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ABSTRACT: Pomegranate shows neuroprotective eﬀects against
Alzheimer’s disease (AD) in several reported animal studies. However,
whether its constituent ellagitannins and/or their physiologically
relevant gut microbiota-derived metabolites, namely, urolithins (6Hdibenzo[b,d]pyran-6-one derivatives), are the responsible bioactive
constituents is unknown. Therefore, from a pomegranate extract (PE),
previously reported by our group to have anti-AD eﬀects in vivo, 21
constituents, which were primarily ellagitannins, were isolated and
identiﬁed (by HPLC, NMR, and HRESIMS). In silico computational
studies, used to predict blood-brain barrier permeability, revealed that
none of the PE constituents, but the urolithins, fulﬁlled criteria required
for penetration. Urolithins prevented β-amyloid ﬁbrillation in vitro and
methyl-urolithin B (3-methoxy-6H-dibenzo[b,d]pyran-6-one), but not
PE or its predominant ellagitannins, had a protective eﬀect in
Caenorhabditis elegans post induction of amyloid β1−42 induced neurotoxicity and paralysis. Therefore, urolithins are the
possible brain absorbable compounds which contribute to pomegranate’s anti-AD eﬀects warranting further in vivo studies on
these compounds.
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including the subclass known as ellagitannins, are poorly
absorbed in the small intestine and do not achieve
physiologically relevant concentrations in circulation.5,6 Instead,
they reach the colon where they are extensively metabolized by
gut microbiota to colonic-derived metabolites, which are
implicated with a vast array of biological eﬀects.7,8 Given
considerable interindividual variability in microﬂora, and
diﬀerent phenotypes being observed with “metabolite-producers and nonproducers” after consumption of many
polyphenol subclasses, including ellagitannins,9 further investigations into understanding the biological eﬀects of these
colonic metabolites are necessary.
The pomegranate (Punica granatum L.) fruit is a rich source
of ellagitannins, primarily punicalagin (PA) and its hydrolysis
product, ellagic acid (EA).10 Pomegranate juice and extracts
have been reported to show neuroprotective eﬀects against AD
pathogenesis in several transgenic animal models but the
bioactive compound/s responsible have not been character-

lzheimer’s disease (AD) is a degenerative brain disease
that is projected to aﬀect over 115 million people
worldwide by 2050. AD is a leading cause of disability and
morbidity among patients and is among the most costly chronic
diseases known to society. Apart from its public health burden,
the economic cost of AD exceeded 200 billion dollars for 2014
alone which is estimated to increase 5-fold by 2050.1 If the
incidence of AD continues on its current trajectory, it will
cripple the health care systems of several countries including
the United States where it is the sixth leading cause of death.2
Unfortunately, despite several decades of research, many
approved drugs for AD have little eﬀect on slowing disease
progression. In fact, it is estimated that the brain changes for
AD may begin more than 20 years before symptoms of the
disease appear and it is often too late to reverse AD pathology
by the time of diagnosis. Therefore, it is imperative that other
approaches, such as the utilization of natural products as dietary
intervention strategies, be explored as preventive and/or
disease-modifying measures to slow or stop AD progression.
Among natural compounds, plant polyphenols have emerged
as an important nonpharmacologic approach for AD prevention
and treatment.3,4 However, the majority of polyphenols,
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Figure 1. (A) Chemical structures of punicalagin (PA) and ellagic acid (EA) and their gut microbial metabolites, urolithins. (B) Chemical structures
of compounds identiﬁed in the pomegranate extract (PE).

ized.11−14 Furthermore, the identity of the brain absorbable
compounds, whether they are the natural ellagitannin
constituents present in pomegranate, and/or their in vivo
colonic-derived metabolites, is not known.

The bioavailability and metabolism of ellagitannins in human
subjects, after the consumption of pomegranate juice and
pomegranate extracts, are well established.5,6 The major
pomegranate ellagitannins, PA and others, are not found intact
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Table 1. BBB Penetrability of Compounds Present in the PE and Urolithins (UA, UB, mUA, and mUB) Using Computational
Methods and Software Developed by ACD/Labs (Toronto, Ontario, Canada)
compd

log P

pKa

fraction unbound in plasma

penetration rate (log PS)

penetration extent (log BB)

suﬃcient BBB penetration

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
punicagalin
punicalin
ellagic acid
gallic acid
UA
UB
mUA
mUB

−0.88
0.76
−1.26
0.56
0.67
1.82
1.64
−0.33
−0.07
0.80
0.60
−0.08
−0.58
−0.10
0.80
0.27
0.14
3.20
0.69
1.91
0.65
2.87
2.98
3.54
3.81

6.10
1.90
7.80
6.10
6.10
6.10
5.80
7.50
4.30
6.10
5.80
7.00
6.60
6.60
6.60
8.70
3.50
5.70
5.20
6.30
4.30
9.00
9.10
9.10
None

0.64
0.27
0.76
0.52
0.41
0.36
0.34
0.71
0.22
0.53
0.46
0.49
0.38
0.30
0.57
0.30
0.40
0.07
0.26
0.35
0.17
0.09
0.08
0.09
0.02

−8.10
−8.20
−5.00
−6.90
−6.80
−7.10
−7.40
−5.50
−6.60
−6.70
−8.10
−4.70
−5.80
−5.20
−5.10
−3.60
−4.90
−8.30
−8.00
−3.70
−4.20
−1.40
−1.20
−1.60
−1.10

−2.00
−2.00
−2.00
−2.00
−2.00
−2.00
−2.00
−2.00
−2.00
−2.00
−2.00
−0.27
−2.00
−2.00
−2.00
−0.42
−0.41
−2.00
−2.00
−0.16
−0.71
0.01
0.03
0.38
−0.03

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
yes
yes

Given that the PE was previously reported to show anti-AD
eﬀects in an animal model,17 we ﬁrst sought to isolate and
identify all of its constituents. Twenty-one compounds (see
Figure 1B), predominantly ellagitannins, were identiﬁed from
the PE (by HPLC, NMR, and mass spectral data; described in
the Supporting Information). The isolates included PA, EA,
and gallic acid (GA) and other compounds common to
pomegranate.10,18 In addition, a new ellagitannin was isolated
and assigned the common name of pomellatannin (1). This
compound is a dehydroellagitannin acetone condensate, and its
structure is in accordance to similar ellagitannin-acetone
derivatives previously reported.19 The remaining isolates 2−
17 were identiﬁed based on 1H NMR and/or 13C NMR data
and by comparison of these data to published literature reports
as follows: punigluconin (2),20 6-O-galloyl-D-glucose (3),21
gemin D (4),22 hippomanin A (5),22 praecoxin B (6),23
pedunculagin (7),24 1,6-di-O-galloyl-β-D-glucose (8),21 gallic
acid-3-O-β-D-(6′-O-galloyl)-glucopyranoside (9),21 isocorilagin
(10),25 casuariin (11),26 ellagic acid-4-O-β-D-glucopyranose
(12),27 3,3′-di-O-methyl-ellagic acid-4-O-β-D-glucopyranose
(13),28 4-O-α-L-rhamnopyranosyl-ellagic acid (14),29 4-O-α-Larabinofuranosyl-ellagic acid (15),30 gallocatechin (16),31 and
brevifolincarboxylic acid (17).32
Having obtained the structures of the natural constituents
present in the PE, which were primarily ellagitannins, we next
sought to investigate whether the isolates and their colonic
derived microbial metabolites, namely urolithins, could
potentially cross the BBB. Therefore, using in silico computational methods as previously reported,33 the 21 constituents
identiﬁed in PE, as well as UA, UB, mUA, and mUB, were
evaluated for BBB penetrability. Interestingly, none of the
isolates, but all of the urolithins, fulﬁlled criteria required for
BBB penetration (Table 1).

in circulation, but rather are hydrolyzed to release EA and then
subsequently biotransformed by gut microbiota to yield
urolithins (6H-dibenzo[b,d]pyran-6-one derivatives) (see Figure 1A). These urolithins and their phase-2 enzyme conjugates
[methylated (i.e., conversion of hydroxyl to methoxyl or methyl
ether), sulfated, and glucuronidated forms]15 achieve physiologically relevant concentrations through enterohepatic recirculation and persist in vivo following the regular consumption of
pomegranate food stuﬀs.5−8 Therefore, the poor bioavailability
and extensive metabolism of pomegranate ellagitannins to
urolithins suggest that these latter metabolites may be relevant
bioactive compounds in vivo.5 Moreover, urolithins have been
reported to show anti-inﬂammatory,5 and antiglycative and
neuroprotective eﬀects in vitro.16 However, it is also possible
that there are unidentiﬁed compounds, yet to be isolated from
pomegranate, which are responsible for its neuroprotective
eﬀects.
Our group has recently reported on the biological eﬀects of
an ellagitannin-enriched pomegranate extract (PE) in an aged
AD transgenic animal model.17 Therefore, from this PE, herein
we sought to (1) isolate and identify its chemical constituents;
(2) conduct in silico computational studies to evaluate whether
the PE constituents and several urolithin analogues [urolithin A
(UA) and urolithin B (UB) and their methyl derivatives, mUA,
and mUB, respectively], can cross the blood-brain barrier
(BBB); (3) evaluate the in vitro eﬀects of PE, its constituents
[PA, EA, and gallic acid (GA)], and the urolithins, on Aβ1−42
ﬁbrillation and; (4) evaluate the in vivo ability of PE and the
aforementioned pure compounds (constituents and urolithins)
to abrogate Aβ1−42 induced neurotoxicity and paralysis in
Caenorhabditis elegans. This is the ﬁrst study to investigate a PE,
its constituents, and the urolithins, for in silico BBB
penetrability and in vitro and in vivo anti-AD potential.
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The methyl derivatives of UA and UB (i.e., mUA and mUB)
may have in vivo relevance since these compounds could be
formed from the metabolism of UA and UB by phenol-Omethyltransferase, a mammalian enzyme which is highly
localized in the liver, and can transfer the methyl group of Sadenosylmethionine to phenols.34 Indeed, mUA has previously
been detected in tissues of mice after oral delivery of UA.35
However, apart from these methyl derivatives, we also evaluated
other potential mammalian enzyme-biotransformation products, namely, sulfated and glucuronidated derivatives of UA and
UB for BBB penetrability. Interestingly, while none of these
latter metabolites fulﬁlled criteria required for BBB penetration,
the dimethyl derivative of UA (3,8-dimethoxy-6H-dibenzo[b,d]pyran-6-one) did fulﬁll the criteria required for BBB
penetration (data not shown). Therefore, it is possible that the
increased lipophilicity caused by methylation of the hydroxyl
group/s on UA and UB (to yield the methyl ether/methoxyl
derivatives) increases BBB penetrability unlike increased
hydrophilicity which is imparted by sulfation or glucuronidation. Methylated conjugates of other polyphenols, including
monomeric ﬂavanols (catechins), have been reported to remain
intact and persist in vivo since they are not susceptible to
enzymatic deconjugation unlike sulfated and glucuronidated
metabolites which can be deconjugated in vivo by sulfatases and
β-glucuronidases, respectively.36
Apart from the dietary relevance of the urolithins and their
conjugates due to their formation from ellagitannins by colonic
microbiota, their subsequent biotransformation by mammalian
enzymes, and their persistence in vivo through enterohepatic
circulation,5−8 they could also be explored for pharmaceutical
potential given that structural analogues, and accompanying
SAR (structure−activity related) studies, can yield compounds
with enhanced activity and BBB penetrability.
It is necessary, though, that the in silico data reported herein
be substantiated by future animal brain tissue disposition
studies. Interestingly, a recent report (using mass spectroscopic
methods) has detected UB in brain tissues of rats after
intravenous delivery.37 However, animal studies to evaluate
brain deposition after repeated oral exposure of PE, as well as
the individual urolithin analogs, is warranted. These studies are
necessary since it has been reported that the brain
bioavailability of certain polyphenols, such as monomeric
ﬂavanols (catechins), can increase after repeated oral dosing as
has been observed with a polyphenol-rich grape seed extract.38
We next sought to use biophysical methods to evaluate the
eﬀects of PE, its constituents (PA, EA, and GA), and the
urolithins on Aβ ﬁbrillation. This is because elevated levels of
Aβ ﬁbrillation and oligomerization in brain are associated with
neurotoxicity in AD and are characteristic hallmarks which play
signiﬁcant roles in both early and late stages of AD.39,40
Therefore, agents which target the formation of Aβ ﬁbrils and
oligomers could serve as therapeutic approaches for AD
prevention and/or treatment. Aβ1−42 ﬁbrillation was conﬁrmed
by the ThT assay which showed a signiﬁcant increase in
ﬂuorescence which was then correlated to binding levels of
ThT to Aβ ﬁbril content, β-sheet formation40 and peptide
oligomerization.39 The PE treated samples reduced Aβ
ﬁbrillation by 35.9% and 76.4%, at 10 and 100 μg/mL,
respectively. The puriﬁed PE constituents and urolithins
reduced Aβ ﬁbrillation at levels ranging 6.5−65.4% (at 10
μM) and 20.2−76.3% (at 100 μM) (Figure 2). These inhibitory
levels were similar to those of resveratrol (37.6% at 10 μM and
74.4% at 100 μM), the well-known grape/red wine polyphenol,

Figure 2. Inhibition on Aβ1−42 ﬁbrillation measured by the ThT
binding assay. Treatments include 10 and 100 μM of PE constituents
(PA, EA, and GA), urolithins (UA, UB, mUA, and mUB), and the
positive control, resveratrol (Resv). The inhibition level on ThT
binding of each treated solution was expressed as a percent inhibition
value (% inhibition) relative to the negative control. % inhibition was
calculated based on arbitrary ﬂuorescence (FU) using the following
equation: % inhibition = [(FU of negative control − FU of treated
solution)/FU of negative control] × 100%. Data was obtained from
triplicate experiments (n = 3).

which has also been previously reported to reduce Aβ
ﬁbrillation in vitro.41 Therefore, the preventive abilities of the
urolithins on the assembly of neurotoxic Aβ ﬁbril structures
may contribute to the overall neuroprotective eﬀect reported
for pomegranate but further studies would be required to
conﬁrm this.
Lastly, we evaluated PE, its puriﬁed constituents, and the
urolithins (all at 10 μg/mL), using an in vivo C. elegans model
of AD. The mobility curves for the CL4176 C. elegans strain
after the Aβ1−42 induction of muscular paralysis at 25 °C are
shown in Figure 3 and the mean, maximum, and median
survival of the worms post heat shock are shown in Table 2.
Compared to the control worms, treatment with PE (Figure
3B) did not have any signiﬁcant eﬀect on the mean, maximum,
or median survival/mobility in C. elegans post induction of
Aβ1−42 induced neurotoxicity and paralysis. Treatment with EA
(Figure 3D), UB (Figure 3F), mUA (Figure 3G), and GA
(Figure 3I) did not have any eﬀect on the mean or medium
survival/mobility in C. elegans but signiﬁcantly (p < 0.0001)
increased the maximum survival/mobility by 10.6, 8.5, 12.6, and
16.4%, respectively (Table 2). Among all of the samples, only
treatment with mUB (Figure 3H) signiﬁcantly (p < 0.0001)
increased mean, maximum, and median survival/mobility in C.
elegans post induction of Aβ1−42 induced neurotoxicity and
paralysis by 5.6, 13.0, and 10.3% respectively (Table 2).
Treatment with PA (Figure 3C) and UA (Figure 3E) did not
have any signiﬁcant eﬀect on the maximum or median survival/
mobility, but signiﬁcantly (p < 0.0001) decreased the mean
survival/mobility in C. elegans post induction of amyloid β1−42
induced neurotoxicity and paralysis by 5.6% (Table 2).
The uptake of urolithins, speciﬁcally UA and UB, has
previously been reported in diﬀerent cell lines42,43 but to date,
similar studies have not been conducted with C. elegans.
Therefore, using a protocol reported for C. elegans uptake
studies with the polyphenol, quercetin,44 wild type N2
nematodes were exposed to UA and subsequent liquid
chromatography mass spectroscopy (LC-MS/MS) analyses
revealed its uptake into the tissues of the worms (details
provided in the Supporting Information). However, further
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Figure 3. Mobility curves of transgenic (CL4176) C. elegans 20 h post Aβ1−42 induction of muscular paralysis at 25 °C. Kaplan−Meier mobility plots
of C. elegans worms fed on (A) control [NGM]; (B) PE [NGM + 10 μg/mL PE; pomella extract]; (C) PA [NGM + 10 c μg/mL punicalagin]; (D)
EA [NGM + 10 μg/mL ellagic acid]; (E) UA [NGM + 10 μg/mL urolithin A]; (F) UB [NGM + 10 μg/mL urolithin B]; (G) mUA [NGM + 10 μg/
mL methyl-urolithin A]; (H) mUB [NGM + 10 μg/mL methyl-urolithin B]; and (I) GA [NGM + 10 μg/mL gallic acid].

Table 2. Survival (Mean, Median, and Maximum) of (CL4176) C. elegans Worms Treated with PE or Pure Compounds (10 μg/
mL) 20 h Post Aβ1‑42 Induction of Muscular Paralysis at 25 °Ca
concn (10 μg/mL)

a

survival (h)

ctrl

PE

PA

EA

GA

UA

UB

mUA

mUB

mean
maximum
median

29.45
29.47
29.00

28.20
31.70
28.00

27.80*
31.1
28.0

28.30
32.60*
28.00

29.94
34.35*
30.00

27.80*
29.5
28.00

30.00
32.00*
30.00

29.90
33.02*
30.0

31.11*
33.33*
32.00*

*Note: p < 0.05 log rank test (Mantel Cox).
provided by Verdure Sciences (Noblesville, IN) standardized to PA
(ca. 30%) and EA (2.3%).
Isolation and Identiﬁcation of Compounds from the PE.
Details of the isolation and identiﬁcation of the compounds are
provided in the Supporting Information
Urolithins. Urolithins (6H-dibenzo[b,d]pyran-6-one derivatives)
including urolithin A (3,8-dihydroxy-6H-dibenzo[b,d]pyran-6-one;
UA), methyl-urolithin A (3-hydroxy-8-methoxy-6H-dibenzo[b,d]pyran-6-one; mUA), urolithin B (3-hydroxy-6H-dibenzo[b,d]pyran-6one; UB), and methyl-urolithin B (3-methoxy-6H-dibenzo[b,d]pyran6-one; mUB) were synthesized in our laboratory according to
previously reported methods.45 Their structures were veriﬁed by
NMR and mass spectral analyses and they are all >98% purity.
In Silico Computational Approach. Using previously reported
methods,33 BBB penetrability data including brain transfer descriptors
(Table 1) were obtained using prediction software developed by ACD
Laboratories (Toronto, Ontario, Canada).
Aβ1−42 Thioﬂavin T (ThT) Binding Assay. The thioﬂavin T
binding assay was used to measure human Aβ1−42 ﬁbril formation as
reported previously.39 Brieﬂy, Aβ1−42 peptide was dissolved in

quantitative and metabolism studies of urolithins in C. elegans
are warranted.
In summary, we isolated and identiﬁed the naturally
occurring constituents present in a PE previously reported to
have anti-AD eﬀects in an animal model.17 None of these
compounds, but urolithins (gut microbial metabolites derived
from ellagitannins), fulﬁlled in silico criteria required for BBB
penetration. Moreover, the urolithins prevented β-amyloid
ﬁbrillation in vitro and methyl-urolithin B, but not PE or its
constituents, protected C. elegans post induction of Aβ1−42
induced neurotoxicity and paralysis. Therefore, further studies
to evaluate the neuroprotective eﬀects of urolithins and their
structural analogs in animal models of AD are warranted.

■

METHODS

Pomegranate Extract (PE). The pomegranate extract (PE) used
for the isolation studies is of the same lot number as the PE recently
reported by our group to show anti-AD eﬀects in a transgenic animal
model.17 The PE is a whole pomegranate fruit extract (Pomella)
30
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ammonium hydroxide, lyophilized, and redissolved in PBS buﬀer to
obtain a ﬁnal concentration of 50 μM. Treatments included 10 or 100
μg/mL of PE, and 10 or 100 μM of PE constituents (PA, GA, and
EA), urolithins (UA, UB, mUA, and mUB), and the positive control,
resveratrol. After 10 days incubation at 37 °C, 20 μL of each sample
was added to 100 μL of ThT solution (10 μM) and ﬂuorescence was
measured using a Spectra Max M2 spectrometer (Molecular Devices,
Sunnyvale, CA) at excitation and emission wavelengths of 450 and 483
nm, respectively. To evaluate the inhibitory eﬀects on ThT binding,
the activity of each treatment was expressed as a percent inhibition
value (% inhibition) relative to the negative control. Percent inhibition
was calculated by [(FU of negative control − FU of treated solution)/
FU of negative control] × 100% based on arbitrary ﬂuorescence (FU).
Statistical signiﬁcance was analyzed by one-way factorial ANOVA with
Tukey−Kramer post hoc comparisons. A signiﬁcance value of p < 0.05
were set to evaluate the group diﬀerence, n = 3.
C. elegans Strains, Maintenance, and Assays. Transgenic C.
elegans strain CL4176, developed to express human amyloid β1−42 in
the muscle tissue in response to heat shock,46 were obtained from the
Caenorhabditis Genetics Center (CGC) (University of Minnesota,
Minneapolis, MN). Worms were grown and maintained at 16 °C on
60 mm culture plates with Nematode Growth Medium (NGM) (1.7%
agar, 0.3% NaCl, 0.25% peptone, 1 mM CaCl2, 1 mM MgSO4, 5 mg/L
cholesterol, 2.5 mM KPO4 at 16−20 °C). Media was poured
aseptically into culture plates (10 mL for 60 mm) using a peristaltic
pump and allowed to solidify for 36 h. NGM culture plates were then
inoculated with 50 μL of Escherichia coli OP50 (CGC, University of
Minnesota, Minneapolis, MN) overnight cultures and incubated for 8
h at 37 °C. Strains of C. elegans were maintained by picking 2−3 young
adult worms onto freshly inoculated NGM plates every 4−7 days.
Age Synchronization of C. elegans. Prior to the beginning of
the experiment, C. elegans were age synchronized as previously
described.47,48 Brieﬂy, 10 worms at L4 stage (F0) were transferred to
single NGM plates and incubated at 16 °C until they progressed to
adulthood and laid eggs. Adults were immediately removed from the
plates and the eggs were allowed to hatch (F1) and grow to L4 at 16
°C. L4 worms of the F1 generation were again transferred to fresh
NGM plates and allowed to mature into gravid adults and lay eggs at
16 °C. Adults were quickly removed from the plates and returned to a
16 °C incubator to facilitate egg hatching. L1 worms (F2 generation)
were collected from the plate by washing with S-basal buﬀer (0.59%
NaCl, 5% 1 M KPO4, 5 mg/mL cholesterol in ethanol) into a sterile
15 mL centrifuge tube. Worms from a minimum of ﬁve plates were
pooled into a single centrifuge tube and centrifuged at 8000 rpm for 10
min at 10 °C. The supernatant was carefully aspirated and the worms
were washed again in S-basal buﬀer, centrifuged, and aspirated to leave
approximately 1 mL of S-basal buﬀer in the centrifuge tube. The tube
was gently agitated to disperse the worms and 20 μL was pipetted onto
a slide and the number of worms was counted under a stereo
microscope. The concentration of the worms was adjusted to 10−15
worms by diluting with S-complete liquid media (97.7% S-basal, 1%
potassium citrate, 1% trace metals, 0.3% CaCl2, 0.3% MgSO4). A 100
mg/mL suspension of E. coli OP50 was prepared by centrifuging 100
mL of an overnight E. coli OP50 culture in LB broth at 3500 rpm.
Spent LB broth was aspirated and pellet was washed several times by
resuspension and centrifugation in sterile distilled water. The weight of
the resultant pellet was determined and adjusted to 100 mg/mL using
S-complete medium.
AD Assay and Treatments in Transgenic C. elegans. Prior to
the beginning of the experiment, C. elegans were age synchronized at
16 °C and L1 worms from the F2 generation were transferred to
control or treatment plates and allowed to mature gravid adult stage to
lay eggs. For C. elegans treatment, stock solutions (1 mg/mL) of the
samples were prepared as follows: PE and PA were dissolved in a 1:1
(v/v) mixture of S-basal buﬀer and methanol and diluted in S-basal
buﬀer to a ﬁnal concentration of 1 mg/mL. EA, UA, UB, mUA, and
mUB were dissolved in DMSO and diluted in S-basal buﬀer to a ﬁnal
concentration of 1 mg/mL. GA was dissolved in methanol and diluted
in S-basal buﬀer to a ﬁnal concentration of 1 mg/mL. For preparing
the treatment plates, stock solutions of PE, PA, EA, GA, UA, UB,

mUA, and mUB were added directly to the NGM media to obtain a
ﬁnal concentration of 10 μg/mL. A test concentration of 10 μg/mL
(i.e., 10 ppm) was selected for these assays since the test samples
included an extract (i.e., PE) along with pure compounds. However,
for the pure compounds, the 10 μg/mL concentration is equivalent to
the following μM concentrations: PA = 9.2 μM; EA = 33.1 μM, GA =
58.8 μM, UA = 43.8 μM, mUA = 41.3 μM, UB = 47.2 μM, and mUB =
44.2 μM. Control and treatment NGM plates were then inoculated
with 25 μL of Escherichia coli (E. coli) OP50 suspension (100 mg/mL)
and incubated for 24 h at 23 °C. The OP50 used for innoculation of
treatment plates also contained the diﬀerent treatments at a ﬁnal
concentration of 10 μg/mL. To standardize the food supply, the plates
were then incubated under UV light in a Stratagene UV Stratalinker
2400 (La Jolla, CA) at maximum dose for 5 min to arrest growth of
the E. coli OP50. Upon development of the eggs to the L3 stage, the
incubation temperature of the plates was increased from 16 to 25 °C,
in order to induce the expression of amyloid β1−42.46 Mobility scoring
was conducted beginning 20 h after temperature upshift and continued
in 2 h increments until all of the worms were paralyzed. Three
replicates per experiment were performed with a minimum of 200
worms. Failure to respond to touch (prodding with a worm pick) and
absence of pharyngeal pumping were used to score paralyzed/dead
worms. Survival curves were plotted to calculate the mean, median,
and maximum survival of post heat shock treatment.
Liquid Chromatography Mass Spectroscopy (LC-MS/MS)
Measurement of Urolithin Uptake by C. elegans. The uptake of
urolithins in C. elegans (using UA as the model compound) were
performed as previously reported for the polyphenol, quercetin.44
Brieﬂy, a conﬂuent plate of wild type N2 nematodes (ca. 115 000
worms) grown in NGM/OP50 (1.7% agar, 0.3% NaCl, 0.25%
peptone, 1 mM CaCl2, 1 mM MgSO4, 5 mg/L cholesterol, 2.5 mM
KPO4/100 μL of overnight OP50 E. coli culture) were washed from
the plate with two × 5 mL of S-Basal buﬀer (0.59% NaCl, 5% KPO4, 5
mg/mL cholesterol) and transferred to a 15 mL centrifuge tube.
Treatment samples consisted of UA (100 μL of a 50 μM solution of
UA dissolved in 0.05% DMSO in water) or the solvent control (100
μL of 0.05% DMSO in water) which were individually added to the
nematode-buﬀer solution. The nematodes were incubated at 20 °C for
4 h then centrifuged at 1200 rpm for 5 min. The supernatant was
decanted, and the nematodes were washed consecutively with 10 mL
of PBS + 1% BSA, followed by 10 mL of PBS + 0.01% Tween20, and
ﬁnally 10 mL of PBS. After the ﬁnal wash, the supernatant was
decanted and the worm pellet was stored at −80 °C. After freezing, a 1
mL solution of MeOH/H2O/HCl (50:49.9:0.1, v/v/v) was added to
the frozen worm pellet which was then sonicated for 15 min in an ice
water bath. Three rounds of freeze-sonication cycles were conducted
to ensure rupturing of the worms which was conﬁrmed by visualizing
under a microscope (Nikon Eclipse E400 POL). Samples were
centrifuged (Eppendorf Centrifuge 5804) at 5000 rpm for 5 min to
pelletize the ruptured worm biomass and the resulting supernatant was
dried in vacuo. The dried supernatant was reconstituted in deionized
water (1 mL), sonicated for 10 min, and then loaded onto a C18 Solid
Phase Extraction (SPE) cartridge (50 mg bed weight, 1 mL capacity;
Alltech, Deerﬁeld, IL). Before loading of the samples, the SPE
cartridge was pre-equilibrated by eluting with methanol (5 mL)
followed by deionized water (2 mL). The adsorbed sample was eluted
with deionized water (1 mL) followed by 2 mL of tetrahydrofuran
(THF). The organic layer was collected, dried in vacuo, reconstituted
in 200 μL of THF, and then injected (10 μL) for LC-MS/MS analyses
(further details and original spectra are provided in the Supporting
Information).
Statistical Analyses. Results are expressed as mean ± standard
deviation. For the AD assay, the Kaplan−Meier method was used to
compare the lifespan survival curves and the survival diﬀerences were
tested for signiﬁcance (p < 0.05) using the Log rank test (Mantel
Cox). Both tests used GraphPad Prism software 6.0 (GraphPad
Software, Inc., San Diego, CA).
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