6,17-olide (DBTO, 1) that acts as a 
proteasome activator in cell-free assays thus potentially through direct 
stereochemical interaction with the 20S core, termed as structural 
activator hereafter (Fig. 1). We have investigated the potential benefi
cial effects of DBTO on AD onset and progression by taking advantage of 
AD nematode models and human cells of neuronal origin. In addition, 
we provide evidence on the role of this compound as a facilitator of 
healthspan. 

Abbreviations 

Alzheimer’s disease AD 
amyloid-β Аβ 
amyloid precursor protein APP 
Caenorhabditis elegans C. elegans 
caspase-like C-L 
chymotrypsin-like CT-L 
Conditioned medium from CHO cell line CM 
conditioned medium from CHO-7PA2 cell line CMAβ 
Cumulative Population Doublings CPD 
geneticin G418 
green fluorescent protein GFP 
2′,7′-dichlorodihydrofluorescein diacetate H2DCFDA 
Heme Oxygenase 1 HO-1 

Huntington’s disease HD 
methyl coumarin MCA 
NAD(P)H quinone oxidoreductase-1 NQO-1 
nitroblue tetrazolium chloride NBT 
nuclear factor (erythroid-derived-2)-like 2 Nrf2 
phenazine methosulfate PMS 
population doublings PD 
Reactive Oxygen Species ROS 
senescence-associated-β-galactosidase SA-β-gal 
sodium dodecyl sulfate SDS 
Superoxide dismutase SOD 
trypsin-like T-L 
wild type wt 
(1R,3E,6R,7Z,11S,12S)-dolabella-3,7,18-trien-6,17-olide DBTO 
18α-glycyrrhetinic acid 18α-GA  

Fig. 1. Chemical structure of compound 1. Chemical structure of 
(1R,3E,6R,7Z,11S,12S)-dolabella-3,7,18-trien-6,17-olide (DBTO, compound 1). 
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2. Materials and methods 

2.1. General experimental procedures for isolation and structure 
elucidation 

Normal- and reversed-phase column chromatography separations 
were performed with Kieselgel Si 60 (Merck, Darmstadt, Germany) and 
Kieselgel RP-18 (Merck, Darmstadt, Germany), respectively. Normal 
phase HPLC separations were conducted using an Agilent 1100 liquid 
chromatography system equipped with refractive index detector (Agi
lent Technologies, Waldbronn, Germany) or a Cecil 1100 Series liquid 
chromatography pump (Cecil Instruments Ltd., Cambridge, UK) equip
ped with a GBC LC-1240 refractive index detector (GBC Scientific 
Equipment, Braeside, VIC, Australia), using an Econosphere Silica 10u 
(250 × 10 mm, Grace, Columbia, MD, USA), Kromasil 100-10-SIL (250 
× 10 mm, Akzonobel, Eka Chemicals AB, Separation Products, Bohus, 
Sweden), or Supelcosil SPLC-Si 5 μm (250 × 10 mm, Supelco, Bellefonte, 
PA, USA) column. Reversed phase HPLC was conducted on an Agilent 
1100 liquid chromatography system equipped with refractive index 
detector (Agilent Technologies, Waldbronn, Germany), using a Kromasil 
100C18 (25 cm × 8 mm i.d.) column (MZ-Analysentechnik GmbH, 
Mainz, Germany). Chiral HPLC separations were conducted on a Phar
macia LKB 2248 liquid chromatography pump (Pharmacia LKB 
Biotechnology, Uppsala, Sweden) equipped with an RI-102 Shodex 
refractive index detector (ECOM spol. s r.o., Prague, Czech Republic), 
using a Chiralcel OD, 10 μm (25 cm × 10 mm, Daicel Chemical In
dustries Ltd., Osaka, Japan) column. TLC was performed with Kieselgel 
60 F254 aluminum-backed plates (Merck, Darmstadt, Germany) and 
spots were visualized after spraying with 15% (v/v) H2SO4 in MeOH 
reagent and heating at 100 ◦C for 1 min. The 1D and 2D NMR spectra 
were recorded on Bruker AC 200, DRX 400, Avance III 600 and Avance 
NEO 700 (Bruker BioSpin GmbH, Rheinstetten, Germany) spectrome
ters, using standard Bruker pulse sequences at room temperature. 
Chemical shifts are given on a δ (ppm) scale using TMS as the internal 
standard. High-resolution ESI or APCI mass spectra were measured on a 
Thermo Scientific LTQ Orbitrap Velos mass spectrometer (Thermo 
Fisher Scientific, Bremen, Germany). Low-resolution EI mass spectra 
were measured on a Hewlett-Packard 5973 mass spectrometer (Agilent 
Technologies, Santa Clara, CA, USA). Low-resolution CI mass spectra 
were measured on a Thermo Electron Corporation DSQ mass spec
trometer (Thermo Electron Corporation, Austin, TX, USA) using a direct- 
exposure probe with CH4 as the reagent gas. IR spectra were obtained on 
a Bruker Alpha II (Bruker Optik GmbH, Ettlingen, Germany) spectrom
eter. UV spectra were obtained on a Shimadzu UV-1900i (Shimadzu 
Europa GmbH, Duisburg, Germany) spectrophotometer. Optical rota
tions were measured on a Krüss model P3000 polarimeter (A. KRÜSS 
Optronic GmbH, Hamburg, Germany) with a 0.5 dm cell. 

2.2. Isolation and structure elucidation of DBTO 

Specimens of Dictyota mediterranea were collected from Agios The
odoros bay at the island of Karpathos in August of 2013. The alga was 
washed with seawater to remove epiphytes and debris, rinsed thor
oughly with fresh water, immediately frozen and transferred to the 
laboratory, where it was kept at − 20 ◦C until further processed. The 
fresh frozen algal biomass was thoroughly extracted with mixtures of 
CH2Cl2/MeOH at room temperature. After evaporation of the solvents in 
vacuo, the organic extract (8.46 g) was subjected to vacuum liquid 
chromatography on silica gel, using cHex with increasing amounts of 
EtOAc, followed by EtOAc with increasing amounts of MeOH as mobile 
phase, to afford seven fractions (DMK1–DMK7). Fraction DMK2 
(10–15% EtOAc in cHex, 676.0 mg) was further subjected to gravity 
column chromatography on silica gel, using mixtures of cHex with 
increasing amounts EtOAc as the mobile phase, to yield 12 fractions 
(DMK2a–DMK2l). DMK2k (10% EtOAc in cHex, 26.5 mg) was purified 
by normal phase HPLC, using cHex/EtOAc (93:7) as eluent, to afford 

compound 1 (2.7 mg). Fraction DMK3 (20–25% EtOAc in cHex, 747.0 
mg) was subjected to vacuum liquid chromatography on silica gel, using 
CH2Cl2 with increasing amounts of EtOAc as the mobile phase, to yield 
eight fractions (DMK3a–DMK3h). Fraction DMK3a (100% CH2Cl2, 28.5 
mg) was purified by normal phase HPLC, using cHex/EtOAc (93:7) as 
eluent, to afford compound 1 (23.2 mg). Compound 1 was identified, 
after thorough analysis of its NMR and MS spectroscopic data and 
comparison of its spectroscopic and physical characteristics with those 
reported in the literature, as (1R,3E,6R,7Z,11S,12S)-dolabella-3,7,18- 
trien-6,17-olide, previously isolated from the extract of Trichilia trifolia 
[28]. Compound 1, as well as the remaining metabolites evaluated 
during the initial screening (Fig. S1), were stored at − 20 ◦C until 
analyzed. 

2.3. Reagents and antibodies 

The following primary antibodies were used: β1 (BML-PW8140; Enzo 
Life Sciences, Lausen, Switzerland), β2 (PW8145; Enzo Life Sciences, 
Lausen, Switzerland), β5 (PW8895; Enzo Life Sciences, Lausen, 
Switzerland), α6 (PW8100; Enzo Life Sciences, Lausen, Switzerland), α7 
(PW8110; Enzo Life Sciences, Lausen, Switzerland), p21 Waf1/Cip1 
(12D1) (2947; Cell Signaling, Danvers, MA, USA), 6E10 (803001; Bio
Legend, San Diego, USA), Rb x Amyloid oligomer (AB9234; Millipore, 
Burlington, MA, USA), heme Oxygenase-1 (HO-1) (sc-10787, Santa Cruz 
Biotechnology, Heidelberg, Germany), NAD(P)H quinone 
oxidoreductase-1 (NQO1) (C19) (sc-16484, Santa Cruz Biotechnology, 
Heidelberg, Germany), GAPDH (sc-47724; Santa Cruz Biotechnology, 
Heidelberg, Germany), actin (691002; MP Biomedicals, Santa Ana, 
USA). Secondary antibodies were purchased from Santa Cruz Biotech
nology (Heidelberg, Germany). 

2.4. Cell lines and culture conditions 

HFL1 human embryonic primary fibroblasts (ECACC 89071902) 
were obtained from the European Collection of Cell Cultures and 
maintained in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, 
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Invi
trogen, Carlsbad, CA, USA), 2 mM glutamine, 1% non-essential amino 
acids and 1% penicillin-streptomycin (complete medium). 

The human neuroblastoma cell line SH-SY5Y was maintained in 
DMEM supplemented with 10% fetal bovine serum and 1% penicillin- 
streptomycin. SH-SY5Y cells were treated with conditioned medium 
produced by (a) the control cell line Chinese hamster ovary (CHO); CM 
and, (b) the Аβ-producing cell line 7PA2, derived following stable 
transfection of CHO cells with human APP751 bearing the Val717Phe 
familial AD mutation that leads to Аβ overproduction [29]; CMAβ 
(conditioned media containing Aβ peptide). Both CHO and CHO-7PA2 
cell lines were maintained in RPMI 1640 medium supplemented with 
10% fetal bovine serum, 2 mM glutamine, and 1% 
penicillin-streptomycin with 150 μg/mL geneticin (G418; ThermoFisher 
Scientific, Bremen, Germany) (complete RPMI medium). 

To produce conditioned media (CM/CMAβ), CHO and 7PA2 cells 
were grown to ~ 90% confluency, washed with phosphate-buffered 
saline (PBS; Invitrogen, Carlsbad, CA, USA) and incubated in serum- 
free complete RPMI medium (without G418) for ~ 16 h. The CM/ 
CMAβ was collected and centrifuged to remove cell debris. SH-SY5Y cells 
were pre-treated with 0.3 μg/mL DBTO or DMSO and 20 nM epoxomicin 
(UBPBio, Aurora, USA) wherever indicated for 24 h and were then 
exposed to the relative conditioned medium derived from CHO cells 
(CM) or 7PA2 cells (CMАβ) supplemented with 0.3 μg/mL DBTO or 
DMSO and 20 nM epoxomicin wherever indicated. Cells were sub
cultured at 37 ◦C, 5% CO2 and 95% humidity. 

Cell viability assay: Cell viability of SH-SY5Y cultures was assessed 
through scoring of attached CM/CMAβ-treated SH-SY5Y cells after 24 h 
of incubation in triplicates using a Coulter Z2 counter. 

Survival ratio through crystal violet staining: SH-SY5Y cells treated as 
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described above were fixed in 4% paraformaldehyde for 20 min and 
then stained with 0.2% crystal violet in distilled water. Cells were 
washed with water, air-dried and the dye was eluted with 30% acetic 
acid. Viability was assessed through measurement of dye absorbance at 
595 nm using the Safire2 Multi-detection Microplate Reader (Tecan, 
Grodig, Austria). 

2.5. Cell and nematode treatment with DBTO 

Cell treatment: HFL1 human primary fibroblasts and SH-SY5Y human 
dopaminergic neuroblastoma cells were treated with 0.3 μg/mL (0.998 
μM) DBTO for 2 h or 24 h unless otherwise indicated. 

Nematode treatment: Nematodes were exposed to 5 μg/mL (16.642 
μM) final concentration of DBTO per NGM plate. Stock solutions of 
DBTO were prepared after suspension in DMSO and were kept at − 20 ◦C. 
The appropriate amount of DBTO or DMSO (<0.1%; control) [30,31] 
was added on the UV-irradiated OP50 bacteria lawn. UV-killed bacteria 
were used to avoid the side effects of living bacteria metabolism. 

Continuous cell treatment for lifespan experiments: Early passage (cu
mulative population doublings (CPD) < 32) HFL1 cells (55 × 103) were 
treated continuously throughout their lifespan with 0.3 or 0.5 (1.664 
μМ) or 5 μg/mL DBTO until they entered senescence. Control cultures 
were supplemented with 0.1% DMSO. The compound (DBTO or DMSO) 
was renewed every other day. Upon 90% confluence, cell number was 
determined in triplicates using a Coulter Z2 counter and the population 
doublings (PD) were calculated using the formula: log (Nf/N0)/log 2, 
where Nf is the number of cells measured when each culture reached 
confluence and N0 represents the number of cells initially seeded. 

2.6. Proteasome activity assay 

Early passage HFL1 cells (CPD) < 32) were seeded in petri dishes (5 
× 105 cells) and were treated with 0.3 μg/mL DBTO or the diluent (0.1% 
v/v DMSO) for 2 h the following day. SH-SY5Y cells (65 × 104) were 
seeded in petri dishes and 24 h later, they were treated with 0.3 μg/mL 
DBTO or the diluent (0.1% v/v DMSO) for 24 h. Cells were collected in 
lysis buffer (20 mM Tris-HCl pH 7.6, 1 mM EDTA, 20 mM KCl, 10% 
glycerol, 0.2% Nonidet P-40, 5 mM ATP, 1 mM dithiothreitol, 10 mg/mL 
aprotinin, and 10 mM phenylmethylsulfonyl fluoride) and were incu
bated at 4 ◦C for 30 min. Lysates were centrifuged at 13.000 rpm for 10 
min and the supernatants were used to determine the proteasome ac
tivities, following incubation of 10 μg of total protein in the presence of 
the Suc-LLVY-AMC, Boc-LRR-AMC, Z-LLE-AMC fluorogenic peptides for 
the determination of CT-L, T-L and C-L proteasome activities, respec
tively (UBPBio, Aurora, USA). To test the potential properties of DBTO 
as a structural activator, 0.5 μg of highly purified human 20S protea
some (Protein Center Kibbuzt Ramat Yohana, Haifa, Israel) was incu
bated with various concentrations of the examined compound or 0.01% 
w/v sodium dodecyl sulfate (SDS; positive control) or 20 μM MG132 
(negative control) in the presence of the above-mentioned specific flu
orogenic peptides (UBPBio, Aurora, USA). In all cases, methyl coumarin 
(MCA) liberation was measured every 5 min using the Safire2 Multi- 
detection Microplate Reader (Tecan, Grodig, Austria) at λex = 380 nm, 
λem = 460 nm at 37 ◦C for 30 min. Proteasome activity was determined 
as a percentage (%) of the relative specific proteasome activity in 
control-treated cells or the relative sample (in the case of the purified 
20S proteasome) that was set to 100%. Protein concentrations were 
determined using the Bradford method with bovine serum albumin 
(BSA) as standard. 

2.7. Senescence associated-β-galactosidase staining 

Staining for senescence-associated-β-galactosidase (SA-β-gal) activ
ity was performed as previously described [32]. Briefly, 105 cells were 
seeded in 6-well plates. After 24 h cells were washed with PBS, fixed 
with 0.2% glutaraldehyde and 2% formaldehyde for 5 min, washed 

again with PBS and stained at 37 ◦C in the absence of CO2 in staining 
solution (150 mM NaCl, 2 mM MgCl2, 5 mM K3Fe(CN)6, 40 mM citric 
acid, 12 mM sodium phosphate, pH 6.0) containing 1 mg/mL of 5-bro
mo-4-chloro-3-indolyl-β-D-galactosidase (Duchefa Biochemie, Haarlem, 
Netherlands). The results are expressed as the ratio of SA-β-gal positive 
cells to the total number of cells in each sample. 

2.8. Scratch assay 

The migration and proliferation of cells treated with 0.3 μg/mL 
DBTO or DMSO (control) were assessed using the in vitro scratch assay, 
as previously described [33]. Briefly, cells treated with 0.3 μg/mL DBTO 
or DMSO throughout their lifespan (starting from an early passage, 
CPD<32) were seeded in 6-well plates at different lifespan time points 
(following 28 and 60 days of continuous treatment either with DBTO or 
DMSO). When they reached confluence, the culture was scratched to 
form a “technical wound” (gap) across the plate using a P200 pipette tip. 
The debris was removed through washing with the culture medium and 
then fresh medium containing 0.3 μg/mL DBTO or DMSO was added. 
Cell cultures were monitored until closure of the gaps. Pictures were 
taken 24 and 48 h after the gap formation. In the case of very early 
passage cells (CPD<40), only the first time point (24 h) was evaluated 
since the cultures then became confluent. 

2.9. Nematode strains and growth conditions 

Standard procedures were followed for C. elegans cultures growth 
and maintenance. All strains were kept at 20 ◦C except for CL4176 and 
CL2331 that were maintained at 16 ◦C. The following strains were used: 
N2 [wt Bristol isolate; wt], CL4176: dvIs27 [pAF29(myo-3p:A-Beta 
(1–42)::let-851 3′UTR) + (pRF4(rol-6(su1006))], CL2331: dvIs37 [myo- 
3p::GFP::A-Beta (3–42) + rol-6(su1006)]. 

2.10. Paralysis assay 

Synchronized CL4176 animals (300–600 animals per condition) 
were transferred to NGM plates containing either 5 μg/mL DBTO or 
DMSO at 16 ◦C for 48 h before temperature upshift to 25 ◦C. Scoring of 
paralyzed animals was initiated 24 h after the temperature upshift. The 
paralysis assay was repeated six times. Nematodes were scored as 
paralyzed if they exhibited halos of cleared bacteria around their heads 
or failed to undergo half-end body wave propagation upon prodding. 
Animals that died were excluded. The log-rank (Mantel-Cox) test was 
used to evaluate differences between paralysis curves and to determine p 
values for all independent data. N in paralysis figures is the number of 
paralyzed animals over the total number of animals used (the number of 
paralyzed animals plus the number of animals that died and the number 
of censored animals due to internally hatched eggs, protruding vulva or 
desiccation due to crawling off the plates). Median paralysis values are 
expressed as mean ± SEM. 

2.11. Confocal analysis of Aβ deposition 

For Aβ3-42 deposit measurements, synchronized CL2331 animals 
were exposed to 5 μg/mL DBTO or DMSO and grown at 20 ◦C (to induce 
the expression of the Aβ3-42 peptide) until day 1 of adulthood. Animals 
were mounted on 2% agarose pads on glass slides, anesthetized with 
100 mM levamisole and observed at room temperature using a Leica TSC 
SPE confocal laser scanning microscope (Leica Lasertechnik GmbH, 
Heidelberg, Germany). The LAS AF software was used for image 
acquisition. Images focused in the anterior area of the nematodes were 
acquired with a 20/0.70 objective. The number of aggregates was 
counted in at least 25 animals/condition. 
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2.12. Phenotypic analysis 

For all assays, N2 animals were allowed to lay eggs for 20–30 min on 
NGM plates containing either 5 μg/mL DBTO or DMSO. The following 
phenotypic characteristics were monitored: 

Pharyngeal pumping: At day 1 of adulthood, the pharyngeal pumping 
rate was measured. 50 animals per condition were examined. 

Defecation assay: At day 1 of adulthood, the defecation rate (period in 
seconds from defecation to defecation) was measured. 50 animals per 
condition were examined. 

Developmental timing: The progeny was frequently observed to record 
the needed time to reach the L4 larval stage from egg hatching. The 
experiment was repeated three times. 

Fecundity assay: Single N2 L4 larvae were transferred on NGM plates 
containing either 5 μg/mL DBTO or DMSO. Each animal was transferred 
every two days to a fresh NGM plate containing 5 μg/mL DBTO or 
DMSO. Progeny of each animal was scored at the L2-L3 larval stage. At 
least 10 animals per condition were examined. 

Dauer formation: The progeny was kept at 27 ◦C and the number of 
animals at the dauer larval stage over the total number of animals was 
scored 72 h later. The experiment was repeated three times. 

2.13. Immunoblot and dot blot analysis 

20 μg of proteins extracted in the lysis buffer described in section 2.6 
were separated by 12% SDS-PAGE according to standard procedures 
[34]. Proteins were then transferred to nitrocellulose membranes for 
probing with appropriate antibodies. For dot blot analysis, when 50% of 
the control population got paralyzed, all alive animals were collected 
and boiled in non-reducing Laemmli buffer. Subsequently, 5 μg of pro
tein lysates were spotted onto 0.2 μm nitrocellulose membranes. 
Immunoblotting was performed using the 6E10 antibody (BioLegend, 
San Diego, USA) that recognizes total Аβ species and Rb x Amyloid 
oligomer antibody (Millipore, Burlington, MA, USA) that recognizes all 
types of Aβ oligomers. Secondary antibodies conjugated with horse
radish peroxidase and enhanced chemiluminescence were used to detect 
the bound primary antibodies. All blots were developed with chem
iluminescence using the Clarity™ Western ECL substrate (Bio-Rad 
Laboratories, Hercules, USA) in a ChemiDoc station (Bio-Rad Labora
tories, Hercules, USA). Actin (for nematodes) or GAPDH (for cells) were 
used as a loading control. Densitometry analysis for the quantification of 
blots was performed with Bio-Rad’s Image Lab software 6.0.1 or ImageJ 
1.52a (Bio-Rad Laboratories, Hercules, USA). Quantification of the ratio 
of each protein to actin or GAPDH and normalization to control appear 
next to each representative blot. Each immunoblot analysis was per
formed three times unless otherwise indicated and representative blots 
are shown. The molecular weight of each protein appears on the right of 
each blot. 

2.14. Determination of reactive oxygen species (ROS) 

2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA, Molecular 
Probes, Invitrogen Ltd, Carlsbad, CA, USA) was used for ROS detection. 
Early passage HFL1 cells (CDP <32) were seeded in petri dishes (5 × 105 

cells) and were treated with 0.3 μg/mL DBTO or the diluent (0.1% v/v 
DMSO) for 2 h the following day. The cell number in each sample was 
determined and 105 cells were resuspended in pre-warmed PBS in the 
presence or absence (control sample) of the dye at a final concentration 
of 10 μM (loading buffer) and incubated at 37 ◦C for 30 min. Cells were 
then centrifuged, resuspended in complete medium and incubated at 
37 ◦C for 5 min. The absorption and the emission of the oxidation 
product were measured at 493 and 520 nm respectively. Each sample 
was measured in quadruplicates. The experiment was repeated three 
times. 

2.15. Determination of superoxide dismutase (SOD) activity 

Cell pellets were collected and lysed via sonication in RIPA buffer 
supplemented with proteinase inhibitors. Lysates were centrifuged and 
the supernatant was collected. Protein concentration in the supernatant 
was determined with DC assay (Bio-Rad Laboratories, Hercules, USA). 
The protein concentration was adjusted at 0.4 μg/μL for each sample. 25 
μL of each lysate (10 μg) were mixed with either 107.5 μL 16 mM Tris- 
HCl, pH 8.0, 12.5 μL 300 μM nitroblue tetrazolium chloride (NBT), 12.5 
μL 468 μM NADH and 12.5 μL 60 μM phenazine methosulfate (PMS) 
(Sample) or the same combination without PMS (Sample’) and loaded in 
a transparent 96 well plate. Two wells were also prepared with all 
components but instead of protein, 25 μL of RIPA buffer were loaded 
(Blank). The plate was incubated in the dark for 10 min and the absor
bance was measured with the Safire2 Multi-detection Microplate Reader 
(Tecan, Grodig, Austria) at 560 nm. To calculate the SOD activity, the 
following formula was used: [(A0-A1)/A0]*100, where A0 is the 
absorbance of the Blank and A1 the absorbance of the Sample when the 
absorbance of Sample’ has been subtracted. 

2.16. Statistical analysis 

Statistical analysis and graphs were produced using GraphPad Prism 
6 (GraphPad Software, Inc.) and Microsoft Office 365 Excel (Microsoft 
Corporation) software packages. Data in all assays (including blot 
quantification) are depicted as the average of three independent ex
periments (unless otherwise indicated). Error bars denote ±SEM. Ordi
nary one-way ANOVA with Dunnett’s post hoc correction was used for 
multiple comparisons of means. Unpaired t-test was used for compari
sons of two groups. Asterisks denote p values as follows: *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001, ns; not significant. 

3. Results 

3.1. DBTO activates the 20S proteasome in vitro in cell-free assays 

Due to the low number of studies reporting the effects of marine 
natural products on the proteasome [26], we initially screened a panel of 
structurally diverse compounds isolated from marine macro- and 
micro-organisms for their potential to act as structural proteasome acti
vators, thus activating the proteasome in cell-free lysates through direct 
stereochemical alterations. We selected and tested 24 metabolites 
belonging to different chemical classes, including sesquiterpenes, diter
penes, triterpenes, steroids, carotenoids, acetogenins, nitrogenous com
pounds and sulfur-containing compounds, obtained from marine 
organisms of the eastern Mediterranean Sea (Fig. S1). More specifically, 
we incubated highly purified human 20S proteasome with various con
centrations of the selected compounds to evaluate their potential stim
ulating properties on CT-L proteasome activity in the test tube, in the 
absence of cell lysates [35,36] (Fig. 2). Based on this initial screening, we 
identified a dolabellane diterpene (metabolite xi; Fig. 2), namely (1R,3E, 
6R,7Z,11S,12S)-dolabella-3,7,18-trien-6,17-olide (DBTO, 1), that 
enhanced CT-L activity by 1.9- and 3.2-fold following incubation of the 
20S proteasome with 20 μg/mL (66.5 μM) or 30 μg/mL (99.8 μM), 
respectively (Fig. 3a, i). SDS, which favors the opening of the α-gated 
channel, was used as a positive control [37]. Similar results were ob
tained for both C-L (Fig. 3a, ii) and T-L proteasome activities (Fig. 3a, iii) 
in the presence of DBTO. To assure the specificity of the assay, the pro
teasome inhibitor MG132 was also used. Taken together, these data 
indicate that DBTO enhances all three proteasome activities in the test 
tube in cell-free assays and suggest that it may act as a structural 20S 
proteasome activator through direct stereochemical interaction with the 
20S complex. 
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3.2. DBTO enhances proteasome activities in cellulo 

We then sought to investigate whether treatment with DBTO (1) may 
also enhance proteasome activities in cellulo. Early passage (young) 
HFL1 human primary fibroblasts were treated with different concen
trations of DBTO or the diluent (DMSO); 0.3 μg/mL (0.99 μM) DBTO for 
2 h significantly enhanced all proteasome activities (Fig. 3b), whereas 
immunoblot analysis of the catalytic β-type subunits (β1, β2 and β5), as 
well of α6 and α7 regulatory subunits did not reveal any statistically 
significant differences (Fig. 3c). This further suggests that the observed 
differences in proteasome activities do not emerge from alterations in 
the protein expression of proteasome subunits and thus not from dif
ferences of the proteasome levels. 

3.3. DBTO improves cellular healthspan in human primary fibroblasts 

We and other research groups have reported that proteasome acti
vation delays cellular senescence [9,14,18]. Given the proteasome 
activating properties of DBTO (1), we sought to investigate its effects on 
the progression of senescence in human primary embryonic fibroblasts. 
Early passage (young) HFL1 cells (CPD 27) were continuously treated 
throughout their lifespan with 0.3 μg/mL DBTO (that had been shown to 
induce proteasome activity in cellulo and was used in all subsequent 
experiments). Even though we did not detect any significant differences 
in the total number of CPD in the presence of this specific concentration 
of DBTO (Fig. 4a) or in the presence of two additional concentrations 
(0.5 and 5 μg/mL DBTO; Fig. S2a), interestingly, DBTO-treated cells 
maintained their young morphology for longer as compared to the 
control cultures. This suggested a potentially improved healthspan sta
tus in the presence of DBTO. We therefore sought to further investigate 
this observation. Indeed, DBTO-treated cells exhibited a lower ratio of 
SA-β-gal positive cells over the total number of cells assayed following 
continuous treatment with DBTO in two different time points (28 and 60 
days) as compared to their control cultures (Fig. 4b). More specifically, 4 
weeks after continuous treatment with DBTO or DMSO (control), the 
ratio of SA-β-gal positive cells over the total number of cells assayed in 
DBTO-treated cells was 0.281 ± 0.009 as opposed to 0.363 ± 0.006 (p 
= 0.02) in DMSO-treated cells. This difference was further accentuated 
after 9 weeks of treatment where the ratio of SA-β-gal positive cells over 
the total number of cells assayed in DBTO-treated cells was 0.733 ± 0.04 

as opposed to 0.944 ± 0.013 (p = 0.002) in DMSO-treated cells. In vitro 
scratch assays revealed an enhanced “wound closure” in DBTO-treated 
cells compared to DMSO-treated cells; the effect was accentuated at 
day 60 of their cellular lifespan (Fig. 4c). This result coincides with the 
reduced numbers of SA-β-gal positive cells at the same time point. 
Finally, in accordance with the progressive increase of the 
cyclin-dependent kinase inhibitor p21 (CIP1/WAF1) protein expression 
levels during replicative senescence [38], decreased protein expression 
levels of p21 were detected after 28 and 60 days of continuous treatment 
with DBTO compared to control cultures (Fig. 4d), further supporting 
healthspan maintenance. 

3.4. DBTO improves organismal health status without toxicity incidents 

The nematode C. elegans is an emerging model in biomedical and 
environmental toxicology that is highly used for toxicity testing [39]. 
Moreover, it is increasingly used to reveal the effects of com
pounds/drugs on the organismal health status [40]. Since we detected 
an improved cellular healthspan, we also performed a phenotypic 
analysis of wt nematodes treated with DBTO (1) or DMSO to investigate 
any differences in the fitness of a multicellular organism at day 1 of 
adulthood (Table 1). Significant positive differences in pharyngeal 
pumping rate (increase), defecation rate (decrease) and duration of 
post-embryonic development (increased) were observed in 
DBTO-treated animals. These differences indicate an enhanced health 
status of the animals treated with DBTO. Similar changes are observed in 
long-lived animals [40,41]. More specifically, pharyngeal pumping 
usually diminishes upon exposure to toxicants. In contrast, the 
pharyngeal pumping rate was found increased in the presence of DBTO. 
Although we did not monitor the pharyngeal pumping rate throughout 
the lifespan of the animals, several compounds that positively affect 
healthspan have been shown to induce this rate already from day 1 of 
adulthood [42,43]. Therefore, this DBTO-dependent increase in the 
pumping rate could also predict a better healthspan during the pro
gression of aging but more experimentation is needed. The shorter 
defecation cycle can be translated as an enhanced detoxification process 
thus suggesting ameliorated animal fitness [44]. The number of 
offspring produced per animal and the capacity of the animals to enter 
the stress-resistant dauer larvae forms have been identified as sensitive 
markers that respond to various toxicants [45]. These characteristics 

Fig. 2. Screening for proteasome activation in vitro by marine metabolites belonging to different chemical classes. Percentage (%) of CT-L proteasome 
activity following incubation of highly purified human 20S proteasome with DMSO (control) or various concentrations (4 and 10 μg/mL) of each marine metabolite. 
Different chemical classes were assayed including sesquiterpenes (i-vi), diterpenes (vii-xiv), triterpenes (xv), steroids (xvi), carotenoids (xvii), acetogenins (xviii-xix), 
nitrogenous compounds (xx-xxiii) and sulfur-containing compounds (xxiv). The mean value of activities in DMSO (control) was set to 100%. SDS 0.05% (w/v) was 
used as a positive control. All values are reported as the mean of two independent experiments ±SEM. Asterisks denote *p < 0.05, ****p < 0.0001. 
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Fig. 3. Proteasome activation in vitro and in cellulo by DBTO. (a) Percentage (%) of (i) CT-L, (ii) C-L and (iii) T-L proteasome activities following incubation of 
highly purified human 20S proteasome with DMSO (control) or various concentrations of DBTO. The mean value of activities in DMSO (control) was set to 100%. SDS 
0.01% (w/v) was used as a positive control, while 20 μM MG132 was used to ensure assay specificity. Two independent experiments. (b) Percentage (%) of (i) CT-L, 
(ii) C-L and (iii) T-L proteasome activities following 2 h treatment of young HFL1 human primary fibroblasts with the diluent DMSO (control) or 0.3 μg/mL DBTO. 
The mean value of activities in DMSO-treated cells (control) was set to 100%. Four independent experiments. (c) (i) Immunoblot analysis (representative blots) and 
(ii) quantification of β1, β2, β5, α6 and α7 proteasome subunits in HFL1 human primary fibroblasts treated with 0.3 μg/mL DBTO or the diluent DMSO (control) for 2 
h. GAPDH was used as a loading control. Protein levels of DMSO-treated cells (control) were arbitrarily set to 1. Four independent experiments. The molecular weight 
of each protein appears on the right of each blot. All values are reported as the mean of at least two independent experiments ±SEM. Asterisks denote *p < 0.05, **p 
< 0.01, ***p < 0.001,****p < 0.0001, ns; not significant. 
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Fig. 4. Treatment with DBTO improves cellular health
span in human primary fibroblasts. (a) CPD of HFL1 human 
primary fibroblasts treated with 0.3 μg/mL DBTO or DMSO 
throughout their lifespan. Numbers on the graph show the 
CPD performed by the two cultures at the end of the treat
ment. A representative graph is shown. (b) Representative 
images of SA-β-gal positive HFL1 cells treated with 0.3 μg/mL 
DBTO or DMSO throughout their lifespan after 28 and 60 days 
in culture. (c) Representative images of the in vitro scratch 
assay in HFL1 cells treated with 0.3 μg/mL DBTO or DMSO 
throughout their lifespan at 28 and 60 days in culture. The red 
lines define the areas of the “technical wound” formed during 
the scratch assay. Images were taken 24 and 48 h after the 
scratch formation. The image in the sample at 28 days in 
culture, 48 h after the scratch formation is not included since 
both cultures had reached confluency. (d) (i) Immunoblot 
analysis and (ii) quantification of p21 levels in HFL1 cells 
treated with 0.3 μg/mL DBTO or DMSO throughout their 
lifespan after 28 and 60 days in culture. GAPDH was used as a 
loading control. Protein levels of DMSO-treated cells (control) 
at each time point were arbitrarily set to 1. Two independent 
experiments. The molecular weight of each protein appears on 
the right of each blot. All values are reported as the mean of at 
least two independent experiments ±SEM. Asterisks denote 
*p < 0.05. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of 
this article.)   
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remained unaltered upon DBTO treatment thus suggesting an intact 
fitness of the animals and an absence of toxicity for DBTO. Finally, we 
tested the lifespan extending effects of DBTO in wt C. elegans but we did 
not observe any significant changes in the tested concentrations (0.25, 
0.5 and 5 μg/mL), although a tendency was recorded at the concentra
tions of 0.25 and 0.5 μg/mL (Fig. S2b). 

3.5. DBTO confers protection against Aβ-induced toxicity 

Proteinopathies, such as AD, are characterized by protein dysho
meostasis which has been directly linked to proteasome dysfunction/ 
inhibition [46]. Moreover, we and others have reported proteasome 
activation as a potential strategy against aggregation-related diseases 
[47]. We thus sought to investigate the effects of treatment with DBTO 
(1) on AD progression using two different, well-established C. elegans AD 
models. Initially, we took advantage of the CL4176 strain that expresses 
the human Aβ1-42 peptide in its body wall muscle cells in a 
temperature-dependent manner. The inducible expression of Aβ1-42 
leads to a progressive paralytic phenotype due to the gradual formation 
of Aβ aggregates [48]. CL4176 animals were treated with various con
centrations of DBTO (0.5 μg/mL and 10 μg/mL; Fig. S3 μg/mL; Fig. 5); 
the 5 μg/mL concentration was used throughout the experiments. 
Treatment of CL4176 animals with 5 μg/mL DBTO resulted in a signif
icant delay of the paralysis onset and progression (Fig. 5a). This positive 
effect was accompanied by a considerable reduction of total Аβ protein 
levels by approximately 50% in DBTO-treated animals compared to 
control animals. A tendency for reduced Aβ oligomeric levels was also 
observed in CL4176 animals treated with DBTO compared to control 
animals (Fig. 5b). To further evaluate the Aβ aggregation state in vivo, 
we took advantage of the CL2331 strain that expresses the human Aβ3-42 
peptide fused to green fluorescent protein (GFP) in its body wall muscle 
cells. The animals are gradually filled with Aβ aggregates that are visible 
through confocal microscopy [49]. Treatment of CL2331 animals with 
DBTO resulted in decreased numbers of Aβ aggregates (Fig. 5c). Overall, 
our results reveal a DBTO-mediated protection against Aβ-induced 
toxicity in AD nematode models. 

3.6. DBTO enhances the survival of SH-SY5Y cells challenged with 
exogenously added Aβ peptide in a proteasome activation-dependent 
manner 

To verify the protective effects of DBTO (1) against Aβ-induced 
toxicity in human cells, we took advantage of the human neuroblastoma 
cell line SH-SY5Y. We firstly verified whether treatment with DBTO 
induces proteasome activation in these cells. Indeed, SH-SY5Y cells 
treated with 0.3 μg/mL DBTO for 24 h exhibited significantly enhanced 
CT-L proteasome activity (Fig. 6a). We have initially verified that sur
vival of SH-SY5Y cells treated with CMАβ is compromised compared to 
that of SH-SY5Y cells treated with the respective control (CM). More 
specifically, SH-SY5Y cells treated with CMАβ for 24 h were significantly 
fewer compared to SH-SY5Y cells treated with CM for 24 h (mean cell 
number CM: 2.36 × 106 ± 0.071 × 106, mean cell number CMАβ: 1.77 ×
106 ± 0.047 × 106, p < 0.0001). Consequently, we pre-treated SH-SY5Y 

cells with 0.3 μg/mL DBTO or DMSO for 24 h and we then exposed them 
to CMАβ or CM in parallel to 0.3 μg/mL DBTO or DMSO. As shown in 
Fig. 6b, i, treatment of SH-SY5Y cells with CM containing DBTO slightly 
increased cell numbers. In the case of SH-SY5Y cells challenged with 
CMАβ, the simultaneous co-treatment with DBTO significantly protected 
the cells against Aβ-induced toxicity compared to control cultures. The 
enhanced cell survival was verified through crystal violet staining 
(Fig. 6b, ii). To verify that the observed improved survival is mainly due 
to the proteasome activation mediated by DBTO, we repeated the 
experiment in the presence of 20 nM epoxomicin, a highly specific and 
irreversible proteasome inhibitor [50]. This epoxomicin concentration is 
sufficient to block the DBTO-mediated proteasome activation without 
inducing massive cell death. As shown in Fig. 6c, the protective effect of 
DBTO in CMАβ-challenged cells was lost in the presence of epoxomicin, 
thus suggesting that the DBTO-mediated proteasome activation is highly 
responsible for the recorded enhanced survival against Аβ-mediated 
proteotoxicity. 

3.7. DBTO does not affect other major antioxidant mechanisms 

Given the interplay between the proteasome and nuclear factor 
(erythroid-derived-2)-like 2 (Nrf2) transcription factor [51], we tested 
whether the observed proteasome activation confers activation of Nrf2 
and thus its potential downstream targets; we did not detect any dif
ferences in the protein expression levels of its major target genes, 
namely NQO1 and HO-1. These results along with the lack of changes in 
the protein expression levels of proteasome subunits (Fig. 3c) suggest an 
absence of Nrf2 activation in the presence of DBTO (Fig. 7a). We also 
tested whether treatment with DBTO promotes changes in the redox 
status of the cells, thus, activating other antioxidant mechanisms that 
could account for the observed differences. Nevertheless, we did not 
detect any significant changes of the ROS levels between control and 
DBTO-treated cells (Fig. 7b). Finally, we tested the activity of SOD as it 
represents a major antioxidant enzyme; we did not find any significant 
alterations upon treatment with DBTO (Fig. 7c). Although we cannot 
rule out the potential activation of additional antioxidant mechanisms 
that were not examined here, our results suggest that in our conditions 
the antioxidant mechanism of the proteasome is the one that is mainly 
activated. 

4. Discussion 

Accumulating data suggest that proteasome activation may confer 
positive effects on cellular and organismal healthspan and lifespan. 
Furthermore, proteasome activation has been recognized as a key 
strategy against the onset and progression of various proteinopathies, 
including AD [52]. Consequently, the identification of bioactive com
pounds with proteasome activating properties has been attracting 
increasing interest over the recent years. Special attention should be 
paid to the potential side effects of compounds that activate the pro
teasome through the regulation of proteasome-related transcription 
factors, thus, not limiting the activation to the proteasome itself. 
Therefore, identification of bioactive compounds that may directly 

Table 1 
Phenotypic analysis of wt animals treated with DBTO or DMSO (control).   

Pharyngeal pumping a, ** Defecation b, **** Developmental timing c, * Fecundity d, ns Dauer formation e, ns 

Control 280.3 ± 2.42 46.54 ± 0.54 54.94 ± 0.31 290.8 ± 6.89 0 
DBTO (5 μg/mL) 290.4 ± 2.18 42.12 ± 0.45 56.69 ± 0.29 300.1 ± 4.38 0 

* denotes p < 0.05, ** denotes p < 0.01, **** denotes p < 0.0001, ns; not significant. 
a Pumps in 1 min on day 1 of adulthood. 
b Duration of defecation cycle in seconds. 
c Duration of post-embryonic development (hours from egg hatching to L4 stage). 
d Number of offspring per worm. 
e Percentage of animals becoming dauer larva at 27 ◦C. 

M.A. Vasilopoulou et al.                                                                                                                                                                                                                       



Redox Biology 56 (2022) 102462

10

(caption on next page) 

M.A. Vasilopoulou et al.                                                                                                                                                                                                                       



Redox Biology 56 (2022) 102462

11

enhance the 20S proteasome activity and function without affecting 
proteins-nodes, such as transcription factors, is even more valuable. In 
this study, we have identified for the first time a natural product isolated 
from the brown alga D. mediterranea collected from the island of Kar
pathos in the Aegean Sea, namely DBTO, which possesses proteasome 
activating properties. We have shown that DBTO may act as a 20S 
proteasome activator in cell-free assays but also in cellulo. 
DBTO-dependent proteasome enhancement improves the healthspan of 
human primary fibroblasts and the health status of wt C. elegans, while, 
most importantly, it confers protection against Aβ-induced proteotox
icity in multiple nematode AD models. Finally, we have shown that 

DBTO also confers similar protective effects in human cells of neuronal 
origin that are exposed to human Aβ peptide in a proteasome 
activation-dependent manner. Our study identifies for the first time a 
marine structural proteasome activator and reports its potential 
healthspan-extending and protective effects against Aβ-induced pro
teotoxicity in nematode and cellular models. 

Compound-mediated proteasome activation may occur through in
duction of transcription factors that are responsible for the expression of 
various proteasome subunits or various proteasome regulators, through 
post-translational modifications of proteasome subunits and regulators 
or through direct effects on the proteasome conformation [53,54]. The 

Fig. 5. Treatment with DBTO confers decelerated paralysis rate and decreased Aβ deposits in C. elegans AD models. (a) Paralysis curve of CL4176 animals 
expressing human Aβ1-42 peptide treated with 5 μg/mL DBTO or DMSO (control). Control: mean = 32.42 ± 0.18, N = 2537/2552; DBTO: mean = 34.45 ± 0.18, N =
2732/2749. N denotes the number of animals that were paralyzed over the total number of animals used (the number of paralyzed animals plus the number of dead 
and censored animals). Six independent experiments. (b) (i) Dot blot analysis (representative blots) and (ii) quantification of total and oligomeric Aβ levels in CL4176 
animals treated with 5 μg/mL DBTO or DMSO (control) and collected when 50% of the control population from (a) was paralyzed. Actin was used as a loading 
control. Protein levels of DMSO-treated animals (control) were arbitrarily set to 1. Three independent experiments. (c) (i) Representative confocal microscopy images 
and (ii) number of Aβ aggregates of the anterior area of CL2331 animals expressing the human Aβ3-42 peptide conjugated to GFP treated with 5 μg/mL DBTO or 
DMSO (control) from egg hatching until day 1 of adulthood. Control: mean = 14.56 ± 1.01, N = 27; DBTO: mean = 11.59 ± 0.88, N = 29. N denotes the number of 
animals observed. Two independent experiments. The values in all experiments are reported as the mean of at least two independent experiments ±SEM. Asterisks 
denote *p < 0.05, ****p < 0.0001, ns; not significant. 

Fig. 6. Treatment with DBTO increases survival of 
SH-SY5Y neuroblastoma cells challenged with 
exogenously added Аβ peptide in a proteasome 
activation-dependent manner. (a) Percentage (%) 
of CT-L proteasome activity following 24 h treatment 
of SH-SY5Y neuroblastoma cells with the diluent 
DMSO (control) or 0.3 μg/mL DBTO. The mean value 
of activities in DMSO-treated cells (control) was set to 
100%. Two independent experiments. (b) (i) Per
centage (%) of cell survival and (ii) survival ratio 
following crystal violet staining of SH-SY5Y neuro
blastoma cells treated with DMSO (control) or 0.3 μg/ 
mL DBTO for 24 h and then exposed to CMАβ or the 
relative control (CM) and DMSO or 0.3 μg/mL DBTO. 
The mean value of (i) alive cells and (ii) absorbance 
in control cultures (CM DMSO and CMАβ DMSO) was 
set to 100%. Two independent experiments. (c) Per
centage (%) of cell survival of SH-SY5Y neuroblas
toma cells treated with DMSO (control) or 0.3 μg/mL 
DBTO and 20 nM epoxomicin for 24 h and then 
exposed to CMАβ or the relative control (CM) and 
supplemented with DMSO (control) or 0.3 μg/mL 
DBTO along with 20 nM epoxomicin. The mean value 
of the number of alive cells in control cultures (CM 
DMSO Epox and CMАβ DMSO Epox) was set to 100%. 
Two independent experiments. All values are re
ported as the mean of at least two independent ex
periments ±SEM. Unpaired t-test was used for 
comparison of means. Asterisks denote *p < 0.05, 
**p < 0.01, **** denotes p < 0.0001. (For interpre
tation of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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identified compounds that fall into the last category (i.e., structural 
proteasome activators) are far fewer than those of the remaining cate
gories, especially if we refer to natural compounds. More specifically, 
fatty acids, such as oleic, linoleic and linolenic acids, have been firstly 
identified as modulators of the proteasome conformation [55–57]. 
Likewise, various extracts that are rich in fatty acids, such as extracts 
from the bee pollen [58], have been suggested to act as proteasome 
activators. Cellular lipid components, such as lysophosphatidylinositol, 
ceramides and cardiolipin, have also been shown to modulate protea
some activity [58–60]. Furthermore, we have revealed the proteasome 
activating properties of oleuropein in the test tube and in cellulo [16]. 
Other natural products with proteasome activating properties include 
2-hexyldecanol [61] and betulinic acid [62], among others [1]. 
Although marine-derived compounds represent a fascinating family of 
compounds with varied and unique chemical structures that very often 
possess more potent biological activities, notably, in this list, there are 
no marine compounds included. In this study, we have identified DBTO 
(1) as the first marine metabolite acting as a structural proteasome 
activator. 

Very few marine compounds and/or extracts have been directly 
studied for their ability to enhance proteasome activities [26]. Fucoidan, 
a sulfated polysaccharide from brown algae, is the only marine metab
olite that has been shown to enhance CT-L proteasome activity in AD 
nematode models; nevertheless, the potential proteasome activating 
properties of fucoidan in cell-free assays was never tested. Moreover, the 
fucoidan that was active was not chemically characterized in this report 
[27]. Our preliminary results did not reveal any proteasome activating 
properties of a particular fucoidan (isolated from Cystoseira barbata) 
assayed but more detailed studies are necessary (unpublished results). 
The isopropanol extract of the diatom Phaeodactylum tricornutum has 
been shown to promote activation of all three proteasome activities both 
in human isolated proteasome, as well as in treated human 

keratinocytes. As a result, a protective effect against UVA and UVB ra
diation of the treated cells was observed [63]. Moreover, the 
P. tricornutum lipid-rich extract was able to reduce the levels of oxidized 
protein in the human stratum corneum in human volunteers [64]. 
Nevertheless, the exact compound that is responsible for these effects 
was never identified. To our knowledge, DBTO is the first fully charac
terized marine compound that activates the proteasome in the test tube 
and in cellulo. 

It is increasingly accepted that proteasome activation may act pro
tectively against the progression of various proteinopathies [25,65]. 
This is not surprising as diminished proteasome activity and reduced 
protein expression levels of various proteasome subunits have been 
detected in various in vitro and in vivo AD models, as well as in the brain 
samples of AD patients [66,67]. We and others have shown that pro
teasome activation through the overexpression of β5 proteasome sub
unit decelerated the progression of the AD-like phenotype in the 
respective nematode (pbs-5 subunit; [11], Drosophila (Prosβ5 subunit; 
[23]) and mouse (PSMB5 subunit; [23]) AD models. Similar results were 
also obtained in nematode AD models through the administration of the 
proteasome activator 18α-GA [17]. Nevertheless, in the first two studies, 
we refer to a genetic manipulation which in any case would be difficult 
to be applicable in humans. In the case of 18α-GA, this compound was 
shown to transcriptionally activate the proteasome through the induc
tion of the SKN-1/Nrf2 transcription factor, thus, activation of addi
tional unidentified pathways was not excluded. In fact, some Nrf2 target 
genes were found induced, whereas others not, catalase activity was 
found elevated, whereas SOD activity was unaltered. In contrast, our 
current investigation showed that DBTO activates the proteasome in 
cell-free assays, thus being nominated as a structural enhancer with 
minimal side pathways activation expected. Our negative results on SOD 
activation, cellular redox status or Nrf2 target genes expression advo
cates for this lack of side pathways activation (at least for the ones 

Fig. 7. Lack of DBTO-dependent activation of 
various antioxidant mechanisms. (a) (i) Immuno
blot analysis (representative blots) and (ii) quantifi
cation of NQO1 and HO-1 Nrf2 target genes in HFL1 
human primary fibroblasts treated with 0.3 μg/mL 
DBTO or the diluent DMSO (control) for 2 h. GAPDH 
was used as a loading control. Protein levels of 
DMSO-treated cells (control) were arbitrarily set to 1. 
Three independent experiments. (b) ROS levels and 
(c) percentage (%) of SOD activity in HFL1 human 
primary fibroblasts treated with 0.3 μg/mL DBTO or 
the diluent DMSO (control) for 2 h. The mean value 
of ROS levels and SOD activity in DMSO-treated cells 
(control) was set to 100%. Three independent ex
periments. The molecular weight of each protein 
appears on the right of each blot. All values are re
ported as the mean of three independent experiments 
± SEM. Unpaired t-test was used for comparison of 
means. ns; not significant.   
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tested). 
One could ask how DBTO may confer protection against Аβ-induced 

proteotoxicity. Our results suggest that enhanced proteasome activity 
leads to decreased protein levels of Аβ oligomers (although statistical 
significance was not reached) and total Аβ levels. We believe that upon 
proteasome enhancement, Aβ species get degraded before they get 
aggregated. Proteasome activation through genetic means [11] or 
18α-GA [17] had elicited similar results. In a more recent work, pro
teasome augmentation (either through genetic overexpression or 
through novel proteasome agonists) was also shown to enhance the 
turnover of APP in flies, cultured cells and mice. More importantly, 
proteasome activity was negatively correlated with protein levels of APP 
and soluble Aβ42 levels in human hippocampal tissues of AD patients, 
thus suggesting a biological relevance of the findings in the organismal 
models [23]. Likewise, combination of 18α-GA (responsible for tran
scriptional proteasome activation) and omega-3 fatty acids (responsible 
for structural proteasome activation) resulted in a significant decrease of 
the total percentage of Aβ42 coverage in both parietal cortex and hip
pocampus of 5xFAD mice, without however altering the number of Аβ 
plaques [24]. The above mentioned studies reveal the possibility of 
compound-mediated proteasome activation as a potent anti-AD strategy 
that eventually could end up to clinical trials. Several other natural 
compounds have also been shown to confer resistance to Aβ-induced 
proteotoxicity in a proteasome-dependent manner, including resveratrol 
[68–70], quercetin [71], morin and isoquercitrin [72], ganoderic acid 
DM [73] and fucoidan [27], among others. Notably, none of the 
above-mentioned compounds has been characterized as a structural 
proteasome activator. 

We have also revealed a very interesting effect of DBTO on cellular 
healthspan. Although we did not detect a lifespan-extending effect of 
DBTO (at least not in the tested concentrations), we report here a robust 
improvement of the cellular healthspan in the presence of DBTO. Like
wise, we report an ameliorated health status of wt nematodes upon 
DBTO supplementation. Healthspan amelioration has already been 
shown following proteasome activation through overexpression of the 
proteasome β5 subunit in C. elegans (pbs-5; [11]) and in Drosophila 
(Prosβ5; [13]), as well as in human primary fibroblasts [14,74]. Our 
results show that proteasome activation through DBTO is sufficient to 
promote healthspan improvement, albeit the absence of modulation of 
the other antioxidant mechanisms. The importance of healthspan 
amelioration emerges from studies showing that the healthspan is not 
necessarily correlated with lifespan [75,76] and although both are 
desired, the scale tilts in favor of the improved healthspan over a more 
elongated but full of pathologies lifespan. The absence of lifespan 
extension is rather unexpected since several previous studies have 
shown that proteasome activation is accompanied by enhanced 
longevity [47]. We hypothesize that this could be due to variable levels 
of proteasome activation exerted by the different compounds. However, 
we cannot exclude the possibility that the lack of activation of other 
antioxidant mechanisms in addition to the proteasome activation may 
also account for this effect. 

In total, identification of a natural proteasome enhancer that directly 
affects the 20S proteasome complex function with various downstream 
positive effects is of pivotal importance. As a natural compound, it is 
expected to have fewer side effects as compared to synthetic compounds; 
indeed, our toxicity testing in C. elegans confirmed lack of toxicity for 
DBTO. If a bioactive compound is found in edible species, this can be 
even more valuable as supplementation can occur through our regular 
diet; indeed, several species of the brown algal genus Dictyota from 
which DBTO (1) was isolated are edible in several parts of the world [77, 
78]. The additional advantage of such a compound lies on the fact that 
its dietary supplementation may start early in life, thus potentially 
decelerating or targeting the early and often non-traceable negative 
effects of aging or diseases at initial stages. Finally, as a compound with 
direct targeted action on the proteasome complex, it presents higher 
specificity with limited off-target effects. Future studies should focus on 

the identification of such bioactive compounds, the documentation of 
their mode of action, the determination of the exact timely doses for a 
balanced outcome, along with the use of specific carriers for their tar
geted release wherever and whenever needed. 

5. Conclusions 

Our study demonstrates the proteasome activating properties of the 
marine-derived compound DBTO and its positive effects on cellular 
healthspan and organismal health status along with its protective effects 
against Aβ-induced proteotoxicity. Our results highlight this bioactive 
compound as the first reported structural activator from the marine 
ecosystem that could be potentially used as a healthspan promoter. With 
additional experimentation in higher eukaryotes, DBTO could be also 
used in a prophylactic/preventive strategy against Aβ-induced negative 
effects. 
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