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ABSTRACT

Background and aim: Alzheimer's disease (AD) is the most common aged-related neurodegenerative
disorder that is associated with the toxic amyloid-f (AB) aggregation in the brain. While the efficacies of
available drugs against AD are still limited, natural products have been shown to possess neuroprotective
potential for prevention and therapy of AD. This study aimed to investigate the neuroprotective effects of
H. scabra extracts against AP aggregation and proteotoxicity in C. elegans model of Alzheimer's diseases.
Experimental procedure: Whole bodies (WB) and body wall (BW) of H. scabra were extracted and frac-
tionated into ethyl acetate (WBEA, BWEA), butanol (WBBU, BWBU), and ethanol (BWET). Then C. elegans
AD models were treated with these fractions and investigated for AP aggregation and polymerization,
biochemical and behavioral changes, and level of oxidative stress, as well as lifespan extension.
Results and conclusion: C. elegans AD model treated with H. scabra extracts, especially triterpene
glycoside-rich ethyl acetate and butanol fractions, exhibited significant reduction of AR deposition. These
H. scabra extracts also attenuated the paralysis behavior and improved the neurological defects in
chemotaxis caused by AP aggregation. Immunoblot analysis revealed decreased level of AB oligomeric
forms and the increased level of Ap monomers after treatments with H. scabra extracts. In addition,
H. scabra extracts reduced reactive oxygen species and increased the mean lifespan of the treated AD
worms. In conclusion, this study demonstrated strong evidence of anti-Alzheimer effects by H. scabra
extracts, implying that these extracts can potentially be applied as natural preventive and therapeutic
agents for AD.
Taxonomy (classification by EVISE): Alzheimer's disease, Neurodegenerative disorder, Traditional medi-
cine, Experimental model systems, Molecular biology.
© 2022 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

Alzheimer's disease (AD)

neurodegenerative disease associated with aging. AD is clinically
characterized by progressive impairment of cognitive function and

the most progressive degeneration of brain neurons due to aggregation of toxic amyloid-

B (AB1-42) protein that can deposit either intracellularly in neurons
or extracellularly in nearby areas. The ABq.42 peptides are derived
from amyloid precursor protein (APP) through sequentially cleav-
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age by B- and y-secretases and self-polymerized into dimers or
oligomers, which finally aggregate into AP plaques that cause
oxidative damage and disrupt neuronal functions.!> From the
World Alzheimer Report in 2016, more than 46 million people are
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suffering from AD worldwide. The number of AD patients are
estimated to increase and reach 74.7 million in 2030. And if there is
no effective preventive and therapeutic measures the number of AD
patients is estimated to reach more than 130 million by 2050. Thus,
AD is now becoming a major public health concern around the
world,? and the third major cause of disability and death of elderly
population. Nowadays, there are only few drugs approved for the
treatment of AD, and these drugs only relief the symptoms and are
unable to directly eliminate the cause of AD or slow the rate of its
progression.? Therefore, research and discoveries of more effective
anti-AD drugs are urgently needed.

Recently, certain natural products from plants and animals with
anti-AD property have been discovered. Saponin or chemicals with
similar structure from plant extracts including EGb761 from Ginkgo
biloba,> ginsenosides from Panax ginseng,® and frondoside A from
the sea cucumber, Cucumaria frondose,” have been shown to protect
against AB-induced toxicity and inhibited AB deposition in Caeno-
rhabditis elegans model.®>? Moreover, natural polyphenols from
some edible plants were shown to possess neuroprotective prop-
erties in AD nematode models, including a stilbenoid, resveratrol,
from grapes,'® and curcuminoid from curcumin.!’ Interestingly,
some of these compounds especially triterpene glycosides and
polyphenols were also presented in the marine animals such as sea
cucumbers.'>!® Sea cucumbers have long been used as traditional
food and folk medicine by Asian and Middle Eastern communities
since the ancient time.'*~'® In Chinese historical accounts, sea cu-
cumbers are recognized as tonics and traditional remedies because
of their effectiveness against hypertension, asthma, rheumatism,
cuts and burns, impotence, and constipation.'” The bioactive ex-
tracts/compounds of sea cucumber have also been shown to
possess a wide-range of pharmacological benefits including anti-
oxidant, anti-tumor, anti-viral, anti-inflammation, anti-bacterial,
and anti-fungal activities.!” The white sea cucumber, Holothuria
scabra, is the most plentiful species of sea cucumber found in the
Indo-Pacific region including Thailand. This species of sea cucum-
ber contains high amounts of triterpene glycosides in its body
wall.'® Our group has previously studied and found that H. scabra
extracts promote longevity and anti-aging effects in C. elegans
model."” Moreover, we have reported an anti-Parkinson potential of
H. scabra extracts against a-synuclein protein aggregation and 6-
hydroxydopamine (6-OHDA) — induced dopaminergic neuro-
degeneration in C. elegans model of Parkinson's disease.*’

AD is a complex neurodegenerative disease. Presently, there is
still no satisfactory in vitro cellular models for studying AD patho-
genesis and therapeutics, while using transgenic mice models of AD
for such studies are costly and time consuming. Simple invertebrate
models of neurodegenerative disease offer experimental advan-
tages for pharmacological evaluation and screening.® C. elegans is a
small, free-living nematode that has many biological advantages,
such as short and reproducible lifespan and life cycle, ease of
maintenance, tractable genetic manipulation, and significant con-
servation of genes with human; thus, it is widely accepted as a
suitable animal model for studying aging and neurodegenerative
diseases.’! 2 Particularly, in case of AD multiple transgenic strains
have been generated to express amyloid-} aggregation and utilized
as an in vivo AD model for testing the efficacy of extracts/com-
pounds, as well as their potential mechanism against Ap-induced
neurotoxicity.%>4?>

Therefore, our study was carried out to evaluate the potential of
H. scabra extracts on Af deposition and proteotoxicity in transgenic
C. elegans AD models, including the muscle-expressing Ap CL4176
and CL2006 strains and pan-neuronal cell-expressing Ap CL2355
strain. We hypothesized that H. scabra extracts could delay Af-
mediated paralysis, reduce AP aggregation, attenuate AB-induced
pathological behaviors, and extend the lifespan.
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2. Materials and methods
2.1. Preparation of H. scabra extracts

The sea cucumber, H. scabra, were provided by the Coastal
Fisheries Research and Development Center, Prachuap Khiri Khan,
Thailand. They were euthanized with clove oil and cut midline at
the dorsal part to open the body. Whole body (WB) and body wall
(BW) of H. scabra were collected, chopped into small pieces and
stored at —80 °C for subsequent usage. To obtain the natural
components, sea cucumber samples were solvent-extracted using
low to high polarity solvents, i.e., ethanol, ethyl acetate, and
butanol, respectively, using the extraction procedure described in
our previous studies.'*?° The extraction of H. scabra used in this
study were composed of ethanol extract of body wall (BWET), ethyl
acetate extracts of whole body and body wall (WBEA and BWEA)
and butanol extracts of whole body and body wall (WBBU and
BWBU). The stock solutions of these extracts were dissolved in
dimethyl sulfoxide (DMSO) and stored at —20 °C. A final concen-
tration of 0.1% DMSO was applied in all experiments. Furthermore,
H. scabra extracts were analyzed to determine the chemical com-
pounds by using proton nuclear magnetic resonance ('H NMR). The
TH NMR was recorded on a Bruker Ascend™ 400 MHz or Bruker
Advance 500 MHz in CDCL3 using TMS as an internal standard, or
otherwise instructed.”’%?® The handling and extraction protocol of
H. scabra were approved by Faculty of Science, Mahidol University
Animal Care and Use Committee (MUSC-ACUC), permit no. MUSC
60-049-399.

2.2. Worm strains, maintenance, and synchronization

C. elegans strains used in this study are listed in supplementary
data (Table S1). The C. elegans strains were composed of wild type
strain (N2), CL802 (smg-1(cc546);ro0l-6(su1006); control strain for
CL4176), CL2122 (mtl-2::GFP; control strain for CL2355), transgenic
CL4176 (myo-3p::AB1-42::let-851 3'UTR + rol-6(su1006); human
AP1_47 expression on muscle cells), transgenic CL2006 (unc-
54::AB1.42 + rol-6(su1006); human ABj_42 expression on muscle
cells), and transgenic CL2355 (snb-1::AB71.42::3' UTR(long) + mtl-
2::GFP; human Afi_42 expression on pan-neuronal cells) which
were obtained from the Caenorhabditis Genetics Center (CGC;
University of Minnesota, MN, USA). Experiments performed in
C. elegans were approved by Faculty of Science, Mahidol University
Animal Care and Use Committee (MUSC-ACUC), permit no. MUSC
60-051-401. The worms were cultured on solid nematode growth
medium (NGM) plates and fed with Escherichia coli bacteria strain
OP50. All C. elegans strains were maintained following standard
protocols at 16 °C.>” The expressions of human Api_4; in muscle
cells of CL4176 or CL2006 worms and neuronal cells of CL2355
worms were induced by increasing temperature from 16 to 25 °C.
The chunking method was used to preserve and maintain C. elegans
population throughout the experimental periods.

Synchronously spawned eggs were isolated by using bleaching
solution (0.5 ml of 1 M NaOH, 0.6 ml of NaClO and 3.9 ml of dH,0)
and shaken for 7—10 min with a vortex shaker.' The egg pellets
were dropped on fresh NGM plate without bacteria OP50 at 16 °C
overnight to obtain synchronous L1 larvae that were subsequently
used in each experiment.

2.3. Amyloid (-induced paralysis assay

Paralysis assay was performed in CL4176 worms and its control
CL802 to examine the effect of H. scabra extracts on delaying the
onset of amyloid-B induced paralysis. Based on our previous ex-
periments, H. scabra extracts at 500 pg/ml showed strongest effect
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on lifespan extension and reduction of a-synuclein aggregation in
C. elegans models without negative effects to the worms,'*?° thus
the dose at 500 pg/ml was selected for experiments in the present
report. The synchronous L1 worms were prepared on NGM plate
containing 50 pg/ml 5-fluorodeoxyuridine (FUDR; Sigma-Aldrich,
St. Louis, MO, USA) to prevent growth of progeny”® and fed with
OP50 mixed with 500 pg/ml of H. scabra extracts or 0.1% DMSO
control at 16 °C for 24 h. Tetracycline hydrochloride (TET) has been
shown to decrease amyloid-p deposition in in vitro*® and C. elegans
model of AD,>*? thus 50 uM TET was used as positive control. To
stimulate the AP induced paralysis, the worms were temperature-
upshifted from 16 to 25 °C for 36 h. The worms that failed to
move their body or moved only their head when gently touched
with a platinum loop were scored as paralyzed worms. The paral-
ysis was individually scored at 2 h intervals until all worms were
paralyzed.?>>! All paralysis assays were done in triplicate with 40
worms per treated condition.

2.4. Chemotaxis behavior assays

In addition to investigating the AP toxicity by paralysis assay on
the muscle-expressed A CL4176 strain, we performed chemotaxis
assay to determine the recovery of Ap-induced neuronal toxicity by
H. scabra extracts. Chemotaxis assay was performed on CL2355
strain with human A expression in neuronal cells, and CL2122 was
used for control strain as described previously.> Synchronized L1
larvae of CL2355 and its control CL2122 were treated with 500 pg/
ml of H. scabra extracts or the vehicle alone. Tetracycline hydro-
chloride (50 uM) was used as positive control. They were main-
tained in 16 °C for 24 h and then transferred to 25 °C for another
36 h to induce APq.42 expression in neurons. Then, forty worms
were collected and washed with M9 buffer for three times. Then
the worms were placed on the center of the 100 mm agar plates
containing 1.9% agar, 1 mM CaCl,, 1 mM MgSO4, and 25 mM
phosphate buffer, pH 6.0.2° Each assay plate was divided into four
quadrants with two tests (B1&B2) and two controls (E1&E2). Then,
1 ul of attractant (0.1% benzaldehyde in 100% ethanol) (Sigma-
Aldrich, St. Louis, MO, USA) was added onto a spot at 5 mm away
from the edge of assay plate, along with 1 pl of 1 M sodium azide
added on the original spot. On the opposite side of the attractant,
1 wl of control 100% ethanol and 1 pl of 1 M sodium azide were
added. Assay plates containing the worms were incubated at 25 °C
for 1 h and the chemotaxis index (CI) were scored. Chemotaxis
index (CI) was calculated according to the following formula: CI =
(number of worms at the attractant location-number of worms at
the control location)/total number of worms on the plate. The
experiment was performed independently three times.

2.5. Fluorescence quantification of amyloid-f protein accumulation

To elucidate the effect of H. scabra extracts on inhibiting AB
deposition and aggregation which are the causative of neurotox-
icity and onset of AD,*? CL2006 worms carrying human APi_42
expression in muscle cells were investigated by staining with 4-
bis(3-carboxy-hydroxy-phenylethenyl)- benzene (X-34) fluores-
cence dye which mark AB deposit. Thirty synchronous L1 larvae
were placed onto solid NGM plates containing 500 pg/ml of
H. scabra extracts or the vehicle. Tetracycline hydrochloride (50 pM)
was used as positive control. The worms were maintained in 16 °C
for 48 h. Subsequently, the temperature was shifted to 25 °C and
the worms were continuously incubated for 48 h.>* After treat-
ment, the worms were washed in M9 buffer, fixed in 4% para-
formaldehyde/PBS, pH 7.4, for 24 h at 4 °C, and permeabilized in 5%
B-mercaptoethanol, 1% triton X-100, 125 mM Tris, pH 7.4, at 37 °C
for 24 h. The worms were washed three times in M9 buffer, stained
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with X-34, in 1% DMSO for 2 min at room temperature, and the
samples were de-stained with 50% ethanol twice for 2 min.>4%
Stained samples were mounted onto glass slide with 2% agar pad
for microscopy and the staining of A accumulation in muscles was
observed under BX53 fluorescence microscope (Olympus, Corp.,
Tokyo, Japan) with a digital camera. The quantity of deposits
stained with X-34 in the anterior part of the pharyngeal bulb at the
individual worm's head was measured and analyzed by Image]
software (National Institute of Health, Bethesda, MD, USA). Wild-
type N2 was used as control. The experiment was performed in
triplicate independently.

2.6. Western blotting of AB species analysis

The AP species in transgenic C. elegans CL2006 and CL4176
strains were identified by immunoblotting after separation of
proteins on a 15% Tris-Tricine gel following the standard Western
blotting protocol.”>* Synchronous L1 larvae were placed onto solid
NGM plates containing 500 pg/ml of H. scabra extracts or the
vehicle. Tetracycline hydrochloride (50 uM) was used as positive
control. CL2006 worms were maintained in 16 °C for 48 h and then
were incubated at 25 °C for 48 h. CL4176 worms were maintained at
16 °C for 24 h, then the temperature was increased from 16 to 25 °C
for 36 h. C. elegans were collected and washed with M9 buffer for
three times, quickly frozen in liquid nitrogen. The worms were
homogenized in lysis buffer containing 1X RIPA buffer and 1X
protease inhibitor cocktail (1X, Sigma-Aldrich, St. Louis, MO, USA)
and then cooled on ice and centrifuged at 10,000 rpm for 15 min at
4 °C. The proteins in supernatant were quantified using Bicincho-
ninic acid assay (BCA protein assay; Thermo Fisher Scientific,
Waltham, MA, USA). The protein (30 pg) was denatured prior to
electrophoresis, protein samples were run at 120 V on SDS —Tris
gel, and then transferred to Amersham™ Hybond®P 0.45 pm PVDF
membrane for detecting molecular weights (MW) of Ap species.”>*
The membrane was blocked for 2 h in Tris-buffered saline (TBS-
tween® 20) + 5% bovine serum albumin (BSA) at room temperature
to prevent non-specific binding of antibodies. The A protein spe-
cies were incubated with the mouse anti-AB monoclonal antibody
6E10 (1:500; MyBiosource, SanDiego, CA, USA) or rabbit anti-
amyloid oligomers polyclonal antibody A11 (1:5,000; Thermo
Fisher Scientific, Waltham, MA, USA) overnight at 4 °C and were
detected with goat anti-mouse IgG-peroxidase conjugated H + L
(1:5,000; Sigma-Aldrich, St. Louis, MO, USA) or goat anti-rabbit
secondary antibody (1:2,000; Abcam, Cambridge, MA, USA),
respectively. Mouse monoclonal anti-o. smooth muscle actin anti-
body (1:1,000; Sigma-Aldrich, St. Louis, MO, USA) was used to
detect actin as an internal control. Secondary antibody binding was
carried out for 2 h at room temperature. The immunoreactive
protein bands were detected by using PerkinElmer chem-
iluminescence detection kit assay (Thermo Fisher Scientific, Wal-
tham, MA, USA) and imaged with chemiluminescent gel document
(Alliance Q9 mini). Mean intensity of the AB-reactive bands were
analyzed by using Image-] software (National Institute of Health,
Bethesda, MD, USA).

2.7. Lifespan assay

Lifespan assay was performed in transgenic C. elegans strains,
CL2006, CL4176 and CL2355, following the protocol described
previously.'>?° Synchronized 50 worms of L1 larvae per group were
transferred to NGM plates containing 50 ug/ml FUDR in absence or
presence of 500 pg/ml of each fraction of H. scabra extracts. Then,
transgene expression was induced by upshifting the temperature
from 16 to 25 °C. The worms were counted as alive or dead every
day until the last worm died. The dead worms were considered if
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they did not respond to gentle stimulation with a platinum wire or
did not exhibit pharyngeal pumping movement. The exploding,
protruding, or contaminated worms were counted as censored
worms which were excluded in the lifespan calculation. The
experiment was performed in triplicate. The number of survival
and dead worms were analyzed statistically and plotted as a sur-
vival curve.

2.8. Measurement of intracellular reactive oxygen species (ROS) in
C. elegans

The intracellular reactive oxygen species (ROS) level in worms
was determined by using 2,7~ dichlorodihydrofluorescin diacetate
(H2DCF-DA) (Molecular Probes, Carlsbad, CA, USA) following the
protocol previously described.®’ Briefly, the age-synchronized L1
transgenic C. elegans CL2006 and CL4176 strains were treated with
500 pg/ml of H. scabra extracts or the vehicle. Tetracycline hydro-
chloride (50 uM) was used as positive control. To initiate the am-
yloid-B expression, the worms were temperature upshifted from
16 °Cto 25 °C. Then, C. elegans were collected and washed with M9
buffer three times to remove the bacteria. The worms were ho-
mogenized using sonication and subsequently centrifuged at
2,000 rpm at 4 °C for 3 min. The supernatant was collected and
incubated with DCF-DA solution (50 uM in M9) at 37 °C for 30 min.
The fluorescent DCF was quantified in a fluorescence spectropho-
tometer (Spark ® 10 M microplate reader, TECAN, USA) with exci-
tation at 485 nm and emission at 530 nm. The fluorescence was
measured every 10 min for 2 h.

2.9. Statistical analysis

Each experiment was performed independently three times. All
data were statistically analyzed using GraphPad Prism software
(GraphPad software, Inc., Jolla, CA). For paralysis assays, a two-way
ANOVA was used to determine significant difference. Analysis of
lifespan was performed on Kaplan-Meier curve and p values was
calculated using the log-rank test. Survival curves resulting in p-
values of <0.01 relative to control was considered to be significantly
different. All results were presented as mean + standard deviation
(SD). The significant difference at the p < 0.01 level was calculated
by one-way ANOVA analysis following the Tukey-Kramer test for
multiple comparison results.

3. Results

3.1. H. scabra extracts delayed the progression of Af-induced
paralysis

To determine whether H. scabra extracts could delay the AB-
induced toxicity, the paralysis assays were performed using CL4176
strain that expresses human AB.42 and CL802 strain was used as a
control. CL4176 worms fed with all fractions of H. scabra extracts at
500 ug/ml or 50 pM TET exhibited significant delay of paralysis
induced by human ABq.42 expression in muscle cells (Fig. 1B, D),
with WBEA and BWEA fractions being the most effective when
compared to the control. The delay of paralysis by WBEA and BWEA
appeared to be statistically significant at 28—44 h after temperature
upshift, whereas the worms treated with WBBU and BWBU showed
significant delay of paralysis at 30—38 h after temperature upshift
(p < 0.01; Fig. 1B). BWET-treated worms also exhibited significant
delay of paralysis at 28—40 h after temperature upshift when
compared to ddH,0 -treated control group (p < 0.01; Fig. 1D).

For quantitative analysis, PT5¢ value of each group was deter-
mined as a time interval when half of the worms were paralyzed
starting from the onset of paralysis.>”> The duration of temperature
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upshifted to induce paralysis was 27 h. Thus, PTs¢ of 5.75 h for
DMSO-treated control group was obtained by subtracting the onset
paralysis time at 27 h from the time when 50% of the worms were
paralyzed at 32.75 h (Supplementary table S2). CL4176 worms
treated with WBEA, BWEA, WBBU, and BWBU exhibited statisti-
cally significant lengthening of PTsg (delayed paralysis time) at
11.02 + 0.27, 10.47 + 0.22, 8.17 + 0.25, 6.99 + 0.62 h compared to
DMSO-treated group 5.75 + 0.08 h (p < 0.01; Fig. 1C). Additionally,
BWET-treated, and TET-treated positive control exhibited signifi-
cant delay of PTsg at 10.42 + 0.38,13.20 + 0.77, compared to ddH;0-
treated negative control at 5.83 + 0.14 (p < 0.01; Fig. 1E). In CL802
worms treated with DMSO- or ddH;0 no paralysis was detected.
Thus, these results suggested that all fractions of H. scabra extracts,
especially WBEA and BWEA, could protect the transgenic AD
worms from AB-induced paralysis.

3.2. H. scabra extracts ameliorated AG-induced neuronal defect in
chemotaxis behavior

Chemotaxis assay was performed using CL2355 strain contain-
ing neurons that express human Af and CL2122 as a control strain.
Since the chemotaxis response in worms is mediated by in-
terneurons to stimulate motor neurons, the A expression in neu-
rons leads to defect in chemotaxis response. In this assay, a
chemical, benzaldehyde, was used as an attractant and ethanol as a
control, both of which were mixed with sodium azide to paralyze
the worms on contact (Fig. 2B). Quantitatively, the response was
reported as chemotaxis index (CI) which was measured as a frac-
tion of worms able to reach the location of attractant. The results
revealed that CL2355 strain exhibited a significant decrease of CI
compared with CL2122 control strain, when both were treated with
DMSO (CICL2122 0.72 + 0.01 vs Cl¢r2355 0.23 + 0.05; p< 0.01; Fig. 2C).
CL2355 worms treated with WBEA, BWEA, WBBU, and BWBU
showed significantly increased CI when compared with DMSO-
treated group (p < 0.01; Fig. 2C). Interestingly, CL2355 treated
with WBEA and BWEA showed markedly high CI almost equal to
that of CL2122 (Fig. 2C). By contrast, CL2355 worms treated ddH,0
also exhibited a significant decrease of CI compared with CL2122
control worms (Clcp2122 0.71 + 0.01 vs Cl¢r2355 0.24 + 0.01; p < 0.01;
Fig. 2D). Furthermore, CL2355 worms treated with BWET fraction
showed significant increase of CI compared with ddH;O-treated
group (p < 0.01; Fig. 2D). The positive control, TET-treated worms at
concentration of 50 pM, also showed significantly increase of CI
compared to control ddH,0-treated group (Fig. 2D). These findings
indicated that H. scabra extracts could ameliorate AB-induced
toxicity on neural control of chemotaxis.

3.3. H. scabra extracts decreased A@ protein accumulation in
transgenic CL2006 worms

The effect of H. scabra extracts on inhibiting A deposition and
aggregation was examined in CL2006 worms by staining with X-34
fluorescence dye to quantify the amount of Af deposition (Fig. 3B,
white arrows). The amount of Af deposition was scored in the
worm's head region at the level of pharyngeal bulb. The number of
AP deposition was markedly reduced in worms treated with WBEA,
BWEA, WBBU, and BWBU when compared with DMSO-treated
worms (Fig. 3B). The result showed that the mean number of Ap
deposits in each group was significantly decreased in CL2006
worms treated with WBEA, BWEA, WBBU, and BWBU fractions
compared with DMSO-treated worms (p < 0.01; Fig. 3C). Similarly,
the number of AR deposition was distinctly reduced in worms
treated with BWET and TET when compared with ddH,O treated
worms (Fig. 3B). The mean number of Af deposits in CL2006 worms
treated with BWET and TET was also significantly decreased
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Fig. 1. Effects of H. scabra extracts on delaying paralysis in transgenic AB-expressing C. elegans, strain CL4176. Diagram illustrating the paralysis assay of CL4176 and CL802 (control)
worms, showing the time at which the temperature was raised from 16 °C to 25 °C, when the H. scabra extracts were administered, and when the paralysis assay was done (A). Time
duration of AB-induced paralysis in the transgenic CL4176 strain treated with 500 pg/ml of WBEA, BWEA, WBBU, BWBU fractions (B) and BWET fraction (D). Tetracycline treatment
served as positive control, whereas 0.1% DMSO and ddH,0 were used as negative controls (B, D). Synchronous L1 worms were placed for 24 h at 16 °C on NGM plates fed with
H. scabra extracts, tetracycline, or vehicle. The numbers of the paralyzed worms were counted at 26 h following temperature upshift to 25 °C then at 2 h intervals thereafter, and
plotted as percent of unparalyzed worms from three independent experiments. CL802 which does not express AP transgene was used as transgenic control. Paralysis assays were
quantified as PTso which is the duration at which 50% of worms were paralyzed after temperature upshift (C, E). An asterisk (**) indicates the significant difference in paralysis

curves at p < 0.01 compared with control.

compared with ddH,O-treated worms (p < 0.01; Fig. 3C). These
results suggested that the protection of H. scabra extracts against A
toxicity may result from their abilities to inhibit Af oligomerization,
which lead to a reduction of toxic AP fibrils and an increase of
monomeric form which is not toxic.

3.4. The effect of H. scabra extracts on Af oligomerization in
transgenic C. elegans

To support the findings mentioned in the preceding sections
that the decrease in AP oligomerization appeared to be protective
against AB-induced paralysis and deficit in chemotaxis behavior,
we investigated whether H. scabra extracts could reduce AP
deposition by decreasing Ap oligomerization by Western blotting.
Anti-AB 6E10 antibody for detecting AB species (Fig. 4 and S1) and
anti-oligomer A11 antibody for detecting high molecular weight Ap
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oligomers were used to detect AB variations in transgenic CL2006
and CL4176 worms treated with H. scabra extracts (Fig. 5 and S2).
The results demonstrated that the level of Ap oligomer band with
molecular weight (MW) ~20 kDa was markedly reduced in both
strains when fed with H. scabra extracts and TET (positive control)
as compared with the negative control (Fig. 4 and S1 (A, D)). The
mean density of this Ap oligomer band was significantly reduced in
both extract-treated CL2006 and CL4176 worms (p < 0.01) (Fig. 4
and S1 (C, F)). Interestingly, a concurrent and significant increase
of the AP monomer band at 4 kDa was detected in CL4176 worms
fed with the extracts and TET (positive control) when compared
with the negative control (p < 0.01) (Fig. S1 (A-E). However, density
of the ABp monomers band at 4 kDa in the treated CL2006 worms
did not differ significantly from that of the negative control (Fig. 4
(A, B)).

When using A11 antibody to detect high MW AB oligomers, both
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C. elegans worms that were treated with the extracts from H. scabra
and TET showed reduction of high MW AP oligomer band as
compared with the control (Fig. 5 and S2). The mean densities of AR
oligomer bands at MW ~75 kDa and ~150 kDa were significantly
decreased in all extract-treated groups compared to untreated
groups (p < 0.01) (Fig. 5 and S2 (B—F)). The results revealed that the
AP species detected by 6E10 and A11 did not overlap in term of MW,
suggesting that AP oligomerizations were attenuated by H. scabra
extracts. Hence, these findings indicated that H. scabra extracts
mediated the protective effects against Ap toxicity by reducing the
formation of AB oligomers.

3.5. The effect of H. scabra extracts on C. elegans lifespan

Positive correlation was found between lifespan extension and
protection against AP toxicity,>®>” thus we investigated the effect of
H. scabra extracts on lifespan extension by performing survival
assay using CL4176 and CL2006 strains. CL2006 worms treated with
WBEA, BWEA, WBBU, BWBU, BWET, and TET showed significant
increase of the mean lifespan to 9.75 + 3.37,9.82 + 3.37,9.89 + 3.7,
9.29 + 3.5, 913 + 3.07, and 9.91 + 3.94 days, respectively, when
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compared to their corresponding control groups (p < 0.01) (Fig. 6 A,
D, G)) (Table 1). The mean lifespan of CL4176 worms treated with
WBEA, BWEA, WBBU, BWET and TET also significantly increased to
10.75 + 2.65, 9.22 + 2.4, 9.17 + 2.50, 9.04 + 2.20, and 9.92 + 2.90
days, respectively, when compared to control worms (p < 0.01)
(Fig. 6 (B, E, H)) (Table 1). However, the mean lifespan of BWBU-
treated group was 8.49 + 2.53 days, which was increased but not
significantly different from that of the control group (Fig. 6H)
(Table 1). These results indicated that H. scabra extracts were
capable of extending mean lifespan of transgenic AB-expressed
worms. Moreover, to evaluate the effect of neuronal Ap expression
on overall survival, we performed a lifespan assay in CL2355 strain.
The mean lifespans of the worms treated with WBEA, BWEA,
WBBU, BWBU and TET significantly increased to 7.85 + 2.39,
7.76 + 248, 7.04 + 2.00, 7.27 + 2.36, and 7.60 + 2.81 days, respec-
tively when compared to control worms (p < 0.01) (Fig. 6 (C, F, I))
(Table 1). However, the mean lifespan of BWET-treated group was
6.81 + 2.03 days, which was not significantly different from that of
the control group (Fig. 6C) (Table 1).
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3.6. H. scabra extracts reduced reactive oxygen species (ROS) in effect of H. scabra extracts on the ROS production in transgenic
C. elegans CL4176 and CL2006 strains and their control strains (CL802 or N2
wild type). The untreated transgenic CL4176 and CL2006 strains

Numerous evidences have shown an association of oxidative exhibited increased levels of ROS compared with the corresponding
stress with Ap-induced toxicity and AD.>® We, therefore, tested the control strains (Fig. 7). Treatment with all fractions of H. scabra
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extracts before the induction of AP expression significantly pre-
vented the elevation of ROS levels in both CL4176 and CL2006
worms. Interestingly, no significant difference was observed in
CL802 (control strain) worm and CL4176 worm treated with 500 pg/
ml WBEA fraction (Fig. 7A), indicating the most effective extracts to
reduce ROS. These results indicated that H. scabra extracts could
attenuate the levels of ROS in both CL4176 and CL2006 worms.

4. Discussion

Alzheimer's disease (AD) is a common neurodegenerative dis-
ease associated with aging. The major pathogenic factor of AD is the
misfolding and formation of AP oligomers, leading to insoluble
aggregates and finally neuronal damage. C. elegans is an ideal model
organism for screening and discovering anti-AD drugs because of
its simple yet representative nervous system, short life cycle, well-
established genetic profile, and low dosage of drug consumption.
Furthermore, the absence of endogenous AP production in the
worms enables researchers to find direct effect of Ap involvement
in pathological behaviors,® as well as providing convenience in
utilizing a variety of transgenic strains for AD models of drug dis-
covery studies.%?*?> Based on these advantages, we chose to
investigate the potential anti-AD effect of H. scabra extracts in
C. elegans model of AD, which we believe to be a pioneering study
to demonstrate strong evidences for in vivo anti-Af toxicity effects
of H. scabra extracts. Our results showed that WBEA, BWEA, WBBU,
BWBU, and BWET fractions of H. scabra extracts at 500 pg/ml could
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alleviate pathological features of AD by attenuating AB oligomeri-
zation and aggregation in muscles and neurons in similar fashion as
tetracycline which was used as a control. These results indicated
that the bioactive compounds in these fractions mediate anti-Af
toxicity to prevent pathological defects in both muscle- and
neuron-expressed AP strains. In addition, the dose at 500 pg/ml
was selected for the study since previous studies have shown the
negative effects of the extracts at high dose, whereas the low dose
showed no protective effect.'?° This could be from the beneficial
effect of the compounds mediated through the mechanism known
as hormesis.>>“? Although all extracts have been shown to signif-
icantly improve behavioral features of AD pathology, WBEA and
BWEA fractions appeared to be the most effective fractions with
anti-Ap proteotoxicity. These groups of extracts have also been
shown to reduce a-synuclein aggregation in Parkinson's disease.?’
Recent studies by our group showed that triterpene glycosides or
saponins were the major components in H. scabra extracts.'*?° In
addition, our previous studies also showed that BWEA,*' WBEA?°
and WBBU' fractions contain triterpene glycoside and phenolic
compounds. Thus, it is possible that the reduction of AB deposition
in C. elegans treated with the H. scabra extracts may result from the
actions of triterpene glycosides or saponins and phenolic com-
pounds in the extracts. In addition, the phenolic compounds in the
extracts are strong antioxidants that may attenuate oxidative stress
from AP as well as diminish the proteotoxicity caused by AB ag-
gregation. Furthermore, accumulated evidences suggested that
saponins have significant neuroprotective effects on attenuation of
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Fig. 5. Effects of H. scabra extracts on A species in transgenic CL2006 strains as detected by anti- AB oligomer A11 antibody. Representative images of Western blotting of Ap species
in worms fed with or without H. scabra extracts at dose 500 pg/ml (A, D), or 50 uM TET (positive control) (D), and detected by anti-Af (A11) or anti-actin antibodies. Quantification of
intensities of high molecular weight Ap oligomer bands at 75 kDa (B, E) and 150 kDa (C, F) were carried out with Image] software. Vertical line indicated high molecular Ap oligomer
bands at 75—150 kDa, while arrow head indicated actin band (43 kDa). Data are expressed as mean + SD of relative band intensity against actin from three independent exper-
iments. *, ** indicate statistically significant difference between treated and untreated groups at p < 0.05 and 0.01, respectively.

central nervous system disorders.*” Therefore, our next goal is to
purify the bioactive compounds from the most effective extracts
and test their efficacies and mechanisms of actions against AD, and
compare with an available standard AD drug. If the anti-AD effect of
these compounds is strong then attempt will be made to chemically
synthesize them for further long-term usage and application.
Based on the “amyloid cascade hypothesis”, Ap deposits lead to a
series of AD features.*> In C. elegans, the paralysis phenotype and
chemotaxis defect are resulted from Af depositions. From our re-
sults, the mean number of AP deposition per nematode was
significantly decreased in CL2006 worms treated with WBEA,
BWEA, WBBU, BWBU, BWET as well as TET-treated worms as
compared with untreated worms. This suggested that H. scabra
extracts, especially WBEA and BWEA fractions, can protect against
AD-like symptoms through directly inhibiting Ap accumulation. To
further examine whether H. scabra extracts reduced the formation
of AB oligomer, immunoblotting was performed. It was revealed
that H. scabra extracts could significantly decrease of oligomeric
form of AB at 20 kDa, which is the main toxic species,** as well as
the larger oligomers at approximately 75 and 150 kDa in both
CL4176 and CL2006 transgenic worms. Previous study has shown
that the reduction of AB oligomerization may be mediated through
AP degradation, alteration of its aggregated forms, or clearance of
the aggregated proteins.”” Moreover, upregulation of autophagic
vesicles has been detected in ginsenosides-treated C. elegans,
indicating that ginsenosides, a plant triterpene glycoside, may
promote autophagy-lysosomal process to eliminate AP aggrega-
tion> The sea cucumber triterpene glycosides, the main
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components in the ethyl acetate fractions of H. scabra may act by
the same mechanism.!*?° Additionally, recent study from our
group has shown that 2-butoxytetrahydrofuran (2-BTHF), a cyclic
ether isolated from H. scabra, can interact with heat shock factor-1
(HSF-1) transcription factor to upregulate the expression of auto-
phagic genes which mediate the clearance of AP aggregates
through autophagy-lysosomal pathway.*® Moreover, in addition to
2-BTHF there may be other bioactive substances in the extracts that
exert this activity; for instance, diterpene glycosides or holothurins
from H. scabra ethyl acetate extracts has been shown to reduce a-
synuclein aggregation by activating the degradation process of
autophagy-lysosomal pathway.*’ Therefore, it is likely that the
bioactive substances included in the H. scabra extracts may exercise
synergistic effects in either directly eliminating A aggregates or
indirectly reducing AB toxicity as demonstrated in other studies.*®
In addition to autophagy pathway, insulin/insulin-like growth
factor-1 (IGF-1) signaling (IIS) pathway may also participate in the
regulation of AP aggregate in multiple ways to protect worms from
the toxicity of AP oligomers in C. elegans. It was found that DAF-16
and HSF-1 upregulations due to decrease of IIS signaling could
negatively regulate protein disaggregate.’” Previous study also
showed an upregulation of DAF-16 in worms treated with H. scabra
extracts.'” Therefore, it is possible that reduction of A oligomers by
H. scabra extracts may be mediated partly through HSF-1 and DAF-
16.

Aging is a naturally occurring biological process wherein phys-
iological functions of organism gradually decline concurrently with
the rises of age-associated disease, including Alzheimer's disease.’’
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Table 1
Effect of H. scabra extracts on lifespan of CL2006, CL4176 and CL2355 worms.

Strain + treatment % increase  Mean + SD Max P value
CL2006 + 0.1% DMSO - 8.75 + 2.60 14 —
CL2006 + 500 pg/ml WBEA 11.40 9.75 + 3.37** 18 <0.01
CL2006 + 500 pg/ml WBBU 13.03 9.89 + 3.70** 19 <0.01
CL2006 + 500 pg/ml BWEA 12.22 9.82 + 3.37** 19 <0.01
CL2006 + 500 pg/ml BWBU  6.17 9.29 + 3.50%* 18 <0.01
CL2006+ ddH,0 - 8.72 + 2.70 14 —
CL2006 + 500 pg/ml BWET 4.82 9.13 + 3.07** 15 <0.01
CL2006 + 50 pM TET 13.77 9.91 + 3.94%* 20 <0.01
CL4176 + 0.1%DMSO - 7.85 +2.22 11 -
CL4176 + 500 pg/ml WBEA  36.94 10.75 + 2.65** 15 <0.01
CL4176 + 500 pg/ml WBBU  16.81 9.17 + 2.50** 14 <0.01
CL4176 + 500 pg/ml BWEA 17.45 9.22 + 2.40** 13 <0.01
CL4176 + 500 pg/ml BWBU  8.15 8.49 + 2.53 13 0.1806
CL4176+ ddH,0 - 740 +2.20 11 —
CL4176 + 500 pg/ml BWET 22.16 9.04 + 2.20%* 13 <0.01
CL4176 + 50 uM TET 34.05 9.92 + 2.90** 15 <0.01
CL2355 + 0.1%DMSO - 5.96 + 1.6 10 -
CL2355 + 500 pg/ml WBEA  31.70 7.85+239% 16 <0.01
CL2355 + 500 pg/ml WBBU 18.12 7.04 + 2.00%* 12 <0.01
CL2355 + 500 pg/ml BWEA  28.69 7.67 + 2.48** 15 <0.01
CL2355 + 500 ug/ml BWBU ~ 21.97 727 +236% 14 <0.01
CL2355+ ddH,0 - 6.38 + 1.78 10 -
CL2355 + 500 pg/ml BWET 6.73 6.81 + 2.03 12 0.0147
CL2355 + 50 uM TET 19.12 7.60 + 2.81** 17 <0.01

Previous studies showed that H. scabra extracts are able to increase

102

lifespan of both wild-type and transgenic C. elegans model of Par-
kinson's disease.'?° In this study, we found that WBEA, BWEA,
WBBU, BWBU, and BWET fractions could also extend lifespan and
survival rates of the transgenic AD worms. Several factors have
been shown to be associated with the lifespan extension in the
treated C. elegans, including high amounts of anti-oxidants and the
presence of active compounds in the extracts. Moreover, in AD and
PD C. elegans models, the lifespan extension may also be resulted
from the elimination of toxic protein aggregates, such as AP or -
synuclein as found in the studies of Oleuropein aglycone®’ and n-
butanol extract of Hedyotis diffusa (HDB).>° Thus, lifespan extension
activity of H. scabra extracts in transgenic AD worms may be
mediated through similar mechanisms, i.e., the anti-oxidant
properties of chemicals in the extracts and their abilities to elimi-
nate toxic protein aggregation.

Numerous studies demonstrated that oxidative stress plays a
key role in AB-induced neurotoxicity and the progression of AD.”!
To this end, elevated ROS production was found in transgenic
C. elegans expressing constitutive and inducible AB.>? In this study,
we found that the extracts derived from H. scabra could decrease
the intracellular ROS in transgenic CL4176 and CL2006 worms. It is
possible that H. scabra extracts decreased AP oligomerization,
leading to reduced intracellular ROS in AD worms. Moreover, the
extracts themselves may exert anti-oxidant properties to directly
scavenging ROS.'%°> Taken together, the results suggested that
H. scabra extracts could reduce AP oligomeric form and their
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toxicity, as well as exert anti-oxidant effect to neutralize oxidative
stress, thereby improving the overall health span and lifespan of
the organism. Therefore, using crude extracts of H. scabra to treat
AD seems to be more advantageous than single compound as they
may act synergistically to activate several targets to attenuate AD
progression. In addition to demonstrating the therapeutic value of
H. scabra extracts in protecting against AD, this study also high-
lighted the economic value of H. scabra, as the increasing demand
will stimulate the production of this species, which in turn will
generate income for farmers as well as overall economy of society.

5. Conclusions

The present study demonstrated the neuroprotective effects of
H. scabra extracts against AD in C. elegans model. The extracts
reduced the AB aggregation by inhibiting the generation of toxic AR
oligomeric forms, thus ameliorate the deficits in physiological be-
haviors from AB-induced toxicity. In addition, H. scabra extracts
could also extend the lifespan and reduced ROS level in AD worms.
This study demonstrated possibilities that H. scabra extracts could
be used for prevention as well as potential treatment for AD, which
should be further tested in mammalian models as well as in clinical
trial before application in humans could be adopted.
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