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Abstract.

BACKGROUND: Cocoa, a significant contributor of polyphenols to the western diet has been shown to be effective against
AP induced toxicity in vitro. However, the effects of long-term cocoa supplementation on A3 induced behavioural deficits,
particularly on the short-term memory loss observed in human AD are not well defined.

OBJECTIVE: This study characterized the phenotype of a pan-neuronal A expressing C. elegans strain and investigated
the effects of long-term cocoa supplementation on A induced behavioural deficits including short-term memory loss and
lifespan.

METHODS: Cocoa powder was supplemented to the E. coli OP50 diet of C. elegans starting from L1 stage until they die.
Neuronally controlled processes including locomotion, learning and memory were studied at different stages of the lifespan.
In addition, lifespan was evaluated with different cocoa doses. A fibril levels were determined with Thioflavin T.
RESULTS: A expressing worms showed a reduced growth, a reduced maximum speed at old age, short-term memory
deficits at middle age and a reduced lifespan. Cocoa-supplementation reversed the deficits in growth, maximum speed,
short-term memory loss and lifespan to reach similar levels to control counterparts while reducing the A fibril levels.

CONCLUSIONS: Long-term cocoa supplementation seemed to improve A3 induced deficits in C. elegans.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neu-
rodegenerative disorder which is characterized by
a gradual loss of memory and cognitive skills [1].
Pathological hallmarks of AD include extracellular
deposition of amyloid- (AB) plaques and intracel-
lular aggregation of neurofibrillary tangles in the
brain. Being the most common cause of dementia
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worldwide, AD accounts for 50—-80% of all dementia
cases [2]. Prevalence of AD increases with age and
it is becoming increasingly common as global older
population is escalating. To date, there is no pharma-
ceutical intervention that has been shown to cure this
multifactorial disease or halt the disease progression.

It has been shown that healthy dietary pattern is
one of the key protective factors for AD [3]. Higher
adherence to a diet rich in natural plant-based foods
has shown to reduce the incidence of neurodegenera-
tive diseases [4, 5]. One possible explanation for this
reduction is the action of polyphenols in such foods
through different mechanisms [6]. Cocoa and its
products are known to be rich sources of polyphenols
which significantly contribute to the total antioxi-
dant capacity of the diet [7, 8]. Several studies report
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beneficial effects of cocoa peptides, cocoa extracts
and cocoa polyphenols in A3 induced toxicity in AD
[9-12]. However, how cocoa consumption affects A3
induced behavioural deficits, in particular learning
and memory and lifespan are not well-defined.

C. elegans is an inexpensive in vivo model which
has been widely used to study A toxicity [13—-17].
Even though C. elegans lack AP and -secretase and
do not exhibit human pathological and behavioural
symptoms of AD, several transgenic strains that
express human A have been developed for pharma-
cological evaluation and mechanistic studies [18]. In
this study, we selected a C. elegans strain expressing
constitutive pan-neuronal Af31—42 which displays an
age-related onset of behavioural dysfunction, such as
that observed in human AD [16]. Therefore, the aim
of this study was to characterize the phenotype of this
neuronal AB|—42 expressing strain and to determine
the effects of long-term cocoa supplementation on
A induced behavioural deficits and the lifespan.

2. Materials and methods

2.1. C. elegans strains and maintenance

Transgenic [GRU101 gnals1 (myo-2p::yfp), GRU
102 gnals2 (myo-2p::YFP+unc-119p::Abeta;—43)]
C. elegans and Escherichia coli (E. coli) OP50 were
obtained from Caenorhabditis Genetics Center (Min-
neapolis, MN, USA). Worms were maintained on
nematode growth medium (NGM) plates carrying a
lawn of E. coli OP50. Worm maintenance as well as
all the experiments were carried out at 20°C.

2.2. Obtaining synchronous cultures

Age-synchronized worms were obtained by blea-
ching gravid adults. Briefly, gravid hermaphrodites
were washed off from an NGM plate with M9 buffer
and made the final volume to 3.5 ml. Bleaching solu-
tion (bleach: SN NaOH =2 : 1) was added to the worm
suspension at a volume of 1.5 ml. The suspension was
mixed by vortexing the tube five seconds and keeping
further 30 seconds on rest until all the worm bodies
got dissolved. The suspension was centrifuged (2 min
at 1300 g) to pellet the released eggs and the super-
natant was poured off. M9 buffer was added to a final
volume of 5 ml, centrifuged again and the supernatant
was removed. This step was repeated at least three
times to completely get rid of the bleaching solution.

The egg pellet was resuspended in 3 ml of M9 and
kept for 48 hours on a shaker for hatching.

2.3. Cocoa treatment

A commercially available cocoa powder, which
was an unsweetened dry powder processed with alkali
was used for the study. A cocoa suspension was made
to the desired final concentration in M9 buffer to make
it spreadable. For all the experiments except lifespan,
a single dose of cocoa which is 5 mg of cocoa powder
suspended in 1 ml of M9 was used. For the lifes-
pan experiment, five different doses of cocoa were
prepared by suspending 1 mg, 2 mg, 3 mg, 4 mg and
5 mg cocoain 1 ml of MO buffer. Concentrated E. coli
OP50 was prepared by suspending 1 g of E. coli pel-
let in 16 ml of M9 buffer. Concentrated E. coli was
first added to NGM plates and was grown overnight
at 20°C. Cocoa suspension was added on the top of
E. coli lawn at a ratio of 1:2 volume, E. coli: cocoa
suspension (for small plates: 100 ul of E. coli and
200 wl of cocoa, for medium plates: 200 w1 of E.coli
and 400 .l of cocoa). Worms received cocoa starting
from L1 stage.

2.4. Growth and locomotion

Age synchronized worms were washed off from
both treatment and control plates and collected in a
15 ml falcon tube. Once worms settled to the bot-
tom, supernatant was removed and 5 ml of M9 was
added to wash off the food and repeated twice. There-
after, 100 1 of worm suspension was placed on plain
agar plates in the absence of food. Plates were left
in the laminar flow cabinet for 5 min to dry out the
liquid. Then, they were placed under a stereo micro-
scope (SMZ745T; Nikon, Japan equipped with G-AL
1.0 x objective) and videos were captured using NIS
Elements imaging software (version 5.01, Japan) and
a digital camera (DS-Fi2; Nikon, Japan) with set-
tings at 50 frames per second, 30 second duration
per video and resolution of 640 x 480 pixels. The
scale bar (m) in the imaging software was used to
convert pixels into wm. Worms were tracked and anal-
ysed via WormLab 3.1 software (MBF Bioscience,
Williston, VT USA). Worms tracked over a minimum
of 10 seconds were included in the final analysis.
Mean body length (um), mean area (um?), mean
speed (um/s), maximum speed (um/s), and maxi-
mum amplitude (um) were reported. According to the
WormLab software, speed is defined as the distance
per second travelled by the worm along its central
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axis. Maximum amplitude is the maximum centroid
displacement over an entire track.

2.5. Determination of motility classes at old age

Motility classes of worms were determined as pre-
viously described (19). Age synchronized worms
were sorted by class (A, B or C) at day 12 and re-
scored for class every day until death. Animals move
constantly away from the touch stimulus and leave
sinusoidal tracks in the E. coli lawn were catego-
rized into the class “A”. Worms do not move unless
prodded and leave non-sinusoidal tracks were catego-
rized as class “B”. Worms do not move even prodded
but, exhibit head and/or tail movements or twitch in
response to touch were categorized as class “C”.

2.6. Learning and short-term associative
memory

Naive chemotaxis, learning and short-term asso-
ciative memory were determined based on C. elegans
positive butanone learning assay (Fig. 1A) [20].
Age-synchronized worms (approximately 1000)
were grown on high growth media plates with food
until they reached the desired age. Chemotaxis assay
(Fig. 1B) was performed with approximately 200
worms. Remaining were starved for 1hr and at the
end of starvation period, worms were associated
with food and chemo-attractant butanone for 1 hr.
Chemotaxis assay was repeated to test 1x (massed)
associative learning immediately after conditioning
(t=0 time point). Rest of the worms were transferred
equally to two NGM plates seeded with E. coli
and incubated at 20°C. After 1hr, and 2hrs from
food-butanone association, chemotaxis assay was
performed with the worms on two plates (r=1hr
and =2 hr time points). Chemotaxis index (CI) was
calculated as, CI=[(Number of worms at butanone)
— (Number of worms at ethanol)]/ (Total number of
worms). The learning index (LI) at different time
points was calculated as, LI =Chemotaxis index; —
Chemotaxis indexnajve. Dementia index (short-term
associative memory loss) was calculated after 1 hr
and 2 hrs from the food-butanone association (De-
mentia index; = Learning indexq - Learning indexy).

2.7. Lifespan assay

Lifespan assay was performed as described in ref-
erence [21]. Floxuridine (FUdR) was not used to

avoid progeny production and instead worms were
transferred everyday onto fresh plates until they stop
laying eggs (until day 9). Thereafter, worms were
transferred every other day. Worms that were crawled
off from the plates were excluded from the analy-
sis. Survival curves were plotted. Mean, median and
maximum lifespan were reported.

2.8. Quantitative staining of AB fibrils with
Thioflavin-T

Quantitative staining of A fibrils with Thioflavin-
T (ThT) was performed according to a previously
described method [22] with slight modifications. At
day 4 and day 8 worms were collected by washing
the plate with 1 ml of M9 buffer and transferred
into an Eppendorf tube. The worms were pelleted
by centrifugation at 14 k rpm for 2 min and the super-
natant was poured off. Worms were washed two more
times with M9 to get rid of food. Worm pellet was
resuspended in 500 ul of M9 in a microcentrifuge
tube, snap frozen in liquid nitrogen and stored at
—80°C until use. Worms were thawed and homog-
enized by using Precellys®24 Homogenizer (Bertin
technologies) and Precellys® lysing kit: 03961-1-004
(0.5 mm glass beads) at 6400 rpm, 2x10 secs twice
for a total time of 40 secs in 500 wl of M9. Homog-
enized worms were centrifuged at 14k rpm for 2 min
and the supernatant was collected into a new tube. The
concentration of total soluble protein in each sample
was quantified by bicinchoninic acid assay (Pierce™
BCA Protein Assay Kit). Equal amount of protein
was used from each sample and triplicates were per-
formed for each. Each replicate was mixed with 10 1
of M9 buffer and 2 .l of 1 mM ThT (Sigma) in a final
volume of 100 pl. Fluorescence intensity was mea-
sured by a fluorescence plate reader (CLARIOstar
multi-mode plate reader, BMG LABTECH) using
excitation at 440 nm and emission at 482 nm and
averaged from three independent experiments.

2.9. Statistical analysis

All statistical analyses were performed in IBM
SPSS® statistics software (version 24). Data were
expressed as mean =+ standard error of mean (SEM).
Differences between groups for body length, mean
area, locomotion, chemotaxis and worm classes (at
day 12) were analysed using general linear model,
multivariate test. Differences between AR levels were
calculated using general linear model, univariate test.
Differences between the number of days to reach
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Fig. 1. Learning and short-term associative assay workflow, adapted from (20). (A) Short-term associative memory assay: Starved worms
were conditioned with butanone for 1 h and some of them were immediately tested for 1X learning (#=0) and the rest were transferred onto
holding plates for 1 h and 2 hrs (B) Chemotaxis assay: Briefly, 1 I of 2M NaN3 was added to the butanone (left) and EtOH (right) spots.
Then, 1 wl of 10% Butanone in 95% EtOH and 95% EtOH were added to the butanone and EtOH spots. Worms (200) in M9 buffer were
added to the origin. KimWipe absorbed M9 and released worms. Worms moved to either butanone or EtOH spots and were paralysed.

motility group B/C from A was determined using
t-Test. Survival function was estimated using Kaplan-
Meier curves. Survival curves were compared using
log rank (Mantel-Cox) test. Maximum lifespan was
the average lifespan of top 10 longest-lived worms.
Differences between groups for maximum lifes-
pan were determined using one-way ANOVA with
post-tests (Tukey’s test). P <0.05 was considered sig-
nificant.

3. Results

3.1. Cocoa supplementation reversed the
reduced growth in pan-neuronal AB1—4>
expressing worms

We measured body length (wm) and area (nm?)
of worms starting from day 2 (after 24 hours
from introducing L1 worms to food) till day 8 as
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Fig. 2. Body length (um) and area (wm?) of control and cocoa supplemented GRU102 (AR —42) and GRU101 (control) worms. Experiments
were performed in triplicate. Values are expressed in mean + SEM (n >44). *P <0.05 for the indicated comparison (calculated using
multivariate test, general linear model). (A) GRU102 worms were shorter than GRU101 worms across all the time points, except day 2
(P <0.05). (B) Cocoa supplementation significantly increased the body length of GRU 102 worms to reach similar levels to GRU101 worms
starting from day 4. (C) GRU102 worms were thinner than GRU101 worms across all the time points (P < 0.05). (D) Cocoa supplementation
increased the thickness of GRU102 worms to reach similar levels to GRU101 worms at day 8.

indicators of worm growth and development. Results
showed that AB1—4o expressing worms (GRU102)
were significantly shorter than control (GRU101)
worms across all the time points starting from day
3 (P<0.05, Fig. 2A). Cocoa supplementation signif-
icantly increased the body length of GRU102 worms
to reach similar levels to GRU101 worms starting
from day 4 (Fig. 2B). GRU102 worms were signifi-
cantly thinner than GRU101 worms across all the time
points (P <0.05, Fig. 2C). Cocoa supplementation
increased the thickness of GRU102 worms to reach
similar levels to GRU101 worms at day 8 (Fig. 2D).

3.2. Pan-neuronal ABi—ap expressing worms
showed a reduced maximum speed at old
age which was reversed by cocoa
supplementation

Mean speed (pm/s), maximum speed (um/s) and
maximum amplitude (pum) were measured as indica-
tors of worm locomotion across the lifespan starting
from day 2 to day 12. There was no significant dif-
ference for mean speed between the strains across
all the time points, except day 8 (Fig. 3A) How-
ever, cocoa supplementation significantly increased



122 M. Munasinghe et al. / Cocoa reverses Ap induced dementia in C. elegans

A B
400 -® GRU101.control
250+ * & GRU102.control
4 -4 GRU101.cocoa
“¥- GRU102.cocoa
:..200 ssoo-
5150- 5
] 4 izoo- D
§'1oo -
§ 3
s 100~
80 -&- GRU101-control
J < GRU102-control
: 1} L] | ] L) 1 J 1] v | ] L} L J L : 1] L] L) T  J L] 1 J L] 1} L] L}
2 3 4 6 6 7 8 9 10 11 12 2 3 4 5 6 7 8 9 10 11 12
Days Oays
C D
4 GRU101-control
2000 -
sove : e
- GRU101-c0c0a
i ¥ GRU102-c0coa
1600+ 2000
2 * 3
5 " 51500-
& 1000+
H : -
-1 3
b 3 3
800
800 =
Tz 3 4 6 6 7 8 9 101 12 T2 3 4 6 6 7 8 3 101 92
Days Days
E F
240+ 240+ -
220+ ;s = * 220+ x ¥ ¥
200« * * 200+
‘g‘uo- guo-
160+ & o 1604
31“" 31“1
?120- gm-
'] x 1907 # GRU101-control
o
z % : ::mg;-oomd F 80 & GRUI02
604 control 604 - GRU101-cocoa
40+ 40+ ¥ GRU102<cocoa
20-r—TTTT T T T T Wty
2 3 4 6 6 7 8 9% 10 11 12 2 3 4 85§ 6 7 8 9 10 11 12
Days Days

Fig. 3. Locomotion parameters of control and cocoa supplemented GRU102 (AB1—42) and GRU101 (control) worms. Mean speed (m/s),
maximum speed (pum/s) and maximum amplitude (um) were measured from day 2 to day 12. Experiments were performed in triplicate.
Values are expressed in mean + SEM (n > 42 per group). *P <0.05 for the indicated comparison (calculated using multivariate test, general
linear model). (A) There was no significant difference between 2 worm strains for mean speed across all the time points, except day 8. (B)
Overall, cocoa-supplementation increased the mean speed of both strains from day 4. (C) GRU102 worms showed a reduction in maximum
speed at old age (day 10-12) which was significantly low at day 11 and 12 compared to GRU101 worms. (D) Overall, cocoa improved the
maximum speed in both strains across most of the time points and reversed the reduction (P >0.05) of maximum speed in GRU102 strain
at old age to reach similar levels to GRU101. (E) The maximum amplitude of GRU102 worms was less across most of the time points
(especially at the middle age) compared to GRU101 worms. (F) Even though cocoa improved the maximum amplitude of GRU102 worms
at some of the time points, there was no significant effect at most of the time points.
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Fig. 4. Locomotion of control and cocoa supplemented GRU102 (AB1—42) and GRU101 (control) worms at old age. Worms were categorized
into either class A, B or C at day 12 depending on their motility. They were re-scored for class every day until they die. For each group,
average number of days to reach class B/C from A was calculated. Experiments were performed in triplicate. Values are expressed in
mean + SEM (n > 24). (A) There was no significant difference between the groups for class “A” and “B+C” at day 12 (*P <0.05 for the
indicated comparison calculated using general linear model, univariate analysis). (B) The number of days taken by cocoa-supplemented
GRU101 worms to reach class “B/C” from “A” was significantly lower (*P <0.05 for the indicated comparison calculated using 7-Test,

two-sample assuming equal variances).

the mean speed of both strains across most of the
time points (Fig. 3B). Maximum speed of APB1—42
expressing worms (GRU102) showed a reduction at
later stage of life starting from day 10 upto day
12 compared to control (GRU101) worms (P <0.05,
Fig. 3C). Cocoa supplementation reversed this reduc-
tion in GRU 102 strain to reach similar levels to
GRU101 (Fig. 3D). Maximum amplitude of GRU102
worms was significantly lower across most of the
time points compared to GRU101 worms (P <0.05,
Fig. 3E). However, cocoa supplementation was not
able to reverse this reduction in GRU102 strain at
most of the time points (Fig. 3F).

3.3. Cocoa supplementation maintained a
similar motility reduction rate in
pan-neuronal AB1—42 expressing worms at
old age as their control counterparts

Worms were further studied for their motility at old
age by grouping them at day 12 into either class A,
B or C and re-scoring them for their class every day
until they die. Class “A” represented the highly motile

group. Class “B” was less motile compared to class
“A” and class “C” was the least motile group. Worms
showed no significant difference for their class at day
12 (Fig. 4A). However, cocoa-fed GRU101 (control)
worms took a significantly reduced number of days
to reach class B/C from A (P <0.05, Fig. 4B).

3.4. Cocoa supplementation improved the
short-term memory loss in pan-neuronal
AB1_4p expressing worms at old age

As worms showed a rapid reduction in chemotaxis
and it was not detectable at day 12 (old age), we per-
formed learning and short-term associative memory
assay only at day 4 and 8 to represent young and
middle age of worms respectively. There was no sig-
nificant difference between GRU101 (control) and
GRU102 (AB1—42) worms for the naive chemotaxis at
either day 4 or day 8 (Fig. SA). However, cocoa sup-
plementation improved the naive chemotaxis index
in both strains at day 8 compared to their own con-
trols (P <0.05, Fig. 5B). Similar to naive chemotaxis
index, there was no significant difference between
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Fig. 5. Naive chemotaxis index, learning index and dementia index (short-term memory loss) of control and cocoa-supplemented GRU101
(control) and GRU102 (AB1—42) worms at day 4 (1st day of adulthood) and day 8 (5th day of adulthood) using C. elegans positive butanone
learning and short-term memory assay. Chemotaxis assay was performed for well-fed, synchronized worms and naive chemotaxis index was
calculated, chemotaxis index (CI) = [(number of worms at butanone) — (number of worms at ethanol)]/ [total number of worms on the plate].
Well-fed, synchronized worms were starved for 1 hour, then fed in the presence of 10% butanone for 1 hour. Worms were tested immediately
after 1 hr from food-butanone association for their learning, learning Index (LI) = chemotaxis index; — chemotaxis indexnaive . Dementia index
(short-term associative memory loss) was measured after 1 hr and 2 hrs from the food-butanone association without exposing to butanone
again (Dementia index, = Learning indexo-Learning index;). Four independent experiments were performed (n> 50 worms per group).
Values are expressed in mean = SEM. *P <0.05 for the indicated comparison (calculated using multivariate test, general linear model). (A)
There was no significant difference between 2 strains at both day 4 and 8 for the naive chemotaxis index. (B) Cocoa significantly increased
the naive chemotaxis in both strains at day 8 (P <0.05). (C) There was no significant difference between 2 strain at both day 4 and 8 for the
learning index. (D) Cocoa significantly increased the learning in GRU102 worms at day 4 (P <0.05). (E) GRU102 worms showed a higher
dementia index (short-term memory loss) at both 1 hr and 2 hr time points from conditioning at day 8 (P <0.05). (F) Cocoa significantly
reduced the dementia index in GRU102 worms at both time points (=1 and ¢=2) at day 8 to reach similar levels to GRU101 worms.
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Fig. 6. AP fibril levels in control and cocoa supplemented GRU101 (control) and GRU102 (A1—42) worms at day 4 and day 8. Values
are expressed in mean + SEM of three independent experiments with at least n=100 worms per experiment. *P <0.05 for the indicated
comparison (calculated using univariate test, general linear model). (A) Th T fluorescence for the control and cocoa-supplemented GRU101
and GRU102 worms; untreated GRU102 (AB—_4) worms showed a higher Th T fluorescence compared to GRU101 (control) worms at both
day 4 and day 8 (P <0.05). Cocoa supplementation significantly reduced the Th T fluorescence in GRU102 (AB—42) worms at both day 4
and day 8. (B) Graph corrected for the background fluorescence of GRU101 worms; cocoa supplementation significantly reduced the AR

fibril levels in GRU102 worms at both day 4 and day 8 (P <0.05).

the strains for learning index at both time points
(Fig. 5C). Cocoa supplementation improved learning
index in GRU102 worms at day 4 compared to its own
control (P <0.05, Fig. 5D). Interestingly, GRU102
worms showed a significant short-term memory loss
(dementia index) compared to GRU101 worms at
both 1 hr and 2 hr time points after conditioning at
day 8 (P<0.05, Fig. SE). GRU102 worms showed
a 113.3% increase in short-term memory loss at 1 hr
time point and 46.8% increase at 2 hr time point com-
pared to GRU101 worms. Cocoa supplementation
reversed this short-term memory loss in GRU102 at
both 1 hr and 2 hr time points to reach similar lev-
els to GRU101 (Fig. 5F). The reduction in short-term
memory loss in cocoa-supplemented GRU101 worms
at 2 hr time point at day 8 (46.8%) was significant
compared to its control counterparts (P <0.05). At
day 8, cocoa-supplemented GRU102 worms showed
a 73.4% and 63.0% reduction in short-term memory
loss at 1 hr and 2 hr time points respectively compared
to GRU102 control worms.

3.5. Cocoa supplementation reduced AB fibril
levels in pan-neuronal AB1—43 expressing
worms at both young and middle age

A significantly high fluorescence was detected
in GRU102 (AB1—42) worms compared to GRU101
(control) worms with ThT fluorescent dye at both
day 4 and day 8 (P<0.05, Fig. 6A). With cocoa

supplementation, GRU102 worms showed a signif-
icantly reduced A fibril levels at both day 4 and day
8 compared to untreated GRU102 worms (P <0.05,
Fig. 6B).

3.6. Cocoa supplementation at a dose of 3 mg
reversed the mean lifespan reduction in
pan-neuronal AB1—ay expressing worms

Worm diet was supplemented with cocoa at 1
mg, 2 mg, 3 mg, 4 mg and 5 mg doses. We found
GRU101 (control) worms to have a mean lifespan
of 15.8 days and GRU102 (AB1—42) to have a mean
lifespan of 14.9 days at our laboratory conditions
at 20 °C (Fig. 7, Table 1). The mean lifespan of
GRU102 worms was significantly lower compared
to GRU101 worms (P <0.05). The median lifespan
of GRU101 and GRU102 worms were 15 and 14
days respectively and was not significantly different.
Cocoa supplementation at a dose of 3 mg signifi-
cantly extended the mean lifespan of GRU102 worms
(8.5%) to reach similar levels to GRU101 worms.
Moreover, these GRU102 worms showed a signifi-
cantly increased median lifespan (P <0.05, 14.3%)
compared to their own control. In addition, 2 mg
(7.1%) and 4 mg (7.1%) cocoa doses extended the
median lifespan of GRU102 worms compared to their
own control. Supplementing worm diet with cocoa
at a dose of 5 mg significantly decreased the mean
lifespan of both stains (P <0.05, 14.4% for GRU101
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Fig.7. Survival curves for control and cocoa-supplemented GRU101 and GRU102 (AB1—42) worms. Experiments were performed in triplicate
(100 <n> 200 for all groups). Differences between groups for mean and median lifespans were calculated using log rank (Mantel-Cox) test.
(A) GRU102 worms showed a significantly lower (P <0.05) mean lifespan compared to GRU101 (control strain). (B) Cocoa at a dose of 1
mg decreased the mean and median lifespan of GRU102 worms compared to GRU101 worms (P <0.05, 6.5% mean and 7.1% median). (C)
Cocoa supplementation at a dose of 2 mg increased the median lifespan of GRU102 worms compared to their own control (P <0.05, 7.1%).
(D) Cocoa at a dose of 3 mg significantly increased the mean (P <0.05, 8.5%) lifespan of GRU102 worms to reach similar levels to GRU101
worms. Median lifespan of GRU102 worms was significantly extended compared to their own control (P <0.05, 14.3%). (E) Cocoa at a
dose of 4 mg increased the median lifespan of GRU102 worms compared to their own control (P <0.05, 7.1%). (F) Cocoa at 5 mg/ml dose
decreased the mean lifespan of both worm strains (P <0.05, 14.4% for GRU101 and 7.0% for GRU102).

and 7.0% for GRU102) while significantly reduc-
ing the median lifespan of GRU101 worms (P <0.05,
13.3%). Besides, cocoa at 1 mg dose also decreased
both mean and median lifespan of GRU102 worms
compared to GRU101 worms (P <0.05, 6.5% mean
and 7.1% median). However, none of the cocoa
doses extended the maximum lifespan of GRU102
worms.

4. Discussion

A transgenic C. elegans strain (GRU102) which
expresses pan-neuronal Afj—4> was used to study
the effects of long-term cocoa supplementation on
AB1—4> induced toxicity, particularly on the short-
term memory loss observed in human AD. In our
study, we administered whole cocoa powder to
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Mean, median and maximum lifespan of control and cocoa supplemented GRU101 and GRU102 worms

Treatment Mean % Extension Median % Extension Maximum
lifespan compared lifespan compared lifespan
to control to control
GRU101-control 15.8+£0.38 15 20.6
GRU102-control 14.94+0.30* 14 20.2
GRU101-cocoa, 1 mg 15.3+0.36 -3.5 16 6.7 18.0%
GRU102-cocoa, 1 mg 13.94£0.24% 6.5 132 7.1 17.2&b
GRU101-cocoa, 2 mg 15.2+0.30 —4.1 16 6.7 19.0
GRU102-cocoa, 2 mg 15.4+0.27 3.0 15° 7.1 18.9
GRU101-cocoa, 3 mg 15.9+0.34 0.5 16 6.7 18.8
GRU102-cocoa, 3 mg 16.240.39° 8.5 16° 14.3 18.8
GRU101-cocoa, 4 mg 14.54+0.312 -84 15 0 17.9%
GRU102-cocoa, 4 mg 15.4+0.32 3.6 15P 7.1 19.0
GRU101-cocoa, 5 mg 13.6 £0.332 -14.4 132 -13.3 17.92
GRU102-cocoa, 5 mg 13.9 £0.27>b -7.0 14 0 17.92

Statistically significant (P <0.05) compared to GRU101-control group. bStatistically significant (P <0.05) com-

pared to GRU102-control group.

C. elegans by spreading it over the E. coli lawn.
However, it is possible for E. coli to modify cocoa
powder and produce different metabolites. Studies
have demonstrated that polyphenols in cocoa are
poorly absorbed in the intestine in their natural form
and therefore, the degradation of these compounds
in the colon by microbes is one of the most effective
ways to produce secondary metabolites that increases
their bioavailability [23, 24]. Therefore, we assume
that even if E. coli modifies cocoa, it will not have
any adverse impact on the beneficial effects of cocoa
polyphenols.

Cocoa contains a number of polyphenolic com-
pounds, in particular it is rich in flavanols. The
major flavanol compounds found in cocoa are the
monomeric forms, epicatechin, catechin and their
oligomeric and polymeric forms, procyanidins. In
addition to polyphenols, cocoa contains methylx-
anthines, predominantly theobromine about 2-3%
of by weight [25]. Almost all the studies attribute
the health-promoting effects of cocoa to cocoa
polyphenols and the role of methylxanthines on these
beneficial effects of cocoa polyphenols remains unan-
swered [26]. Processing with alkali is known to
reduce the beneficial polyphenol content in natural
cocoa powder [27-29]. However, the compositional
analysis showed that the commercially processed
cocoa powder we used in this study was not devoid in
flavonoids and other polyphenols. Our cocoa powder
contained 27.01 mg GAE/g total phenolics which is
about 56% compared to natural cocoa powder. The
total flavonoids were 10.13 mg CE/g which is about

40% of the total flavonoids in natural cocoa powder
[30].

Polyphenols, in general are known to have low
bioaccessibility and bioavailability, and most of them
cannot be absorbed in their natural forms. Monomers
and dimeric or trimeric proanthocyanidins are quite
stable in the gastric environment and therefore, are
travelled to the small intestine with almost no changes
[31]. Monomers are able to cross the gut barrier and
around 20% are rapidly absorbed, undergo rapid and
extensive metabolization and circulate in the blood
stream [23]. Epicatechin shows a higher bioavailabil-
ity compared to the other monomers. Dimeric and
trimeric procyanidins are known to poorly absorb in
the gastrointestinal tract. The acidic environment in
the stomach degrades some dimers to epicatechin and
undergo interflavan bond conversion [31]. Intake of
cocoa with large amount of flavanol monomers and
dimers has been resulted in the occurrence of B2 and
BS5 dimers in human plasma in modest concentra-
tions [32]. Oligomeric procyanidins (the degree of
polymerization above three) and polymeric flavanols
which are not absorbed in their naive form reach the
colon and are being metabolized by the local micro-
biota to form secondary metabolites, increasing their
bioavailability [32, 33]. The role of flavonoids in
the modulation of neurodegeneration is often related
to their antioxidant capacity, but other mechanisms
are also known to be involved. These mechanisms
depend on the ability of these compounds to cross
the blood-brain barrier (BBB) [34]. Several studies
have demonstrated that catechin and epicatechin are
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able to cross the BBB therefore, indicating them as
prospective compounds to exert protective effects in
neurodegeneration [34, 35].

In this study, we categorized worms as young (day
4), middle (day 8) and old (day 12) to see the effects
at different stages of life. Worm body length and area
were measured as indicators of worm growth and
development. GRU102 (AR—42) worms showed a
significantly reduced body length and area compared
to GRU101 (control) worms. However, cocoa sup-
plementation reversed this reduction in both length
and area in GRU102 worms to reach similar levels
to GRU101 worms. We measured well-characterized
locomotion parameters of C. elegans including mean
speed and maximum speed to see how neuronal
expression of AB1—4o influences worm movements.
In addition, we used maximum amplitude which is
known as a marker of C. elegans muscle strength
[36]. Even though the mean speed of worms was not
affected by AP toxicity, maximum speed was signif-
icantly affected at old age. Cocoa supplementation
reversed this reduction at old age to reach similar
levels to GRU101 worms. GRU102 worms showed
a reduced maximum amplitude across most of the
time points compared to GRU101 worms. However,
cocoa supplementation was not effectively reversed
this reduction in maximum amplitude, particularly
in mid life. We used another method to identify the
changes in locomotion at further old age starting
from day 12 by classifying worms into three different
classes. Results showed that there was no significant
difference between the two strains in terms of the
number of days that they took to reach the low motile
category from high motile category. When the worms
were fed with cocoa, GRU101 worms took signifi-
cantly lower number of days to reach the low motile
group. In our lifespan experiment, we observed a sig-
nificant reduction in lifespan in both strains with 5
mg/ml cocoa dose and a greater reduction (about two
times) in GRU101 strain compared to GRU102. This
greater reduction in lifespan in GRU101 strain may
be the reason for these worms to take a lesser number
of days to reach to the low motile group.

C. elegans chemotaxis behaviour, a neuronally-
controlled process was used to study the AP induced
deficits in neuronal function and the effects of cocoa-
supplementation. Naive chemotaxis which is the
natural response of C. elegans for butanone, learn-
ing index which is an indicator of the extent that
worms learn food-butanone association and the short-
term memory loss (dementia index) were measured.
Control and the AP expressing strain showed no

difference in both naive chemotaxis index and learn-
ing index at both young age and middle age. However,
cocoa supplementation significantly increased the
learning index in GRU102 worms at young age. A
recently published study suggest that AP is associ-
ated more strongly with a deficit in learning than
any aspect of memory dysfunction [37]. Therefore,
our results suggest that cocoa might be useful in
improving the ability of learning in AD. Loss of
memory is among the first symptoms reported by AD
patients and therefore, one of the key characteristics
of AD [38]. Pan-neuronal expression of Af3 seemed
to induce a short-term memory loss in C. elegans at
their middle age. This short-term memory loss has
not been described anywhere else before according
to our knowledge and we report it here as one of the
novel findings of our study. Thus, this model closely
resembles human AD and therefore, more competent
in drug screening studies compared to other available
C. elegans models of AD. Interestingly, AP induced
memory loss was reversed by cocoa supplementation.

Fong, Teo [16] report that they detected A3 pro-
tein in GRU102 worms in aggregated form at day
12 by using anti-Af antibodies. We detected A3 fib-
rils at both young and middle age of worms using
ThT which is a commonly used probe to moni-
tor in vitro AP fibril formation. Upon binding to
AP fibrils, ThT gives a strong fluorescence signal
at approximately 482nm when excited at 440 nm
[39]. According to our results, cocoa supplementation
effectively reduced the AR fibril levels in GRU102
worms at both young and middle age.

Our study was consistent with the previous study
which reports that A expressing worms to have a
significantly reduced lifespan compared to control
worms (16). One cocoa doses we tested reversed the
mean lifespan reduction in AP expressing worms.
However, the lowest and the highest doses of cocoa
further reduced the lifespan in A3 expressing worms.
Lifespan reduction was observed in the control strain
as well with the highest cocoa dose used. As it has
been shown that caloric restriction can extend the
lifespan in C. elegans (40), we assume that cocoa
powder as a rich source of carbohydrates (more than
50% of the weight) may reduce the lifespan of C. ele-
gans when worms were supplemented a high dose.
The lifespan reduction with the lowest dose may be
due to the availability of potential beneficial bioactive
components in lesser amounts.

AP, an amphiphilic and partly folded molecule
is prone to self-aggregate and produce intermediate
soluble oligomers, protofibrils and finally insoluble
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fibrils [41]. The neurotoxicity of AP is known to
depend on their aggregated state, in which oligomers
and protofibrils are more toxic than monomers and
mature fibrils [42]. A previous study found a cocoa
peptide reduced the AP induced toxicity in a trans-
genic C. elegans (CL4176) which expresses AB1—42
in body wall muscles by upshifting the temperature
from 16 °C to 25 °C [11]. A expression results in a
concomitant progressive paralysis phenotype in this
strain. They further report that this beneficial effect
was achieved through the reduction of toxic Af3 levels
(as determined by western blot) by reducing the A3
oligomerization. Another study supports these bene-
ficial effects of cocoa against A3 toxicity by showing
that cocoa polyphenols reduced the AP oligomeriza-
tion in vitro and rescued the synaptic deficits induced
by AP oligomers in a mouse model suggesting that
cocoa has multiple disease-modifying properties in
AD (9). Another study found cocoa polyphenols
triggered neuroprotection by activating brain-derived
neurotrophic factor (BDNF) signalling pathway on
both AP plaques and AP oligomers treated cells,
resulting in the counteraction of neurite dystrophy
[10]. Epicatechin, catechin and their mixture were
able to protect PC12 cells from A induced neu-
rotoxicity in another study showing more evidence
for the neuroprotective effects of cocoa polyphenols
[12]. In another study, epicatechin and catechin inhib-
ited the formation of AR fibrils from fresh AB1—40
and AB1—42 and destabilized preformed A fibrils
in a dose-dependent manner [43]. Diaz, Trevifio
[44] reported that epicatechin reduced the deterio-
ration of spatial memory induced by the Af25—35, in
addition to reducing oxidative stress and inflamma-
tion in the hippocampus of the animals treated with
epicatechin+A25-35. These previous findings sup-
port our study suggesting that cocoa can alleviate A3
induced deficits in worm locomotion, cognition and
lifespan may be through reducing the toxic A levels
and rescuing the neuronal damage through the action
of polyphenols and peptide components.

5. Conclusion

Our study demonstrated that cocoa-supplementa-
tion can protective against A3 induced toxiciticy in
C. elegans. We showed that cocoa can alleviate some
AP induced deficits in worm locomotion, short-term
associative memory and lifespan while reducing A3
fibril levels in worms. However, further studies are
required to identify the active components and mech-
anisms of action.
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