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Abstract
The allophycocyanin (APC) protein purified from Phormidium sp. A09DM was investigated for its in vivo antioxidant and 
anti-aging potential in Caenorhabditis elegans. An increased mean lifespan of APC-treated (100 μg/ml) worms (wild type) 
were observed from 16 ± 0.2 days (control) to 20 ± 0.1 days (treated). APC-treated worms also showed improved physi-
ological marker of aging such as the rate of pharyngeal pumping and higher rate of survival against oxidative and thermal 
stress. Furthermore, APC was found to moderate the expression of human amyloid beta (Aβ1–42) as well as associated 
Aβ-induced paralysis in the transgenic C. elegans CL4176 upon increase in temperature. Furthermore, RNA interference 
(RNAi)-mediated studies revealed the dependence of downstream regulator daf-16, independent of stress-induced resistance 
gene skn-1 in the APC treated C. elegans. In the present study, we tried to demonstrate the anti-aging activity, longevity 
and protective effects of APC against cellular stress in C. elegans, which can lead to the use of this biomolecule in drug 
development for age-related disorders.
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Abbreviations
C. elegans	� Caenorhabditis elegans
PE	� Phycoerythrin
PC	� Phycocyanin
NGM	� Nematode growth medium agar plate
CGC​	� Caenorhabditis Genetic Center

ROS	� Reactive oxygen species
Aβ	� Amyloid-beta
PBP	� Phycobiliprotein
SDS	� Sodium dodecyl sulfate
PAGE	� Polyacrylamide gel electrophoresis
L4	� Larval stage 4
H2O2	� Hydrogen peroxide
DCFH-DA	� Dichloro-dihydro-fluorescein-diacetate
PQ	� Paraquat

Introduction

Phycobilliproteins (PBPs) and linker proteins are recipro-
cally organized to shape multi-molecular complexes known 
as phycobilisomes (PBS, 4–8 MDa) associated with light 
harvesting function in red algae (Rhodophyta), cyanobacteria 
(blue-green algae) and cryptomonad (Chryophyta) (Gross-
man et al. 1995). The three major phycobilliproteins based 
on the light absorbing properties are phycoerythrin (PE; 
λmax: 540–570 nm), phycocyanin (PC; λmax: 610–620 nm) 
and allophycocyanin (APC; λmax: 650–655 nm) (Singh et al. 
2015). The PBPs form the core and rod structures, with the 
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core located on the periphery of the thylakoid membrane and 
rods diverging out from the core. The core contains invari-
able APC, whereas rods contain variable PC and PE (Sonani 
et al. 2016). Structurally, APC is made up of two subunits, 
i.e., α (~ 15.5 kDa) and β (~ 17.0 kDa) subunits (Sonani 
et al. 2015b). These two subunits join together to form a 
heterodimer; the spatial arrangement of three heterodimers 
forms the trimeric disc (Grossman et al. 1995). It has been 
reported that the core APC comprises antioxidant potential, 
which might be valuable as a potent anti-aging therapeutic 
biomolecule (Sonani et al. 2014b). The various applications 
of APC have been reported, such as a dye in color industries, 
food colorant in nutraceutical industries, and fluorescence 
tagging in immunofluorescence and other biomedical appli-
cations (Sonani et al. 2016). Other than these applications, 
PBPs are also reported as good therapeutic agents (Sonani 
et al. 2015a).

The process of aging is reported to involve the progres-
sion of reactive oxygen species (ROS) accumulations and 
downstream regulator gene daf-16 and stress resistance gene 
skn-1 (Wan et al. 2020, 2019). Out of various hypotheses 
stated for aging, the free radical theory of aging is widely 
accepted, which suggests the accumulation of free radicals 
as well as generation of metabolic imbalance, plays a cru-
cial role in the progression of aging (Blagosklonny 2008). 
The free radicals can be reduced or declined by increasing 
the endogenous antioxidant generation or supplementing 
exogenous antioxidants (Yu et al. 2017). There are various 
lines of evidences, which exhibit the anti-aging efficacy of 
various antioxidant compounds such as α-tocopherol, Trolox 
and α-lipoic acid (Andriollo-Sanchez et al. 2005; Patel et al. 
2018). Different genes (daf-16 and skn-1) are also reported 
to be involved in stress tolerance and other adverse effects, 
resulting in the extension of lifespan (Andriollo-Sanchez 
et al. 2005). C. elegans showed a highly conserved gene 
for diseased and phenotypic characteristic to human disease 
such as declined body movement, reduced rate of repro-
duction and elevated accumulation of toxic metabolites 
(Harrington and Harley 1988; Iwasa et al. 2010). Due to 
the existence of aging-associated phenotypes, C. elegans is 
appraised as a good model for analyzing the effect of ther-
apeutic compounds, which may restrict aging (Ishii et al. 
2004; Singh et al. 2016). APC can be used as a functional 
food augmented for its anti-oxidative, anti-inflammatory, 
immunomodulatory and anti-hyperanalgesic possessions has 
been reported (Sonani et al. 2015a; Uno and Nishida 2016).

Herein, we examined the role of APC on lifespan using 
wild-type (N2 Bristol) and different mutants of C. elegans 
strain. We investigated the antioxidant potential of APC 
by exposing worms to ROS inducer (paraquat), and RNAi 
knockout strategy was used to study the involvement of 
DAF-16 and SKN-1 stress response factor in the longevity 
of worms. In C. elegans, various transcription factors such 

as oxidative stress (skn-1) activate the expression of chains 
of important proteins and molecular chaperons required to 
balance proteostasis under the respective stress conditions 
(Morton and Lamitina 2013). The RNAi-mediated gene 
knockout method was used to investigate the effect of skn-1 
gene with APC-treated and -untreated worms. In this study, 
we explored the effect of APC on longevity, stress resistance 
and protective effect against age-associated disease. Thus 
with the antioxidant property of APC, we further explored 
the possible involvement of DAF-16 and SKN-1 which are 
important regulators in anti-aging.

Materials and methods

APC purification and characterization

Phormidium sp. A09DM culture was grown in ASN III 
medium with 12:12 h light: dark cycles at 27 ± 2 °C. The 
28 days old culture was harvested and lysed by simple repeti-
tive freeze (− 80 °C)–thaw (4 °C) cycles to extract out all 
the intracellular proteins (Sonani et al. 2015b). These crude 
proteins were further subjected to three-step ammonium sul-
fate precipitation of 20%, 40% and 70% ammonium sulfate 
saturation. The 0.1% Triton X-100 was added after the 40% 
ammonium sulfate purification step. The pellet obtained 
after 70% ammonium sulfate precipitation was dialyzed 
and the molecular grade of APC protein was obtained by 
ion exchange chromatographic technique (DEAE Sepharose 
FF, AKTA Pure system, GE Healthcare). The column was 
pre-equilibrated with 20 mM Tris–HCl buffer, pH 8.0, dia-
lyzed with 70% ammonium sulfate pellet (5 ml) loaded to the 
column and the flow rate was kept at 5 ml/min. Protein was 
eluted by applying 0–500 mM gradient of NaCl in 20 mM 
Tris–HCl buffer, pH 8.0. The amount of APC was calcu-
lated at each step according to Bennet and Bogorad method 
(1973) [APC] = (OD652 − 0.208OD615)/5.09 (Bennett and 
Bogorad 1973). The purity of APC at each step of purifica-
tion was recorded as (purity ratio) calculated by the formula 
A653/A280. The purified APC protein was characterized by 
SDS-PAGE and native PAGE analysis to check the purity 
and homogeneity. The UV–visible absorbance spectrum 
of APC was recorded by UV–visible spectrophotometer 
(Specord 210, AnalytikJena AG, Germany) and purity of 
APC was accessed by taking the purity ratio of absorbance 
653–280 nm (Sonani et al. 2014b).

Cultivation and maintenance of C. elegans

Different strains of C. elegans used in this study were N2 
Bristol (wild type), CL4176 (dvIs27[pAF29(myo-3/Ab 
1–42/let UTR) + pRF4(rol-6(su1006)]) and TJ356 (zls356 
[daf-16p::daf-16a/b::GFP + rol-6(su1006)]. The wild-type 
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strain of C. elegans was cultured at 16 °C and maintained 
in a nematode growth medium plate (NGM), which was 
preseeded with E. coli OP50 as a nutrient source for the 
worms. The E. coli OP50, E. coli HT115 (DE3) and RNAi 
constructs were cultured at 37 °C. To study the effect of 
APC, the NGM agar plate was prepared with different con-
centrations of APC (10, 50, and 100 µg/ml). All the worm 
strains and food source of worms were obtained from the 
Caenorhabditis Genetics Center (CGC), University of Min-
nesota, USA.

Lifespan and health span study

Three different concentrations (10, 50 and 100 µg/ml) of 
APC were used to carry out the lifespan and health span 
study at 20 °C (Sonani et al. 2014a; Singh et al. 2016). For 
the lifespan study, the worms were synchronized and L4 
staged worms were transferred to control and experimental 
plates containing APC of different concentrations. The total 
number of live and dead worms was calculated on every 
alternate day till all the worms died. The reaction in response 
to mechanical stimulus and pharyngeal pumping was con-
sidered as a surrogate indicator to scrutinize dead animals. 
The health of the worms was checked by manually counting 
pharyngeal pumping rate at the 5th and 10th-day post-trans-
ferring of the L4 staged worms. All assays are performed 
in triplicate and worm details are given in supplementary 
Table 1.

Stress tolerance assay

Stress tolerance assay was performed by exposing N2 (wild 
type) worms to thermal and oxidative stress. For oxidative 
stress assay, worms were synchronized up to post-adulthood 
and exposed to oxidative stress using 10 mM H2O2 for 2 h in 
liquid medium supplemented with E. coli OP50. The worms 
were then transferred to experimental (100 µg/ml APC) and 
control plates and percentage recovery from stress was cal-
culated after 16 h of incubation at 20 °C (Cai et al. 2011).

The thermal stress was provided by increasing the tem-
perature from 20 to 35 °C and the numbers of live worms 

were counted in experimental (100 µg/ml APC) and control 
plates at an interval of 2 h till the death of all worms.

DCHF‑DA staining

In vivo antioxidant potential of APC was checked by quanti-
fying intracellular ROS precisely inside the C. elegans body 
via ROS-specific dye DCFHA-DA. This dye can penetrate 
through the cell membrane and fluoresce when it comes in 
contact with free radicals (Rastogi et al. 2010). Paraquat 
(herbicide) was used to induce oxidative stress by means of 
generating a high amount of ROS. The L4 stage-synchro-
nized worms were exposed to 10 mM paraquat on experi-
mental (100 µg/ml APC) and control plate to induce ROS 
(reactive oxygen species) production and incubated for 24 h 
at 20 °C. Thereafter, formation of ROS within the treated as 
well as untreated worms was checked by staining the worms 
with 5 µM DCFH-DA dye (Patel et al. 2018).

RNAi experiment

Synchronized worms were grown on NGM plates with and 
without APC at 20 °C. L4 stage worms were fed with skn-1 
and daf-16 RNAi (HT115 E. Coli) culture as reported previ-
ously (Timmons and Fire 1998; Kamath and Ahringer 2003) 
for three consecutive generations to complete knockout of 
skn-1 and daf-16. Further, worms were permitted to lay eggs 
for 1 day. The offspring obtained from the eggs were used as 
RNAi mutant/knockout for a particular gene (Sonani et al. 
2014a) and the lifespan was studied in experimental (100 µg/
ml APC) and control plates.

DAF‑16::GFP nuclear localization

The L1 stage worms of TJ356 were grown with and with-
out APC (100 μg/ml) containing NGM plates. One set of 
treated and untreated L4 staged worms were shifted to 36 °C 
temperature to induce heat shock in the worms and then 
imaged under fluorescence microscopy, whereas another set 
of treated and untreated worms were directly imaged (at 10 
×) using a Nikkon DS-Ri2 fluorescence microscope (Eclipse 
Ni-E, Nikon). The GFP transgenic lines were observed using 

Table 1   APC protein 
purification, yield and purity

Total protein con-
centration (mg)

APC concentra-
tion (mg)

Purity Ratio 
(A653/A280)

APC content out of 
total protein (%)

Yield (%)

Crude 80 4.7 0.47 5.87 100
Ammonium 

sulfate frac-
tion 70%

10 3.7 1.05 37 78.72

Ion exchange 
chromatog-
raphy

4.2 2.8 3.86 66.66 59.57
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excitation and emission filter of 400/30 and 508/20, respec-
tively. Translocation of DAF-16 was observed by evaluating 
the existence of GFP agglomeration in the nuclei.

Paralysis assay

The CL4176 transgenic animal containing human amyloid 
(Aβ1-42) in muscle cells were grown, with and without APC 
containing NGM plates for 48 h at 16 °C. The (Aβ1-42) 
production in the muscle cell was induced by increasing the 
temperature to 25 °C for 20 h and the worms were scored 
for paralysis at an interval of 2 h till all the worms were 
paralyzed. Then, the paralyzed worms were differentiated 
by means of a“halo” formed as a result of the movement 
of the head during feeding, as well as no response to the 
mechanical stimulus was also considered as indication of a 
paralyzed worm.

In vivo amyloid β staining by Thioflavin‑T on C. 
elegans (CL4176)

The wild-type N2 bristol worms and Alzheimer’s disease 
model CL4176 worms were employed for this analysis. The 
staining of APC-treated and -untreated worms was per-
formed by washing worms with S-basal medium for more 
than three times to get the maximum number of worms for 
the assay as described in the protocol (Link et al. 2003). 
Thioflavin-T (0.125%) was used to stain the worms, which 
werethen incubated for 30 min in dark at room temperature. 
Subsequently, destaining was done with 50% ethanol till the 
absolute stain disappeared from the solution. The fluores-
cence intensity of Aβ aggregate on the body wall of APC-
treated and -untreated worms was measured by fluorescence 
microscopy (Eclipse Ni-E, Nikon) and ImageJ software.

Statistical analysis

All data obtained were statistically represented as standard 
error means (SEM). We used two-tailed Student’s t test for 
comparing two sets of data. For lifespan, the log rank tests 
obtained was considered statistically significant at p < 0.05 
and a graph was plotted using Prism 4 software. P < 0.001 
was considered statistically significant (Supplementary 
Table 1).

Results

Purification and characterization of APC

The repetitive cycles of freeze–thaw yields the extraction of 
a majority of intracellular proteins. The cellular impurities 
in the greenish pellet were precipitated after 20% ammonium 

sulfate fractionation and phycoerythrin was separated by 
40% ammonium sulfate treatment. The addition of 0.1% 
Triton-X 100 helped in the separation of PBPs. Other phy-
cobiliproteins were precipitated at 70% ammonium sulfate, 
and the pellet of 70% ammonium sulfate fractionation was 
desalted by dialysis against 20 mM Tris–HCl buffer, pH 8.0. 
Further, DEAE Sepharose ion exchange chromatography 
was employed to obtain a high purity of protein. Sodium 
chloride salt gradient (0–500 mM) was used for elution of 
proteins. Pure APC was obtained at 220 mM NaCl concen-
tration containing 20 mM Tris–HCl buffer, pH 8.0 (Sonani 
et al. 2015b). The purified protein fractions were analyzed 
for their purity by UV–visible spectroscopy, SDS-PAGE 
and native PAGE analysis Fig. 1. The absorbance spectrum 
recorded ranges from 200 to 800 nm. APC concentration 
as well as the purity ratio obtained after each purification 
step is shown in Table 1. APC obtained after ion exchange 
chromatography shows absorption maxima at 653 nm, hav-
ing purity ratio 3.86 as shown in Fig. 1d. The SDS-PAGE 
analysis shows two distinct bands of alpha and beta subunits 
of APC having molecular weight 15.5 kDa and 17.0 kDa, 
respectively (Fig. 1a, b). Two orange fluorescent bands on 
SDS-PAGE after UV illumination of zinc acetate staining 
further confirm the presence of APC associated with chro-
mospheres (Fig. 1b). Similar fluorescence outcome was 
observed in the Native PAGE with single intact prominent 
band after zinc acetate staining. Native PAGE analysis shows 
one distinct band of APC after silver as well as zinc acetate 
staining (Fig. 1c).

APC enhances lifespan and health span of C. elegans

The lifespan of C. elegans was determined by treating 
worms with APC under different concentration (control, 10, 
50, and 100 µg/ml) using the L4 animals at 20 °C (Sonani 
et al. 2014a; Singh et al. 2016). The number of dead worms 
was verified on every alternate day. The mean lifespan of 
control worms was observed to be 16 ± 0.2 days (log-rank 
test, p < 0.05). APC-treated worms at 10 and 50  µg/ml 
showed no significant difference as compared to the control, 
but remarkable increase in lifespan at 100 µg/ml of APC-
treated worms was observed (20 ± 0.1 days; log-rank test, 
p < 0.05) as shown in Fig. 2a. An increased lifespan of APC-
treated worms was observed as compared to the control in a 
dose-dependent manner. We measured the rate of pharyngeal 
pumping in APC-treated (100 µg/ml) and untreated worms 
on the 5th day and 10th day of post-adulthood. The rate of 
pharyngeal pumping for control animals was observed to be 
112 ± 5.161 min−1 and 80 ± 5.5 min−1 on the 5th and 10th 
days, respectively, whereas the treated (100 µg/ml) worms 
exhibited 150 ± 4.874 and 130 ± 6.841 min−1 on the 5th and 
10th days, respectively (Fig. 2b).
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APC increases stress tolerance in C. elegans

The thermal and oxidative stress assays were performed 
to determine the preventive role of APC against the stress 
by exposing the adult worms with APC (treated; 100 µg/
ml) and without APC (untreated). The thermotolerance 
assay was performed by exposing the pre-exposed worms 
to 35 °C (treated and untreated) and the numbers of dead 
worms were counted at every 2 h interval until all the 
worms were scored dead. APC-treated worms exhibited 
a significantly higher rate of survival 20 ± 2.96 h (t test, 
p < 0.001) as compared to untreated worms 18 ± 2.96 h (t 
test, p < 0.001) as shown in Fig. 3a. The oxidative stress 
assay was carried out by exposing the worms to 10 mM 
H2O2 for 2 h to generate oxidative stress and thereafter 
worms were counted at 16 h post-recovery. APC-treated 
worms showed significantly higher rate of recovery 
(85 ± 0.7%; t test, p < 0.001) as compared to the control 
(54 ± 2.2%; t test, p < 0.001) as shown in Fig. 3b. The 

above results demonstrate the significant role of APC in 
the promotion of health span in C. elegans.

In vivo ROS scavenging potential of APC

We checked the effect of APC under artificial oxidative 
stress using 10 mM paraquat (PQ). PQ increases the intra-
cellular ROS in C. elegans N2 wild-type body as evidenced 
by increase in fluorescence intensity (Fig. 4a). In vivo ROS 
scavenging potential of APC was measured by feeding the 
protein to C. elegans as the dietary antioxidant supplement. 
We checked the effect of APC (100 μg/ml) feeding on ROS 
production induced by PQ in N2 wild- type C. elegans by 
probing ROS generation using DCFH-DA fluorescence dye. 
It was noticed that APC feeding reduces the ROS-associated 
relative fluorescence intensity from 24.409 ± 2.9 (PQ) to 
18.99 ± 3.2 (PQ + APC) under normal condition (Fig. 4b). 
This indicates that APC could protect C. elegans under oxi-
dative stress.

Fig. 1   APC purification and characterization by PAGE and UV–vis-
ible spectrum analysis. a Purified APC isolated from Phormidium sp. 
A09DM was analyzed on 15% SDS-PAGE. Protein standard molecu-
lar weight markers are shown in the lane denoted as “Marker” and 
two distinct bands of α (15.5  kDa) and β (17.7  kDa) subunits were 
observed on the SDS-PAGE stained with silver nitrate. b Zinc acetate 

staining of 15% SDS-PAGE confirms the presence of two distinct 
fluorescence subunits α (15.5 kDa) and β (17.7 kDa). c Native PAGE 
showed the intact purified APC stained with silver nitrate and zinc 
acetate. d Overlay UV–visible spectrum of crude, 70% ASF and pure 
APC. Λmax at 653 nm confirmed the presence of APC. Increase in the 
peak at 653 nm was observed after concurrent purification steps
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Extension of lifespan by APC is independent 
of SKN‑1 pathway and partially dependent 
on DAF‑16

To study the consequence of APC on stress response fac-
tor, we observed the existence of DAF-16 forkhead tran-
scription factor in the cytoplasm of TJ356, which was 
translocated to the nucleus upon APC treatment (Fig. 5a). 
The intensity of cytoplasmic DAF-16::GFP obtained was 
reduced in the APC-treated worms (Fig. 5b). Thus, con-
firmatory logical deductions can be made that upon APC 
treatment, DAF-16::GFP is translocated to the nucleus, 
which resulted in a significant decrease in the DAF-16 

levels in the cytoplasm. The relative fluorescence inten-
sity obtained without stress in TJ356 DAF-16::GFP worms 
showed reduction in fluorescence from 117.065 ± 1.56 
(without stress + untreated) to 77.412 ± 4.91 (without 
stress + treated), whereas relative fluorescence inten-
sity obtained with stress (temperature) on TJ356 DAF-
16::GFP worms supplemented with and without APC 
showed reduction in fluorescence from 74 0.851 ± 3.4 
(stress + untreated) to 62.228 ± 3.89 (stress + treated) as 
shown in Fig. 5b. DAF-16::GFP transgenics were found 
to show less GFP fluorescence intensity in cytoplasm 
upon APC treatment. Thus, it might be dependent on the 
DAF-16 forkhead transcription factor directly to enhance 
the longevity of worms. The same was also examined by 

Fig. 2   APC treatment enhances lifespan and improves health span 
in C.elegans: a Result of APC treatment increases survival of on 
N2 Bristol (adult worm) in a dose-dependent manner. Mean sur-
vival duration—control, 16 ± 0.2  days (mean ± SEM; log-rank test, 
p < 0.05), APC (100 μg/ml) 20 ± 0.1 days (mean ± SEM; log-rank test, 
p < 0.05). Data are represented as mean ± SEM. APC-treated worms 
showed increased lifespan as compared to the control and 10  μg/
ml and 50 μg/ml of APC-treated worms. b APC treatment improves 
pharyngeal pumping rate with aging. Effect of APC on the pharyn-
geal pumping of C. elegans on the 5th day and 10th day—control, 
112 ± 5.161 min−1 and 80 ± 5.5 min−1 (t test, p < 0.001), respectively, 
and on the 10th day 150 ± 4.874 min−1 and 130 ± 6.841 min−1 (t test, 
p < 0.001). Data are represented as mean ± SEM. APC-treated worms 
showed improved health span as compared to the control

Fig. 3   APC treatment enhanced stress tolerance in C. elegans. a 
Effect of APC treatment on thermal stress tolerance. N2 animals 
(young adult stage) treated and untreated with APC of 100  μg/ml 
were 20 ± 2.96 h (t test, p < 0.001) and 18 ± 2.96 h (t test, p < 0.001), 
respectively, at 35  ˚C. The dead animals were counted at every 2 h 
until all worms died and represented as survival curves. APC-treated 
worms showed higher protective resistance against thermal stress 
as compared to the control. b APC supplement increased oxida-
tive stress tolerance. APC-treated (85% ± 0.7%; test, p < 0.001) and 
-untreated N2 animals (54 ± 2.2%; t test, p < 0.001) (young animal 
adults) were subjected to 10 mM hydrogen peroxide for 2 h at 20 ˚C. 
APC-treated worms showed higher protective resistance against ther-
mal stress as compared to the control
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observing the effect of APC treatment on the lifespan of 
the DAF-16 mutant. APC treatment showed a decrease 
in the lifespan of DAF-16 mutant worms with the mean 
value 12 ± 0.294 (log-rank test, p < 0.05) days compared 
to untreated control worms having 15 ± 0.322 days (log-
rank test, p < 0.05) (Fig. 5a–ii). The above-mentioned 
result supported the DAF-16-dependent increase in the 
lifespan of worms.

We also checked the effect of APC on the oxidative 
stress resistance gene skn-1 expression in RNAi mutant/
knockout worm. APC treatment showed equal increase in 
the lifespan of SKN-1 mutant worms with the mean value 
of 15 ± 0.322 days compared to untreated control worms 
having 15 ± 0.015 days (log-rank test, p < 0.05) as shown 
in Fig. 5b

The results obtained signify that DAF-16 is responsible 
for APC-mediated lifespan extension in C. elegans irrespec-
tive of stress response factor SKN-1.

APC ameliorates protein aggregation (Aβ reduction) 
on CL4176

Since the occurrence and progression of Alzheimer’s disease 
and Aβ toxicity are mediated by oxidative stress (Chaubey 
et al. 2019), we used APC as an antioxidant. We analyzed 
the effect of APC on Abeta aggregation using C. elegans. 
Synchronized eggs were seeded on NGM plate with (100 µg/
ml) and without APC and incubated for 36 h at 16 °C, fol-
lowed by temperature increase of L4 worms to 25 °C to 
induce Aβ expression (paralysis phenotype). A noteworthy 
delay in paralysis phenotype was observed in the APC-
treated worms (34 h ± 0.90 h) as compared to the untreated 
control (32 h ± 0.45 h) (Fig. 6a). Significant delay (~ 6%) in 
paralysis was observed in APC-treated CL4176 as compared 
to untreated worms. From the above result, we conclude that 
APC might be effective against Aβ-induced paralysis. Fur-
thermore, Thioflavin-T assay was used to determine whether 
APC is effective in minimizing the production of Aβ in 
transgenic CL4176 (Alzheimer model). The APC-untreated 
transgenic worms show high fluorescence intensity on their 
body wall as compared to APC-untreated transgenic worms 
as shown in Fig. 6b, c. Our findings suggest that APC could 
be effective in the reduction of Aβ-mediated toxicity and can 
be used as a putative therapeutic agent for Alzheimer’s as 
well as other neurodegenerative diseases.

Discussion

Exponentially growing cyanobacterial cell mass (28 days 
old) was taken for the extraction and purification of APC. 
A freeze–thaw cycle of cyanobacterial cell breached the 
cell wall and enabled whole intracellular protein extraction 
(Parmar et al. 2010). Further, crude lysate was subjected 
to ammonium sulfate precipitation in the presence of Tri-
ton X-100 followed by ion exchange chromatography. Pure 
APC obtained after ion exchange chromatography was fur-
ther subjected to its characterization (Sonani et al. 2014b). 
The purity of the protein was affirmed by SDS-PAGE as 
well as UV–visible spectrum analysis. SDS-PAGE corre-
sponds to two prominent bands, α and β subunits of purified 
APC. Moreover, UV–Vis absorption maxima of purified 
APC were found at 653 nm along with a shoulder peak at 
620 nm, as also reported previously (Parmar et al. 2010; Su 
et al. 2010). UV–visible spectrum of APC over the protein 
specific peak at 280 nm indicated the absence of impurities 
of other cellular proteins. Even though APC proportion is 
very low as compared to PE and PC, we successfully puri-
fied and characterized dimeric protein from the Phormidium 
sp. A09DM.

The “free radical theory of aging” stated that the com-
pound having antioxidant activity might have anti-aging 

Fig. 4   APC reduces intracellular production of reactive oxygen spe-
cies in N2 worm under oxidative stress. a Indicative fluorescence 
microscopic images of DCFH-DA stained control and APC (100 μg/
ml) treated L4 worms of N2 types were analyzed under normal and 
Paraquat (20 mM) induced oxidative stress condition. b The relative 
fluorescence intensity in APC-treated and -untreated worms quanti-
fied by Image J software
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effects (Kazuko et al. 1992; Blagosklonny 2008). Accord-
ingly, we checked the effects of APC on the lifespan, 
health span, stress assay and RNAi using eukaryotic model 
organism C. elegans. Our results showed the efficacy of 
APC, which increases lifespan and improves health span, 
as indicated by the rate of pharyngeal pumping or feeding 
rate in C. elegans, which are appraised as the character-
istics of aging (Huang et al. 2004). The results of APC 
supplementation on the characteristics of aging exhibit this 
protein as a potent biomolecule in the current research of 
drug discovery. Aging in an organism is naturally con-
veyed by overabundance of multifaceted problems and 
related pathologies (Pandey et al. 2019). The antioxidant 
virtue of APC reported in previous studies showed that 

it can be used as an anti-aging compound (Sonani et al. 
2014b). The improved health span and lifespan prolonging 
action of APC is found to be associated with the antioxi-
dant virtue.

The supplementation of APC counterbalances diverse 
ROS species and eventually detoxifies the effect of ther-
mal stress by endogenous antioxidant defense system in C. 
elegans (Kampkötter et al. 2007). The above results indicate 
that APC reduces free radicals and their aggregation induced 
by oxidative stress in C. elegans (Sonani et al. 2014a; Singh 
et al. 2016). Similarly, the exogenous exposure of oxida-
tive stress in the form of PQ increases the intracellular ROS 
level in C. elegans as probed by DCFH-DA dye (Takanashi 
et al. 1997; Drechsel and Patel 2009). Thus, APC shows 

Fig. 5   Effect of APC on lifespan is dependent of DAF-16 and inde-
pendent of SKN-1. a Representative image showing nuclear locali-
zation of DAF-16::GFP. APC-treated and -untreated worms were 
exposed to heat shock at 35  °C for 15 min to induce DAF-16::GFP 
nuclear localization in TJ356 worms. b Quantification of relative 
intensity of GFP fluorescence measured by Image J software. c Effect 
of APC-supplemented RNAi (DAF-16)-fed worms (12 ± 0.294 days; 

log-rank test, p < 0.05) showed insignificant difference with untreated 
worms (16 ± 0.029  days; log-rank test, p < 0.05) (RNAi DAF-16), 
indicating APC effects are DAF-16 dependent. d Effect of APC treat-
ment on lifespan of SKN-1 (RNAi). APC exposure increased mean 
lifespan of SKN-1 (RNAi) mutant (16 ± 0.015  days; log-rank test, 
p < 0.05) as compared to untreated (15 ± 0.322  days; log-rank test, 
p < 0.05) indication APC effects are independent of SKN-1
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quenching and ameliorates the protective effect against oxi-
dative stress in worms.

It is well established that longevity of worms is routed 
through stress response factor DAF-16 (ortholog of mam-
malian FOXO) and SKN-1 (ortholog of mammalian Nrf-2). 
RNAi mutant/knockout DAF-16 worms clearly indicate the 
involvement of DAF-16 in longevity, whereas SKN-1 does 
not show any involvement in the longevity (Robida-Stubbs 
et al. 2012; Sonani et al. 2014a). Furthermore, we observed 
significant nuclear localization of DAF-16 in TJ356 worms, 
which clearly confirmed the DAF-16-dependent APC-medi-
ated longevity. The underlying mechanism beneath activa-
tion and nuclear localization of DAF-16 is unknown and 
further detailed study is needed. We therefore concluded that 
expansion of lifespan in C. elegans is dependent on DAF-16 
and independent of SKN-1.

A characteristic of Alzheimer’s disease is the aggregation 
of amyloid-β peptides (Aβ) in the human brains (Chaubey 
et al. 2019). Over-expression of Aβ peptides have been 
observed to generate neurotoxic consequences in diverse cell 

lines and animal models (Smith and Luo 2003; Cohen et al. 
2006). APC on age-related diseases such as Alzheimer was 
studied, using CL4176 strain which shows the temperature-
sensitive paralysis. The APC supplementation delayed the 
paralysis, as well as Thioflavin-T assay showed that APC 
significantly abolished the Aβ aggregation in CL4176 trans-
genic worms. Thus, our results demonstrate APC as a potent 
therapeutic molecule against aging and age-associated dis-
ease in humans.

Conclusion

The present results showed the novel role of APC in 
increasing the lifespan and health span of C. elegans. It 
was observed that APC not only increases the lifespan, 
but also improved the physiological aging characteristics 
in worms such as improved feeding rate. The APC was 
also found to increase the stress tolerance and plays an 
important role in delaying the Aβ-mediated paralysis in C. 

Fig. 6   APC-treated CL4176 worms are effective in preventing protein 
aggregation and Aβ reduction. a Effect of APC on the reduction of 
Aβ(1–42)-associated paralysis phenotype in CL4176 animals. APC-
treated worms showed delay in paralysis as compared to the con-
trol. b Representative image of APC-treated and -untreated CL4176 

worms were visualized by using Thioflavin-T staining. APC-treated 
worms (CL4176) showed reduced intensity compared to the control 
(untreated CL4176) and higher than that of wild type (N2 Bristol). c 
Image J software quantification showed the fluorescence intensity in 
the following order: CL4176 > APC > wild type
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elegans (Alzheimer’s disease model). The involvement of 
DAF-16 and SKN-1 upon APC treatment was also inves-
tigated. We found APC-mediated longevity is DAF-16 
dependent and SKN-1 independent. Overall, our results 
clearly indicate that APC may be used as a potential anti-
aging molecule, which may be exploited in conducting the 
anti-aging research and development of various anti-aging 
drugs by different pharmaceutical industries.
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