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Protocatechuic acid extends lifespan and increases stress
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Abstract Veronica peregrina has a wide range of types

of constituents with various pharmacological properties.

Here in this study, we isolated protocatechuic acid (PCA)

from V. peregrina and examined PCAs effects on the

lifespan and stress tolerance using Caenorhabditis elegans

model system. We found that lifespan of wild-type worms

was significantly lengthened in the presence of PCA in a

dose dependent manner. PCA also elevated tolerance of

worms against osmotic, heat shock, and oxidative stress.

We also demonstrated antioxidant capacity of PCA by

checking intracellular reactive oxygen species level and

antioxidant enzyme activities such as catalase and super-

oxide dismutase. We further investigated several factors

including pharyngeal pumping rate and progeny production

that might influence prolonged lifespan and enhanced

stress tolerance by PCA. Interestingly, both factors were

significantly reduced after PCA exposure, indicating PCA

exerts longevity activity by shifting food intake and

reproduction at least in part. In addition, PCA-treated aged

worms showed increased body movement compared to

untreated controls suggesting PCA could enhance health-

span as well as lifespan.
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Introduction

Aging is the accumulation of changes over time which is

associated with the increasing susceptibility to different

diseases and death. Although there are several hypotheses

to explain how aging occurs, exact aging process remains

to be defined. Nonetheless, many evidences led to the

general acceptance of the oxidative stress theory that the

accumulation of molecular damage caused by reactive

oxygen species (ROS) is a major factor in aging (Bokov

et al. 2004; Finkel and Holbrook 2000). All organisms

living in an aerobic condition are exposed to ROS con-

sistently, due to the mitochondrial redox imbalance. Oxi-

dative stress induced by ROS can lead to oxidation of

biomolecules such as protein, lipid, and DNA which is

suggested to be the central cause factor promoting aging

process (Oliveira et al. 2010). Therefore, antioxidants

which can prevent oxidative stress by scavenging radicals

or interfering radical generation may delay aging and

prolong the lifespan. Indeed, many previous studies on the

correlation between antioxidants and aging support this

notion (Wu et al. 2002; Ishii et al. 2004; Adachi and Ishii

2000; Harrington and Harley 1988).

Veronica peregrina (Scrophulariaceae) which is widely

distributed through Korea and Japan has been used as a

traditional medicine for the treatment of various diseases

such as hemorrhage, leucorrhoea and pain. Recently, it has

been reported that this plant has anti-inflammatory (Jeon

2012) and antioxidant properties (Ahn et al. 2011; Kwak

et al. 2009). In addition, previous phytochemical studies

revealed that V. peregrina has been found to possess

flavonoids, iridoid glycosides, and phenolic compounds

(Ahn et al. 2011; Kwak et al. 2009). Since phenolic com-

pounds have been shown to increase lifespan in a wide

range of species (Aires et al. 2012; Peng et al. 2011;
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Canuelo et al. 2012), we hypothesized that this plant may

affect lifespan and aging. Indeed, our preliminary data

revealed that the methanolic extract of V. peregrina has

lifespan extension activity with increased stress resistance.

Moreover, longevity activity of caffeic acid which is one of

constituent of this plant has already been reported (Pietsch

et al. 2011). In this regard, we assumed that another phe-

nolic compound of V. peregrina such as protocatechuic

acid (PCA) may also have similar properties.

To determine whether PCA can alter the lifespan and

aging, we used the nematode, Caenorhabditis elegans as an

in vivo model system. Recently, this model has become a

popular for evaluating pharmacological properties of nat-

ural products on the aging, aging-related diseases, and

stress-response mechanism (Tazearslan et al. 2009; Golden

and Melov 2007; Antebi 2007; Brown et al. 2006). C.

elegans has the ability of short lifespan, rapid generation,

and ease of handling (Guarente and Kenyon 2000), and

thus, can provide excellent environment for aging or life-

span research. Moreover, nematodes and mammals share

many specific features of aging including loss of muscle

mass (Herndon et al. 2002), behavioral declines (Glenn

et al. 2004) as well as aging-related factors such as oxi-

dative stress (Finkel and Holbrook 2000) and caloric

restriction (Lakowski and Hekimi 1998).

The aim of this work was to study the effect of PCA on

the lifespan and stress tolerance in C. elegans. In addition,

antioxidant capacity of this compound was analyzed by

measuring intracellular ROS level and antioxidant enzyme

activities of nematodes. We also checked whether this

compound affects aging parameters such as pharyngeal

pumping, movement, and reproduction.

Materials and methods

Chemicals

The isolation of PCA from V. peregrina has been detailed

in a previous report (Ahn et al. 2011). Selected peptone and

yeast extracts were obtained from BD bioscience (USA).

Agar, 20,70-dichlorodihydrofluorescein diacetate, methyl

viologen dichloride hydrate (paraquat), catalase, xanthine,

xanthine oxidase, and nitroblue tetrazolium were purchased

from Sigma (St. Louis, MO, USA).

Nematodes maintenance and PCA treatment

Bristol N2 (wild-type) was kindly provided by Dr. Myon-

Hee Lee (East Carolina University, NC, USA). The worms

were grown at 20 �C on nematode growth medium (NGM)

agar plate with Escherichia coli OP50 as described by

Brenner (Brenner 1974). To prepare plates supplemented

with PCA, the stock solution in DMSO was inserted into

autoclaved NGM plates (at 50 �C). A final DMSO con-

centration of 0.2 % (v/v) was maintained under all

conditions.

Lifespan assay

The lifespan assays were performed five times indepen-

dently at 20 �C. To obtain age-synchronized nematodes,

eggs were transferred to NGM plate in the absence or

presence of various concentration of PCA after embryo

isolation. Test worms were considered dead when they

failed to respond to prodding with the tip of a platinum

wire. The worms were transferred to fresh NGM plate

every 2 days. In order to test whether PCA may alter the

lifespan of aged worms, on the 8th day of adulthood,

worms were transferred to PCA or solvent containing plate,

and then counted dead bodies as described above.

Determination of stress resistance

The age-synchronized N2 worms were bred on NGM agar

plates with or without various concentrations of PCA. For

the heat tolerance assay the adult day 4 worms were

transferred to fresh plates and then incubated at 36 �C. The

viability was scored over 10 h as previously described (Lee

et al. 2005). Oxidative stress tolerance was assessed as

described previously with minor modification (Mekheimer

et al. 2012). Briefly, the adult day 7 worms were subjected

to plate containing 60 mM paraquat and then survivals

were recorded over 24 h. Resistance to osmotic stress was

measured by placing the adult day 3 worms to NGM agar

plate containing 500 mM NaCl (Horikawa and Sakamoto

2009). Survival rate of the worms was calculated after 12 h

incubation. The survival of worms was determined touch-

provoked movement (Lithgow et al. 1995). Worms which

failed to respond to gentle touch with a platinum wire were

considered to be dead. Each test was performed at least

three times.

Measurement of antioxidant enzyme activities

To assess enzymatic activity, the worm homogenates were

prepared. Briefly, the worms were harvested from plate

with M9 buffer on the adult day 5 and washed three times.

Then, the collected worms were resuspended in homoge-

nization buffer (10 mM Tris–HCl, 150 mM NaCl, 0.1 mM

EDTA, pH 7.5) and homogenized on ice. SOD activity was

measured spectrophotometrically analysing the decolor-

ization of formazan using enzymatic reaction between

xanthine and xanthine oxidase. The reaction mixture con-

tained 20 lL of worm homogenates and 480 lL of 1.6 mM

xanthine, 0.48 mM nitroblue tetrazolium (NBT) in 10 mM
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phosphate buffer (pH 8.0). After pre-incubation at room

temperature for 5 min, the reaction was initiated by adding

1 ml of xanthine oxidase (0.05 U/ml) and incubation at

37 �C for 20 min. The reaction was stopped by adding

500 lL of 69 mM SDS, and the absorbance at 570 nm was

measured. SOD activity was expressed as a percentage of

the scavenged amount per control. Catalase activity was

calculated by spectrophotometry as previously described

(Aebi 1984). Briefly, the prepared homogenates were

mixed with the 25 mM H2O2 and after 5 min incubation,

absorbance was determined at 240 nm. Catalase activity

was expressed in U/mg protein (1 unit will decompose

1.0 lM of H2O2 per min at pH 7.0 at 25 �C).

Analysis of intracellular ROS

Intracellular ROS in the nematodes was measured using

molecular probe 20,70-dichlorodihydrofluorescein diacetate

(H2DCF-DA). Equal number of worms was incubated in

the absence or presence of PCA. On the 4th day of adult-

hood, animals were exposed to NGM agar plate containing

30 mM paraquat for 3 h. Subsequently, five worms were

transferred into the wells of a 96-well plate containing

50 lL of M9 buffer. Immediately after addition of 50 lL

of 25 lM H2-DCF-DA solution resulting in a final con-

centration 12.5 lM, basal fluorescence was quantified in a

microplate fluorescence reader at excitation 485 nm and

emission 535 nm. Plates were read every 30 min for 2 h.

Measurement of pharyngeal pumping and body

movement

The age-synchronized N2 worms were bred on NGM agar

plates with or without various concentrations of PCA. On

the 4th and 8th days of adulthood, single worms were

transferred to fresh plate followed by pharynx contractions

and body movements of animals were counted under an

inverted microscope for 1 min. All the tests were repeated

at least three times.

Reproduction assay

N2 worms were raised from embryo as in the lifespan

assay. L4 larvae were individually transferred to the fresh

plate every day to distinguish the parent from the progeny.

The progeny was counted at the L2 or L3 stage. The test

was completed in triplicate.

Data analysis

The values are expressed as the mean ± standard error of

the mean. Animal survival rate was plotted using Kaplan–

Meier analysis and analyzed by log-rank test. The statis-

tical significance of differences between the control and

treated groups were analyzed by one-way analysis of var-

iance (ANOVA). p-values less than 0.01 were considered

significant.

Fig. 1 Effects of PCA on the lifespan of wild-type N2 nematodes.

Worms were grown in the NGM agar plate at 20 �C in the absence or

presence of PCA. The number of worms used per each lifespan assay

experiment was 49–72 and three independent experiments were

repeated (N = 3). a The mortality of each group was determined by

daily counting of surviving and dead animals. b The mean lifespan of

the N2 worms was calculated from the survival curves in (a).

Statistical difference between the curves was analyzed by log-rank

test. Error bars represent the standard error of mean (SEM).

Differences compared to the control were considered significant at

**p \ 0.001 by one-way ANOVA
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Results and discussion

Protocatechuic acid (PCA, 3,4-dihydroxybenzoic acid) is a

catechol-type o-diphenol phenolic acid and has been shown

to exert many pharmacological properties including anti-

inflammatory (Tsai and Yin 2012; Wei et al. 2013), anti-

platelet (Kim et al. 2012), antibacterial (Stojkovic et al.

2013), anti-metastatic (Lin et al. 2011), and antidiabetic

activities (Harini and Pugalendi 2010). Above all, PCA has

recently received a lot of attention because of the strong

antioxidant potential (Sroka and Cisowski 2003; Masella

et al. 2012). It is well known that excess of ROS causes

chronic and degenerative diseases by oxidative

modification of biomolecules including DNA mutation,

protein denaturation, and lipid peroxidation. In particular,

ROS-mediated oxidative stress plays a pivotal role in the

process of aging, and thus, antioxidants can be an excellent

candidate for effective anti-aging agent (Harman 1956;

Queen and Tollefsbol 2010). In this regard, we dissected

the effect of PCA on the lifespan and stress tolerance using

C. elegans model system.

To determine the effect of PCA on the lifespan of wild-

type worms, the survival curve for untreated (control)

worms and PCA-treated worms was compared. Here in this

study, PCA was shown to prolong the lifespan significantly

compared to untreated controls under standard laboratory

Fig. 2 Effects of PCA on the stress tolerance of wild-type N2

nematodes. a Resistance to osmotic stress was measured by placing

worms to NGM agar plate containing 500 mM NaCl and survival rate

was calculated after 12 h incubation. b To assess thermal tolerance,

worms were incubated at 36 �C and then their viability was scored.

c For the oxidative stress assays, worms were transferred to NGM

agar plate containing 60 mM of paraquat, and then their viability was

scored. Statistical difference between the curves was analyzed by log-

rank test. Error bars represent the standard error of mean (SEM).

Differences compared to the control were considered significant at

*p \ 0.01 by one-way ANOVA
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conditions at 20 �C (Fig. 1a). As shown in Fig. 1b,

200 lM PCA treatment caused a significant increased

average lifespan (16.34 ± 0.78 days, p \ 0.001), while the

untreated worms was 11.76 ± 0.28 days. In addition, the

maximum lifespan was also lengthened by PCA in a dose

dependent manner from 20 to 25 days (100 lM) and

28 days (200 lM), respectively.

Many evidences revealed that increased viability under

stress condition is closely linked with longevity (Munoz

and Riddle 2003; Larsen 1993). Thus, in the current study,

we evaluated whether PCAs lifespan extension activity is

associated with increased stress tolerance. To answer this

question, we compared the viability of PCA-treated worms

with untreated controls under various stress conditions

including thermal, osmotic, and oxidative stress. Our

results showed that the PCA-treated worms exhibited

enhanced resistance to osmotic stress as well as increased

thermotolerance suggesting PCA could protect the worms

under osmotic stress and heat shock conditions and might

result in lifespan extension (Fig. 2a and b). Further, we

checked the survival rate under oxidative stress induced by

paraquat and, as expected, PCA showed significant

enhanced tolerance against oxidative stress (Fig. 2c).

Then, we evaluate the possibility whether PCAs regu-

latory effect on the antioxidant enzyme activity might be

involved in increased survival rate under oxidative stress

condition. In the current study, we found that PCA was

able to elevate catalase and superoxide dismutase activities

of worms (Fig. 3a and b). These results are consistent with

earlier findings that PCA enhances endogenous antioxidant

enzyme activities in vitro (An et al. 2006) and in vivo

(Zhang et al. 2011). In order to confirm whether enhanced

resistance by PCA under oxidative stress condition is due

to attenuation of excessive ROS accumulation in the cells,

we quantified intracellular ROS levels of PCA-treated

worms compared to untreated controls. As can be seen in

Fig. 3 Effects of PCA on the antioxidant enzyme activity of wild-

type N2 nematodes. a The enzymatic reaction of xanthine with

xanthine oxidase was used to generate •O2
- and the SOD activity was

estimated spectrophotometrically through formazan formation by

NBT reduction. SOD activity was expressed as a percentage of the

scavenged amount per control. b Catalase activity was calculated

from the concentration of residual H2O2, as determined by a

spectrophotometric method. Catalase activity was expressed in

U/mg protein. Data are expressed as the mean ± SEM of three

independent experiments (N = 3). Differences compared to the

control were considered significant at *p \ 0.01 by one-way ANOVA

Fig. 4 Effects of PCA on the intracellular ROS accumulation of

wild-type N2 nematodes. The worms were incubated with 30 mM

paraquat for 3 h, and subsequently treated with the fluorescent probe

H2-DCF-DA. Intracellular ROS accumulation was quantified spec-

trometrically at excitation 485 nm and emission 535 nm. Plates were

read every 30 min for 2 h. Data are expressed as the mean ± SEM of

three independent experiments (N = 3). Differences compared to the

control were considered significant at *p \ 0.01 and **p \ 0.001 by

one-way ANOVA
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Fig. 4, treatment of PCA effectively reduced intracellular

ROS level in a dose dependent manner. Taken together, we

could explain that PCAs radical scavenging and up-regu-

lation of antioxidant enzyme activities resulting in attenu-

ation of intracellular ROS level might give rise to enhanced

resistance under stress condition and prolonged lifespan, at

least to some extent.

Next, we analyzed several factors which might be

associated with PCAs lifespan extension activity. Many

previous studies have noted that the dietary restriction is

closely linked with lifespan and aging in many species

including C. elegans (Walker et al. 2005; Bordone and

Guarente 2005). Here in this study, we could estimate the

food intake by counting pharyngeal pumping. As noted in

Fig. 5a, a reduced pharyngeal pumping rate was detected

from the PCA-treated worms. Interestingly, in spite of

decreased food intake, PCA-treated worms (8th day of

adulthood) exhibited significant increase in body move-

ments compared to untreated worms (Fig. 5b), indicating

PCA has not only lifespan extension properties, but also

healthspan improving activity.

In addition, recent studies have provided evidences that

reproduction and longevity are directly coupled. Indeed,

dramatic lifespan extension could be observed by targeted

ablation of germline stem cells in C. elegans (Arantes-

Oliveira et al. 2002). In this regards, we also examined

whether PCA affects nematode’s reproduction. Interest-

ingly, PCA shifted not only total offspring per nematode

but the distribution of reproductive capacity. As shown in

Fig. 6, the total number of progeny was significantly

reduced by PCA. Moreover, PCA-treated worms displayed

delayed egg-laying, demonstrating PCA might affect

germline signaling results in altered germline develop-

mental events such as spermatogenesis and oogenesis.

Since germline signaling takes an important role in aging

of soma in C. elegans, our results revealed that regulatory

activity of PCA on the germline might be possibly related

with extended lifespan.

To address the possibility that PCA may shift worm’s

lifespan directly, independent of its effects on the food

intake and reproduction, the aged infertile worms (Adult

day 8) were exposed to PCA and their lifespan was

checked again. Interestingly, PCA-treated aged worms

exhibited enhanced lifespan (Fig. 7a) without affecting

pharyngeal pumping rate (Fig. 7b) in aged nematodes,

though not as drastically as in the worms which were

exposed to PCA after embryo isolation. These findings

provide strong evidence that PCA can extends lifespan

Fig. 5 Effects of PCA on the pharynx pumping rate and body

movement of wild-type N2 nematodes. On the 4th and 8th days of

adulthood, the pharyngeal pumping rates (a) and body movement

(b) were counted under a dissecting microscope for 1 min. Data are

expressed as the mean ± SEM of three independent experiments

(N = 3). Differences compared to the control were considered

significant at **p \ 0.001 by one-way ANOVA

Fig. 6 Effects of PCA on the reproduction of wild-type N2

nematodes. Daily and total reproductive outputs were counted. The

offspring of each worm were observed prior to L4 stage. Data are

expressed as the mean ± SEM of three independent experiments

(N = 3). Differences compared to the control were considered

significant at *p \ 0.01 and **p \ 0.001 by one-way ANOVA
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directly. However, further studies are required to elucidate

the exact mechanism of PCAs lifespan extension and anti-

aging activities.
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