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Abstract

A growing body of evidence suggests that nutraceuticals with prolongevity properties may delay the onset of Alzheimer’s disease (AD). We 
recently demonstrated that a proanthocyanidins-standardized cranberry extract has properties that prolong life span and promote innate 
immunity in Caenorhabditis elegans. In this article, we report that supplementation of this cranberry extract delayed Aβ toxicity-triggered 
body paralysis in the C elegans AD model. Genetic analyses indicated that the cranberry-mediated Aβ toxicity alleviation required heat shock 
transcription factor (HSF)-1 rather than DAF-16 and SKN-1. Moreover, cranberry supplementation increased the transactivity of HSF-1 in an 
IIS-dependent manner. Further studies found that the cranberry extract relies on HSF-1 to significantly enhance the solubility of proteins in 
aged worms, implying an improved proteostasis in AD worms. Considering that HSF-1 plays a pivotal role in maintaining proteostasis, our 
results suggest that cranberry maintains the function of proteostasis through HSF-1, thereby protecting C elegans against Aβ toxicity. Together, 
our findings elucidated the mechanism whereby cranberry attenuated Aβ toxicity in C elegans and stressed the significance of proteostasis in 
the prevention of age-related diseases from a practical point of view.
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It has emerged that functional/healthy proteostasis is crucial for 
organismal health by maintaining the integrity of the proteome 
(1–3). A healthy proteostasis is maintained by a diverse and com-
plex network that regulates the balance among processes of protein 
synthesis, folding, and degradation (4,5). Disruption in this balance 
results in the accumulation of aberrant proteins, which may cause 
cellular toxicity and lead to numerous age-related disorders (6–8). 
To date, accumulation, aggregation, and deposition of aberrantly 
folded proteins have been considered as mechanistic unifying fea-
tures of many neurodegenerative disorders (9–11). In support of this, 
diffuse brain atrophy and neuronal lesions are two obvious patho-
logical manifestations of Alzheimer’s disease (AD) (12). Although 

the detailed molecular mechanisms leading to AD remain unclear, 
a growing body of evidence implicates that the aggregation of 
β-amyloid (Aβ) peptide and tau proteins may cause neural loss and 
cognitive impairment (neuropathological lesions) by forming senile 
plaques and neurofibrillary tangles outside and inside of neuronal 
cells, respectively (13,14).

In the United States, AD has been reported as the fifth leading 
cause of death and the number one cause of institutionalization for 
people 65 years of age or older (15). Currently about 5.4 million 
Americans have AD, and the cost of health care to AD patients is 
approximately up to $200 billion per year. It has been estimated that 
the number of AD patients will be more than 14 million by 2050, 
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and the health care cost will reach $1.1 trillion (15,16). Thus, AD 
is becoming a major public health concern for the United States. 
Contrasting this need, there are only five drugs approved by the Food 
and Drug Administration (FDA) for the treatment of AD, and these 
drugs only provide symptomatic benefits for some mild-to-moderate 
AD patients. Hence, there is a desperate need to find more effective 
anti-AD agents or means to combat AD, and to that end, it is cru-
cial to have a platform/model to evaluate the effectiveness of certain 
treatments and reveal their accompanied molecular mechanisms.

Model organisms that mimic human responses offer tremen-
dous opportunities to study the molecular mechanisms of dis-
ease and determine the effectiveness of therapeutic strategies. 
Caenorhabditis elegans has been recently used as model to study 
the mechanism of β-amyloid (Aβ) toxicity and test the activity 
of potential anti-AD agents (17–21). Transgenic worms mimick-
ing AD were genetically engineered to express the human Aβ1–42 
peptides in either neurons or muscle cells (19,20,22,23). The accu-
mulation of Aβ species in C elegans muscle cells results in either a 
progressive or rapid paralysis phenotype, providing a simple bio-
logical readout of Aβ toxicity (20,23). During the past decade, C 
elegans AD model has been extensively used to study the protective 
effects of natural products against AD. Numerous nutraceuticals 
with prolongevity effects have been shown to prevent or protect 
against AD (24–29). For instance, in addition to promoting life 
span and stress resistance, Ginkgo biloba, coffee extract, and soy 
isoflavone have shown to protect C elegans against Aβ toxicity. 
The North American cranberry (Vaccinium macrocarpon) and its 
products have been widely used as nutraceuticals due largely to 
their anti-microbial, anti-mutagenic, anti-angiogenic, and anti-
oxidant properties to human health (30). Recently, we reported 
that supplementation of a water-soluble cranberry extract stand-
ardized to 4.0% PACs (WCESP) can prolong life span of C elegans 
and Drosophila melanogaster (31,32). Further, health span assays 
in C elegans indicated that WCESP supplementation also improves 
animals’ thermotolerance and innate immunity, especially in aged 
populations (33–35). Our genetic studies revealed that the pro-
longevity effect of WCESP requires the functional insulin/insulin-
like growth factor signaling (IIS) pathway and DAF-16, which 
have been reported to play a role in protecting C elegans against 
the toxicity of Aβ aggregation (36). Thus, it is of interest to test 
whether WCESP has the protective effects in C elegans AD model 
against Aβ toxicity.

In this study, we engaged CL2006, a transgenic C elegans 
expressing Aβ in body wall muscle cells, to investigate the benefi-
cial effects of WCESP in AD prevention. WCESP supplementation 
significantly prolonged the life span of C elegans AD model and 
also dramatically delayed the progression of body paralysis. These 
findings indicated that WCESP played a protective role in response 
to Aβ toxicity. Genetic analyses suggested that this beneficial effect 
was dependent on the heat shock transcription factor (HSF)-1 
rather than daf-16 and skn-1. Our immunoblotting assays found 
that WCESP supplementation reduced Aβ species in the C elegans 
AD model. Intriguingly, further studies found that consumption 
of WCESP increased the solubility of proteins in aged C elegans, 
implying that WCESP consumption may help maintain a healthy 
proteostasis in AD worms. The beneficial effects of WCESP on 
proteostasis maintenance also required HSF-1. Taken together, our 
findings revealed mechanisms of WCESP’s action against Aβ toxic-
ity and also provide insight into the regulation of healthy aging 
through dietary intervention.

Experimental Procedures

Strains and Growth Conditions
All strains were maintained at 16 °C on nematode growth medium 
(NGM) seeded with Escherichia coli OP50 feeding strain. Strains 
used in this study were as follows: N2 Bristol (wild type), CL2006 
(AD worm), and hsf-1 (sy441). All the strains were obtained from 
the Caenorhabditis Genetics Center (CGC), University of Minnesota.

Preparation of Cranberry Extract
The cranberry extract used in this study was obtained from Naturex-
DBS, LLC (Sagamore, MA) and was described previously (33–35). 
Briefly, the water-soluble fractions of cranberry were spray dried, 
and the quality and integrity of the WCESP were standardized to 
4.0% PACs. A  stock solution of WCESP was freshly prepared by 
dissolving the powder in distilled water to a concentration of 10 mg/
ml immediately before use, and then the appropriate dilutions were 
overlaid onto the NGM plates.

RNA Interference
RNA interference (RNAi) clones were grown overnight at 37 °C on Luria 
Broth plate in the presence of tetracycline (12.5 µg/ml) and carbenicil-
lin (25 µg/ml). Bacterial colonies were inoculated and grown for 8–12 
hours, then induced with 2 mM isopropyl β-D-1-thiogalactopyranoside 
for 4 hours at 37 °C. Tenfold concentrated RNAi bacteria were seeded 
onto RNAi plates containing 25 µg/ml carbenicillin. The RNAi con-
structs targeting daf-2, age-1, daf-16, hsf-1, and skn-1 were obtained 
from the C elegans ORFeome RNAi library v1.1.

Life Span Assays
All life span assays were carried out at 20 °C. Synchronous popu-
lations were obtained by allowing 10–15 hermaphrodites lay eggs 
overnight at 16 °C, and the parents were removed the next day. The 
eggs were allowed to hatch, and 30 L4/young adult worms per plate 
(NGM plate containing 50µg/ml 5-fluorour-aci1-2′-deoxyribose to 
prevent the growth of progeny) were used for each assay (37–40). 
The dead worms were counted starting the next day, and exploding, 
protruding, bagging, or contaminated worms were censored if appli-
cable. We defined the day when we transferred the L4/young adult 
worms as Day 0 of adult age. All the assays were carried out in trip-
licates, and a minimum of three independent trials were performed 
for all conditions. All statistical analyses were carried out using SPSS 
software (IBM SPSS Statistics). Kaplan–Meier life span analysis was 
carried out, and p values were calculated using the log-rank test. p < 
.05 was accepted as statistically significant.

Worm Paralysis Assays
The assays using strain CL2006 were carried out as described by 
Cohen and colleagues (36). Synchronous populations of CL2006 
worms were prepared on NGM plates by allowing 10–15 hermaph-
rodites lay eggs overnight at 16 °C, and the parents were removed 
the next day. The eggs were allowed to hatch, and 20 L4/young 
adult worms per plate were used for each assay. All paralysis plots 
were done in triplicates, and a minimum of three independent tri-
als were performed per condition. Nematodes were scored as para-
lyzed if they exhibited “halos” of cleared bacteria around their heads 
(indicative of insufficient body movement to access food) or failed 
to undergo a full body wave propagation upon the nose prodding. 
Worms were checked every day until all worms were paralyzed.  
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The data were pooled, and the percentage of paralyzed worms was 
calculated and analyzed using Student’s t-test. p < .05 was accepted 
as statistically significant.

Pharyngeal Pumping Rate Assay
Pharyngeal pumping rates (the number of contractions of the phar-
ynx terminal bulb in 1 minute) were assayed as previously described 
with modifications (41). Six to ten worms from each group were 
transferred to a 60-mm NGM plate seeded with OP50, and the 
pumping rate was recorded for 15 minutes. Each assay was per-
formed with at least six worms and was repeated at least twice.

Western Blotting of Aβ Species
Rabbit polyclonal Aβ1–42 primary antibodies were from abcam 
(ab39377). For Western blot analysis, CL2006 worms were syn-
chronized by allowing 10–15 hermaphrodites to lay eggs over-
night on WCESP (2 mg/ml) containing NGM plates at 16  °C. 
The parents were removed, and eggs were allowed to hatch and 
develop to the L4 stage. Subsequently, worms were transferred 
to WCESP containing NGM plates and continued to grow at 
20  °C. CL2006 worms on regular NGM plates without WCESP 
served as control. After 10  days of growth, worms were trans-
ferred to microcentrifuge tubes and washed with S-basal followed 
by protein immobilization on polyvinylidenefluoride (Bio-Rad) 
membrane. Polyvinylidenefluoride membrane was incubated with 
primary antibodies (1:1,000) diluted in 5% nonfat dry milk and 
then with secondary, HRP-conjugated goat anti-rabbit antibod-
ies (Genscript, A00098; diluted 1:10,000). ACTIN was used as 
loading control, and the anti-ACTIN antibodies (MAB1501) were 
from EMD Millipore. Detection was undertaken with standard 
ECL protocol. Mean intensity of Aβ signals was analyzed using 
Image-J software (National Institute of Health).

Soluble Protein Extraction
The soluble protein extraction was performed as described previ-
ously with alterations (42). Synchronous populations of eggs were 
prepared by 20% alkaline hypochlorite treatment of gravid adults 
grown at 16 °C. Eggs were allowed to hatch and develop by trans-
ferring to OP50-seeded NGM plates containing 2 mg/ml of WCESP 
at 20 °C. Eggs hatched and developed on OP50-seeded NGM plates 
without WCESP served as controls. Both worms treated with or 
without WCESP were collected 10 days after L4 stage. Three sepa-
rate replicates of each sample (about 200 mg [wet weight] of worms) 
were collected. Total protein extracts were produced in phosphate-
buffered saline by sonication on ice, and then the total protein con-
centration was determined by conducting a bicinchoninic acid assay. 
Next, the normalized protein samples were spun for 10 minutes at 
14,000g to remove the insoluble fraction. The same volume of super-
natants (soluble fraction) was loaded and analyzed by sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis . Mean intensities 
of protein bands were analyzed using Image-J software (National 
Institute of Health).

Gene Expression Analysis by Quantitative Real-
time PCR
CL2006 worms were synchronized by allowing 10–15 hermaph-
rodites lay eggs overnight on NGM plates containing WCESP at 
16  °C. CL2006 worms on regular NGM plates without WCESP 
served as controls. Worms at the young adult stage were collected 
with M9 buffer into a ~50–100-µl pellet. RNA was prepared using 

RNAzol RT reagent (Molecular Research Center) and stored at 
−80  °C. Complementary DNA was prepared by using Invitrogen 
Superscript first-strand synthesis system for RT-PCR (Invitrogen). 
Real-time PCR was performed using using SsoFast EvaGreen 
Supermix (Bio-Rad) and the CFX96 real-time PCR detection system 
according to the manufacturer suggested protocol (Bio-Rad). The 
quantitative real-time PCR (qRT-PCR) conditions were as follows: 
95 °C for 3 minutes, followed by 40 cycles of 10 seconds at 95 °C, 
and 30 seconds at 60 °C. act-1 was used as an internal control to 
normalize the expression level of target transcripts. Relative fold-
changes for transcripts were calculated using the comparative CT (2−
ΔΔCT) method (43). Each qRT-PCR experiment was repeated three 
times using independent RNA/cDNA preparations. The data were 
pooled and analyzed using student’s t-test, and a p value < .05 was 
accepted as statistically significant. The qRT-PCR primers for hsf-
1 are as follows: 5′-TTGACGACGACAAGCTTCCAGT-3′ (F) and 
5′-AAAGCTTGCACCAGAATCATCCC-3′ (R). Primers for hsp-12.6 
are as follows: 5′-ATGATGAGCGTTCCAGTGATGGCTGACG-3′ (F) 
and 5′-TTAATGCATTTTTCTTGCTTCAATGTGAAGAATTCC-3′ 
(R). Primers for hsp-16.2 are as follows: 5′-TTGCCATCAATCT 
CAACGTC-3′ (F) and 5′-CTTTCTTTGGCGCTTCAATC-3′ (R).  
Primers for hsp-70 are as follows: 5′-CGTTTCGAAGAACTGT 
GTGCTGATCTATTCCGG-3′ (F) and 5′-TTAATCAACTTCCTCA 
ACAGTAGGTCCTTGTGG-3′ (R). Primers for act-1 are as fol-
lows: 5′- CCAGGAATTGCTGATCGTATGCAGAA-3′ (F) and 
5′-TGGAGAGGGAAGCGAGGATAGA-3′ (R).

Results

WCESP Supplementation Extends the Life Span of 
C elegans Model of AD
To determine whether the prolongevity effect of cranberry may also 
benefit the transgenic AD worms, we provided CL2006 worms with 
or without WCESP and measured their life span at 20 °C. Because 
it has been reported that 2 mg/ml of WCESP is able to significantly 
prolong C elegans life span (32), we used the same concentration 
in this study to carry out life span assays in CL2006 AD worms. 
Our results demonstrated that, consistent with our previous study 
in wild-type N2 worms (Figure 1A), 2 mg/ml of WCESP also sig-
nificantly extended the life span of CL2006 AD worms (Figure 1B). 
Specifically, WCESP supplementation extended the mean life span 
of AD worms from 14.8 to 17.2 days, resulting in a 16.2% increase 
relative to controls (Figure  1B). Considering the potential link 
between prolongevity and anti-AD, this finding not only revealed 
the prolongevity effect of WCESP in the transgenic AD worms but 
also raised the exciting possibility that WCESP may be effective to 
AD treatment.

WCESP Supplementation Delays the Progression of 
Paralysis in AD Worms
Given the potential beneficial effects of WCESP for treating AD, we 
examined whether consumption of WCESP in AD worms may inter-
fere with the progression of paralysis induced by Aβ toxicity. Briefly, 
CL2006 AD worms were treated with or without WCESP (2 mg/ml) 
starting from early L1 stage, and then paralysis assays were con-
ducted when the synchronized CL2006 worms reached the L4/young 
adult stage. CL2006 worms were checked for paralyses every day 
until all worms were paralyzed. As compared with controls without 
WCESP treatment, C elegans CL2006 treated with WCESP showed 
a dramatic delay of paralysis during the aging process (Figure 2). 
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Considering that the paralysis of CL2006 is driven by Aβ toxicity, 
our findings suggest that WCESP supplementation might mitigate 
AD symptoms by alleviating the Aβ toxicity in worms.

WCESP Supplementation Decreases Aβ Species in 
AD Worms
As many botanicals express their protective effects against Aβ toxic-
ity by reducing Aβ species (24,26,44), we were wondering whether 
WCESP may have the similar effect in AD worms to alleviate Aβ 
toxicity. To this end, we carried out Western blot analyses to measure 

the amount of Aβ species in WCESP-treated CL2006 worms by using 
Image-J software. Our results showed that the total amount of Aβ 
species in WCESP supplemented AD worms was around 20% less 
than that in the control AD worms, which was statistically signifi-
cant (p ˂ .05; Figure 3A). Given these results, we utilized N2 worms 
to perform similar Western blots and did not observe any reaction 
band. This suggests that multiple bands observed in AD worms are 
not necessarily background noise from western blot analysis.

Intriguingly, it was noticed that the Western signal of each band 
of Aβ species, from low molecular weight (LMW) Aβ/ Aβ oligom-
ers to high molecular weight (HMW) Aβ aggregates, did not show 
remarkable reduction in CL2006 worms treated with 2 mg/ml 
of WCESP as compared with controls without WCESP treatment 
(Figure 3B). It is conceivable that the reduction of overall Aβ species 
in WCESP-treated AD worms was the accumulation of negligible 
reduction of each Aβ species. These findings suggest that WCESP 
supplementation decreases the level of total Aβ species and conse-
quently attenuates Aβ toxicity in AD worms.

WCESP Requires hsf-1, Rather Than daf-16 and skn-1,  
to Protect AD Worms Against Aβ Toxicity
It has been reported that hsf-1, daf-16, and skn-1 play important 
roles in regulating Aβ aggregation and thereby protecting C elegans 
from Aβ toxicity (9,26,36). Thus we wondered whether WCESP 
requires hsf-1, daf-16, or skn-1 to protect against Aβ toxicity in C 
elegans. To address this concern, genetic epistasis assays were per-
formed in CL2006 worms supplemented with WCESP. In brief, 
the paralysis progression of CL2006 worms was monitored when 
RNA interference (RNAi) was applied to individually knock down 
the gene expression of hsf-1, daf-16, or skn-1. CL2006 transgenic 
worms were synchronized by laying eggs at 16 °C on NGM plates 
containing WCESP seeded with particular RNAi or a paired con-
trol (empty vector, EV) bacteria. When worms developed into L4/
young adult, paralysis assays were carried out every day until all 
worms were paralyzed. We first examined whether daf-16 RNAi or 
skn-1 RNAi withdraws the protective effects of WCESP in delaying 
the progression of body paralysis in AD worms. As compared with 

Figure 2.  Water-soluble cranberry extract standardized to 4.0% PAC (WCESP) 
supplementation alleviates Aβ toxicity in C elegans. The WCESP-treated 
CL2006 worms (dashed line) showed delayed progression of body paralysis 
as compared with control worms (solid line). Each paralysis assay was 
conducted in triplicates and repeated at least three times and similar results 
were obtained. “% paralysis” indicates the average paralysis among the 
multireplicates and error bars represent the standard deviation.

Figure 1.  Water-soluble cranberry extract standardized to 4.0% PAC (WCESP) 
supplementation prolongs the life span of transgenic C elegans constitutively 
expressing Aβ. (A) Wild-type N2 worms were treated with 2 mg/ml of WCESP. 
The mean life span of worms (78 N2) treated with WCESP is 19.0 ± 0.29 days, 
which is significantly longer (p ˂ .001) as compared with that of controls (84 
N2, 15.2 ± 0.35 days) without treatment. (B) CL2006, a transgenic C elegans 
expressing Aβ peptides, was treated with 2 mg/ml of WCESP. The mean life 
span of worms (72 CL2006) treated with WCESP is 17.2 ± 0.58 days, which is 
significant longer (p =  .006) as compared with that of controls (68 CL2006, 
14.8 ± 0.59 days) without treatment. Each life span experiment was repeated 
at least three independent times and similar results were obtained. The life 
span data were analyzed using SPSS software (IBM SPSS Statistics). Kaplan–
Meier life span analysis was carried out, and p values were calculated using 
the log-rank test.
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controls, WCESP supplementation delayed the paralysis progression 
of CL2006 worms fed with either daf-16 RNAi or skn-1 RNAi bac-
teria. These results indicate that neither daf-16 nor skn-1 is essential 
in WCESP-mediated protection against Aβ toxicity (Figure 4A and 
B). Using the same strategy, we next examined hsf-1. Excitingly, the 
protective effect of WCESP on delaying the paralysis progression 
was completely abolished in CL2006 worms fed with hsf-1 RNAi 
bacteria as compared with controls (Figure 4C). This demonstrates 
the necessity of hsf-1 in the WCESP-mediated protection against Aβ 
toxicity. Collectively, our findings suggest that WCESP requires hsf-1 
to protect against Aβ toxicity in C elegans, whereas daf-16 and skn-1 
may be dispensable.

Previous studies have reported that WCESP promotes innate 
immunity in C elegans by modulating the transactivity of HSF-1 

(33). Given that hsf-1 is required in WCESP-mediated protection 
against Aβ toxicity, we hypothesized that WCESP may also promote 
the transactivity of HSF-1 in AD worms. To test this hypothesis, we 
performed qRT-PCR in CL2006 worms to measure the gene expres-
sion of hsf-1 and its representative target genes hsp-12.6, hsp-16.2, 
and hsp-70. CL2006 worms fed with hsf-1 RNAi bacteria served 
as a system control. Our results indicated that the expression of all 
these heat shock protein (HSP) genes was upregulated in CL2006 
worms supplemented with WCESP, whereas the expression level of 
hsf-1 was not altered (Figure  4D). In contrast, WCESP-mediated 
upregulation of HSP genes was completely abolished in hsf-1 RNAi–
treated CL2006 worms (data not shown). Collectively, our findings 
suggest that WCESP supplementation may promote the transactivity 
of HSF-1 probably through posttranslational regulation rather than 
through overexpression of hsf-1 gene in AD worms.

Intriguingly, Steinkraus and colleagues previously demonstrated 
that dietary restriction suppressed proteotoxicity by an hsf-1-de-
pendent mechanism in C elegans (45). Thus, we wondered whether 
WCESP may mimic dietary restriction by either inhibiting the growth 
of bacteria or reducing pharyngeal pumping rate of AD worms. As 
our previous study already reported that WCESP supplementation at 
2 mg/ml did not inhibit the growth of Escherichia coli OP50 at any 
bacterial growth phases (34), we accordingly measured the pumping 
rate of CL2006 AD worms at their adulthood Day 1 and Day 6, 
respectively. Our results showed that WCESP supplementation did 
not reduce pumping rates of AD worms and even slightly increased 
the pumping rates as compared with controls without WCESP treat-
ment (Figure 4E). These findings suggested that WCESP protects AD 
worms against Aβ toxicity not due to reduced food consumption, 
although we cannot rule out the possibility that WCESP and dietary 
restriction act through similar downstream mechanisms.

IIS Is Required for WCESP to Protect AD Worms 
Against Aβ Toxicity
Considering that IIS regulates the transactivity of HSF-1 (46–48), 
we next examined whether WCESP’s ability to delay the progres-
sion of paralysis in CL2006 worms is dependent on IIS. To this end, 
we examined daf-2 and age-1, two major components of IIS path-
way. Specifically, AD worms CL2006 supplemented with WCESP 
were fed with RNAi bacteria of daf-2 and age-1, respectively, and 
the paralysis progression of these worms was monitored. CL2006 
worms fed with control RNAi (empty vector) bacteria served as 
controls. As compared with controls, WCESP consumption did not 
further delay the progression of paralysis in AD worms fed with 
either daf-2 RNAi bacteria (Figure  5A) or age-1 RNAi bacteria 
(Figure  5B). These findings suggest that WCESP may act, at least 
partially, through IIS to protect C elegans against Aβ toxicity. To 
further confirm that WCESP may act through IIS to regulate HSF-1’s 
transactivity, we performed qRT-PCR to measure the expression of 
hsp-16.2, one of the HSF-1 targets, in AD worms treated with daf-2 
RNAi and age-1 RNAi. In consistent with our expectation, RNAi of 
daf-2 and age-1 significantly eliminated the upregulation of hsp-16.2 
in WCESP-treated AD worms (Figure 5C). These findings suggested 
that WCESP acts through IIS to regulate the transactivity of HSF-1.

WCESP Supplementation Significantly Increases 
Solubility of Proteins in Aged C elegans
Aging and age-related disorders are often associated with the deposi-
tion of insoluble proteins, indicating that healthy aging requires the 

Figure 3.  Water-soluble cranberry extract standardized to 4.0% PAC (WCESP) 
supplementation reduces the amount of total Aβ species. (A) A significant 
reduction of intensity is observed in the samples from worms that had been 
treated with WCESP. Aβ species are quantified by using Image-J software. 
The graph shows the mean intensity of Aβ species and is the result of three 
independent experiments. p value was calculated using Student’s t-test. *p 
< .05 when compared with controls. (B) Immunoblot assay of Aβ species. 
Western blot analysis was conducted using 10-day-old CL2006 worms.
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proper maintenance of protein conformation (1,42,49). Given that 
WCESP granted beneficial effects toward both prolongevity and mit-
igation of body paralysis in AD worms, we next questioned whether 
WCESP supplementation might lead to improved solubility of pro-
teins in aged C elegans. To address this question, we treated N2 and 
CL2006 worms with or without WCESP and examined the solubil-
ity of proteins in 10-day-old adult worms. Briefly, the synchronous 
worms treated with or without WCESP were collected 10 days after 
the L4 stage. Total protein extracts were yielded by sonication, and 
then the soluble fractions were obtained by removing the insolu-
ble fraction via high-speed centrifugation. Soluble fraction samples 
were analyzed through a combination of sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and Image-J software. Both N2 
and CL2006 worms treated with WCESP yielded significantly more 
soluble proteins relative to the controls without WCESP treatment 
(Figure 6A and B). Considering that the solubility of cellular proteins 
plays a vital role in regulating the function of proteostasis (49,50), 
our results suggest that supplementation with WCESP could improve 
the function of proteostasis in aged worms.

Figure 5.  Water-soluble cranberry extract standardized to 4.0% PAC (WCESP) 
acts through insulin/insulin-like growth factor signaling (IIS) to protect against 
Aβ toxicity in Alzheimer’s disease (AD) worms. (A) WCESP supplementation 
cannot further delay the progression of Aβ toxicity-induced paralysis in AD 
worms with reduced IIS by daf-2 RNAi. (B) WCESP supplementation cannot 
further delay the progression of body paralysis in AD worms with reduced IIS 
by age-1 RNAi. Each paralysis assay was repeated at least three independent 
times and similar results were obtained. “% paralysis” indicates the average 
paralysis among the multireplicates and error bars represent the standard 
deviation. “EV” stands for empty vector. (C) The mRNA levels of hsp-16.2 
in AD worms treated with RNAi of daf-2 and age-1 were quantified using 
qRT-PCR, when supplemented with or without 2mg/ml WCESP. The data from 
three independent experiments were pooled to calculate the mean RNA level 
normalized to the internal control act-1. The standard errors of the mean 
(SEM) are shown. The normalized mean RNA level of controls is set to “1”.

Figure 4.  Water-soluble cranberry extract standardized to 4.0% PAC (WCESP) 
requires hsf-1, but not daf-16 and skn-1, to protect against Aβ toxicity. (A) 
WCESP supplementation can still delay the progression of Aβ toxicity-
induced paralysis in Alzheimer’s disease (AD) worms with DAF-16 level 
reduced by daf-16 RNAi. (B) WCESP supplementation can still delay the 
progression of body paralysis in AD worms with SKN-1 level reduced by 
skn-1 RNAi. (C) Reducing HSF-1 by hsf-1 RNAi significantly abolished the 
beneficial effects of WCESP delaying the progression of body paralysis in 
AD worms. Each paralysis assay was repeated at least three independent 
times with similar results. “% paralysis” indicates the average paralysis 
among the multireplicates and error bars represent the standard deviation. 
“EV” stands for empty vector. (D) The transcript levels of hsf-1, hsp-12.6, hsp-
16.2, and hsp-70 in AD worms treated with and without 2 mg/ml WCESP were 
quantified using qRT-PCR. The data from three independent experiments 
were pooled to calculate the mean RNA level normalized to the internal 
control act-1. The standard errors of the mean (SEM) are shown. *p < .05 
when compared with nontreated control. (E) Effect of WCESP on pumping 
rate in CL2006 worms.
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Given that WCESP requires HSF-1 to promote the healthy aging 
in C elegans, our finding that WCESP improved the solubility of pro-
teins in aged worms suggests that WCESP might also require HSF-1 
to improve protein solubility in C elegans. To test this interesting 
speculation, we supplemented hsf-1 deletion mutant worms with or 
without WCESP and collected protein samples using the same strat-
egy in Figure 6A. Intriguingly, hsf-1 deletion mutant worms treated 
with WCESP yielded similar amount of soluble proteins as were 
yielded by hsf-1 deletion mutant worms without WCESP treatment 
(Figure 6C). These findings suggest that WCESP-mediated increase 
of protein solubility in aged worms is also dependent on HSF-1. 
Considering that the function of proteostasis in improving the pro-
tein solubility in cells, and taking into account the vital role of HSF-1 
in regulating proteostasis (4,36), our findings together propose an 
exciting model of WCESP’s action, that is, WCESP supplementation 
may modulate the activities of HSF-1 to help maintain or improve 
the function of proteostasis in C elegans, thereby ameliorating Aβ 
toxicity and thus delaying the progression of body paralysis in AD 
worms.

Discussion

Previous in vitro studies proposed that cranberry extract may have 
some protective effects against AD (51). Thus, it is interesting to 
further test this beneficial effect in vivo and reveal the underlying 
molecular mechanisms accordingly. Our recent studies have dem-
onstrated that a unique extract from the North American cranberry 
(Vaccinium macrocarpon), WCESP, is potent to promote longev-
ity and healthy aging in model organisms (31,33–35,52,53). Here, 
we employed CL2006, a transgenic C elegans strain constitutively 
expressing Aβ, as an AD model to investigate the protective effects 
of WCESP against Aβ toxicity in vivo and elucidated molecular 
mechanisms underlying this protection. Excitingly, our results indi-
cated that supplementation of WCESP substantially extended life 
span of the AD worms and delayed the progression of their Aβ 
toxicity-induced body paralysis. Our epistasis analyses suggested 
that WCESP requires hsf-1, rather than daf-16 and skn-1, to protect 
against Aβ toxicity in AD worms. Mechanistic studies further dem-
onstrated that WCESP modulates the transactivity of HSF-1 through 
IIS cascade. Moreover, WCESP consumption results in the reduction 
of Aβ species in AD worms and greatly increases the solubility of 
proteins in aged worms, which is a hallmark of well-maintained pro-
teostasis (5,42). Intriguingly, the improvement of protein solubility 
conferred by WCESP supplementation in AD worms also required 
the function of HSF-1. Considering the imperative role of HSF-1 
in regulating proteostasis, our findings suggest that WCESP may 
alleviate Aβ toxicity by improving the function of proteostasis in C 
elegans, which required HSF-1 in an IIS-dependent manner.

Previous studies reported that DAF-16, SKN-1, and HSF-1 played 
pivotal roles in regulating longevity and ameliorating Aβ toxicity 
(36,54,55). Thus we wondered whether these regulators may partici-
pate in the WCESP-mediated prevention against Aβ toxicity. To this 
end, we employed RNAi techniques to knock down the expression of 
aforementioned gene in CL2006 AD worms and then monitored the 
progression of their Aβ toxicity-induced body paralysis. Our results 
showed that RNAi of either daf-16 or skn-1 did not abolish WCESP-
mediated progression delay of body paralysis (Figure  4A and B), 
whereas RNAi of hsf-1 in CL2006 AD worms completely abolished 
the progression delay of paralysis relative to controls (Figure 4C). 
These findings indicated that WCESP’s protection against Aβ toxic-
ity in C elegans is mainly dependent on HSF-1. Given that inefficient 

Figure 6.  Water-soluble cranberry extract standardized to 4.0% PAC (WCESP) 
improves proteostasis in aged C elegans dependent on HSF-1. (A) WCESP 
supplementation increases protein solubility in 10-day-old N2 worms. (B) 
WCESP supplementation increases protein solubility in 10-day-old CL2006 
Alzheimer’s disease (AD) worms. (C) WCESP supplementation cannot 
increase protein solubility in 10-day-old hsf-1 (sy441) mutant worms. Soluble 
proteins on the sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
are quantified by using Image-J software. Data are expressed as mean 
intensity from three independent experiments. The standard errors of 
the mean (SEM) are shown. p value was calculated using Student’s t-test.  
*p < .05 when compared with controls.
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proteostasis results in the accumulation of aggregates (4), such as Aβ 
aggregates, we reasoned that WCESP supplementation might protect 
AD worms against Aβ toxicity by maintaining a functional healthy 
proteostasis. Considering that HSF-1 plays a pivotal role in regulat-
ing proteostasis (36), our results suggested that WCESP supplemen-
tation may improve the function of proteostasis by promoting the 
transactivity of HSF-1 in AD worms. In support of this, our further 
qRT-PCR experiments measured the expression of several major tar-
get genes of HSF-1 and showed that these genes were upregulated in 
CL2006 AD worms supplemented with WCESP as compared with 
controls without WCESP treatment (Figure 4D). A growing body of 
evidence demonstrated that HSF-1 plays imperative roles in regulat-
ing protein synthesis, folding, and degradation (1,56), implying that 
HSF-1 may participate in the whole process of proteostasis regula-
tion. Therefore, our findings indicated that WCESP may influence 
the entire process of proteostasis through HSF-1.

We previously reported that WCESP acted through IIS cascade 
to promote activity of HSF-1 in C elegans (33). Given that HSF-1 
was required for the WCESP-mediated protective effects against 
Aβ toxicity, we speculated that WCESP may also act through IIS 
in the transgenic AD worms to modulate the activity of HSF-1. In 
support of our speculation, WCESP supplementation did not fur-
ther delay the progression of body paralysis in AD worms with 
reduced IIS (Figure 5A and B), suggesting that IIS is indispensable 
in WCESP-mediated protection against Aβ toxicity. Given that IIS 
was able to regulate both daf-16 and hsf-1 to protect against Aβ 
toxicity and delay the progression of paralysis in CL2006 worms 
(36), our finding that WCESP mainly relied on HSF-1 to protect 
against Aβ toxicity actually raised a very interesting possibility, that 
is, some other factors may also be required in concert with IIS to 
specify the transactivity of HSF-1 in response to WCESP treatment. 
Apparently, more experiments are needed to thoroughly unravel 
the sophisticated mechanisms whereby the regulatory specificity of 
HSF-1 is determined in response to WCESP treatment. Undoubtedly, 
the results of these experiments will not only unveil the mechanisms 
at the molecular level, whereby WCESP acts to promote proteostasis 
and the stability of the proteome, but also provide valuable insight 
into how HSF-1 is fine-tuned to modulate healthy aging from a fun-
damental point of view.

Healthy aging is associated with the healthy proteostasis, which 
is able to maintain the balance among processes of protein synthesis, 
folding, and degradation. In contrast, imbalance among these pro-
cesses results in the aggregation and deposition of aberrant proteins, 
leading to aging and age-related diseases. Of note, Reis-Rodrigues 
and colleagues showed that the solubility of cellular proteins declined 
with the aging process, suggesting that better protein solubility is a 
hallmark of healthy proteostasis (42). Our protein solubility experi-
ments revealed that WCESP supplementation dramatically increased 
the solubility of proteins in aged worms (Figure 6A and B), suggest-
ing that WCESP possessed the ability to maintain a healthy proteo-
stasis in C elegans. Taking into account that a healthy proteostasis 
could alleviate Aβ toxicity, our finding that WCESP relied on HSF-1 
to delay Aβ toxicity-induced body paralysis of worms indicated 
that WCESP required HSF-1 to maintain a healthy proteostasis in 
C elegans. Indeed, we validated this surmise by comparing protein 
solubility in hsf-1 deletion mutant worms treated with and without 
WCESP. Our results indicated that the solubility of proteins in hsf-
1 deletion mutants was not altered no matter whether WCESP was 
present or absent (Figure 6C). Collectively, our findings demonstrated 
that WCESP helps maintain the proteostasis and thereby alleviates 
Aβ toxicity in CL2006 AD worms in an hsf-1-dependent manner.

Interestingly, Cohen and colleagues previously reported that 
HSF-1 alleviated Aβ toxicity by first disaggregating large Aβ 
aggregates into small Aβ aggregates and next promoting the deg-
radation of small Aβ aggregates into peptides or amino acids (36). 
Considering that aggregation and disaggregation of protein mole-
cules are a reversible process, their fantastic finding actually implied 
that HSF-1 preferentially drove the disaggregation process toward 
degradation of small Aβ aggregates in AD worms. Therefore, HSF-
1-triggered alleviation of Aβ toxicity should be associated with the 
reduction of all Aβ species rather than only high molecular weight 
(HMW) Aβ aggregates or low molecular weight (LMW) Aβ/ Aβ oli-
gomers. Our results showed that WCESP supplementation did not 
remarkably reduce the amount of particular Aβ species in range 
from LMW Aβ/ Aβ oligomers to HMW Aβ aggregates, whereas the 
total amount of Aβ species in WCESP-treated AD worms was sig-
nificantly reduced as compared with control worms without WCESP 
treatment (Figure 3A and B). Given that WCESP protected against 
Aβ toxicity dependent on HSF-1, our results actually further sup-
ported the findings that Cohen and colleagues reported from a prac-
tical point of view.

Taken together, our findings elucidated some of the molecular 
mechanisms by which WCESP alleviated Aβ toxicity in C elegans 
and highlighted the beneficial effects of WCESP on AD prevention. 
Although health effects of WCESP have been studied for many years, 
our study is the first to thoroughly investigate the properties of 
WCESP on protection against Aβ toxicity and the first to systemati-
cally analyze the genetic requirements for WCESP-mediated anti-AD 
effects. Because HSF-1 is highly conserved in species ranging from C 
elegans to mammals, our finding that HSF-1 is engaged to maintain 
proteostasis in response to WCESP supplementation has immedi-
ate implications for the utilization of WCESP in promoting healthy 
aging by combating age-related diseases in higher order organisms.
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