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Food-derived bioactive peptides may have various physiological modulatory and regulatory functions and are now being

studied extensively. Recently, the novel dipeptide Tyr-Ala was isolated from hydrolyzed maize protein. Tyr-Ala significantly

www.rsc.org/

prolonged the lifespan of wild-type Caenorhabditis elegans and extended the nematode healthspan and lifespan during

heat/oxidative stress. Compared with its constituent amino acids, Tyr-Ala was more efficient in enhancing stress

resistance. Further studies demonstrated that the significant longevity-extending effects of Tyr-Ala on Caenorhabditis

elegans were attributed to its in vitro and in vivo free radical-scavenging effects, in addition to its ability to up-regulate

stress resistance-related proteins, such as SOD (Superoxide Dismutase)-3 and HSP (Heat Shock Protein)-16.2. Real-time

PCR results showed that the up-regulation of aging-associated genes, such as daf-16, sod-3, hsp-16.2 and skn-1, also

contributed to the stress-resistance effect of Tyr-Ala. These results indicate that the novel dipeptide Tyr-Ala can protect

against external stress and thus extend the lifespan and healthspan of Caenorhabditis elegans. Thereby, Tyr-Ala could be

used as a potential medicine in anti-aging research.

1. Introduction

Geriatric diseases, such as Alzheimer's disease and Parkinson's
disease, make up an increasing share of the global burden of
disease (GBD). As an organism ages, it experiences a gradual
deterioration of physical functions over time, with increasing
susceptibility to environmental stimulation and increasing risk
of disease and death.' Extensive research determined that
reactive oxygen species (ROS) play an important role in aging.z’
1t is important to keep ROS at a proper level to maintain

L . 4, s -
homeostasis in organisms. However, oxidative stress

induced by excess peroxides and free radicals can damage cell
components and trigger numerous human diseases, including
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678 These effects

diabetes, atherosclerosis, cancer, and aging.
represent an imbalance between the production of ROS and
the ability to degrade reactive intermediates or repair damage
in vivo. To fight against oxidative damage in vivo, it is
necessary to find an antioxidant that has a strong antioxidative
capacity and a relatively well-defined mechanism.

and characterization of

the identification

oligopeptides derived from plants and animals has grown.9

Interest in
Exogenous food-derived bioactive peptides may have various
physiological modulatory and regulatory activities that may
supplement endogenous gut bioactive

peptides.10 These peptides may also have additional functions,

protein-derived

. . 11 . . . 12 . 13
such as opiate-like™”, mineral binding™, immunomodulatory™~,

P .14 . . . 15 . . 16
antimicrobial ™, antioxidative™, antithrombotic™,

hypocholesterolemic17 and functions™.
Moreover, several peptides have been found to possess
multiple properties that

systems.7 Maize is an important, popular, widely available and

antihypertensive

influence various physiological
economically significant crop around the world and has been
widely studied as a source of novel bio-activators.”® Corn
peptides, including some small peptides with molecular
weights of less than 1,000 Da, and antioxidant amino acids,
such as Tyr, Phe, Pro, Ala, His, and some branch amino acids,
were prepared from corn gluten meal by proteolysis with
Alcalase or other alkaline proteaseszo. These small peptides
can be absorbed directly in the intestine at a rate 2 to 3 times
faster than that observed for amino acids and proteins to exert

. . . 21, 22,23
biological functions.
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Current aging research aims to identify drugs that can reduce
the morbidity of age-related disease and degeneration by
improving youthful physiological function. The nematode C.
elegans is a pseudo-coelomate nematode that has been used
and studied widely as a model organism because these animals
decline behaviorally and physiologically with age in a manner
similar to that observed for higher mammals, such as humans.?
As they age, the animals accumulate oxidized proteins and
exhibit autofluorescence, which are hallmarks of aging that are
common to many species.u’25 In 2012, we reported that a
small tetrapeptide (Leu-Asp-Tyr-Glu)
exerts life-prolonging effects in C. elegans under stress by

derived from maize

diminishing reactive oxygen free radicals.” These results
provoked our interest in a further study of the anti-aging
effects of more bioactive peptides derived from maize.
Moreover, as differences between the life-prolonging effects
of peptides and their constituent amino acids are little studied
in C. elegans, we want to investigate the advantages of
peptides over their constituent amino acids.

In this study, the antioxidant effects of the novel bioactive
dipeptide Tyr-Ala (TA),
hydrolyzed maize protein, is investigated. In addition, we
revealed the protective effect of this novel food-derived
dipeptide against stress and the anti-decrepit and life-
prolonging effect of TA on C. elegans. The relationship among

which was also isolated from

these effects is also discussed. The mechanism of action is also
expounded based on the structure of this novel dipeptide,
including the dipeptide’s antioxidant activity and the effect of
TA on stress-related proteins and genes.

2. Materials and methods

2.1. Reagents

5-fluoro-2’-deoxyuridine (FUDR), which had a purity of 98 %,
was purchased from Sigma (St. Louis, MO, USA). 2, 7'-
dichlorodihydrofluorescein-diacetate (H,DCF-DA) (Sigma) was
probe. 2, (3-
ethylbenzothiazoline-6-sulfonate) (ABTS), which had a purity
of 98 %, was purchased from Sigma (St. Louis, MO, USA). The
ROS-generating compound 5-hydroxy-1, 4-naphthoquinone

used as a fluorescent 2’-azinobis

(juglone) was used to induce oxidative stress in worms (Sigma).
Tyr-Ala (TA) was prepared via protease hydrolysis of zein,
which was catalyzed by the alkaline protease Alcalase,
followed by isolation, purification, and synthesis by China
Peptides Co., Ltd. (Shanghai, China).

2.2. Worm strains and maintenance

2 | Food Funct., 2015, 00, 1-3

Standard nematode growth medium (NGM) was used for C.
elegans growth and maintenance at 20 °C. Unless stated
otherwise, the plates were seeded with live Escherichia coli
N2
(Caenorhabditis Genetics Center based at the University of

strain OP50 bacteria as the food source.”® Bristol
Minnesota; CGC) was used as the wild-type strain. The
transgenic strain CF1553 (muls84, CGC) containing the SOD-
3::GFP-linked reporter was used to visualize SOD-3 expression.
The CL2070 (dvIs70) strain containing the HSP-16.2::GFP-linked
reporter that is used to visualize HSP-16.2 expression was a
generous gift from Y. Luo of the University of Maryland
(College Park, MD).

2.3. Life span assay

Wild-type C. elegans N2 was used in the lifespan assays at
20 °C. The worms in the treatment groups were grown on dry
NGM plates coated with the reproductive suppressant FUDR
(80 uM) and TA (1 mM, 10 mM) diluted in a suspension of live
E. coli OP50. The worms in the control group were grown on
dry NGM plates coated with the reproductive suppressant
FUDR only. To obtain a synchronous population,25 gravid
nematodes were placed on NGM plates with E. coli OP50 on
the surface and allowed to lay eggs for approximately 3 h at
20 °C. The synchronized nematodes were raised and then
transferred to treatment plates at the end stage of Level 4
immediately before they began to lay eggs, which was counted
as day 1. Sixty nematodes were incubated on each treatment
plate and transferred to fresh treatment plates every 2 days
for the first 10 days. C. elegans individuals were considered to
be dead when they had no response to prodding with the tip
of a platinum wire.” For the lifespan assay, the experiment
was repeated three times in a double-blind manner.

2.4. Healthspan Assay

In this study, the spontaneous fluorescence in the C. elegans
gut is used as an age-related signal.28 The animals (N=20 per
group) were raised on NGM plates with E. coli OP50 from L1,
as described for the life span assays. In the treatment groups,
the worms were treated with 1 mM TA and 10 mM TA because
the worms were grown to the end stage of Level 4. Randomly
selected 10-day-old worms from each set of experiments were
washed 5 times with M9 buffer and then anesthetized with
levamisole. The worms were then mounted onto 3 % agarose
pads, capped with slips and photographed via
fluorescence microscopy (Olympus IX51, Japan). Fluorescence

cover

microscopic studies revealed that spontaneous fluorescence
exists in the guts of nematodes. Autofluorescence images in
the intestine were collected using a 525 nm bandpass filter,
and the fluorescence intensities were measured using Image J
(NIH). Twenty nematodes were examined per
treatment, and three replicates were performed.

Software

This journal is © The Royal Society of Chemistry 2015
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The overall fat levels in wild-type C. elegans were also
measured using the Oil Red O stain, which has been used
widely to stain lipid deposits.29 Forty animals per group were
raised from L4on NGM plates with E. coli OP50 in the presence
or absence of 10 mM TA. Five-day-old worms from each set of
experiments were washed 5 times with PBS buffer and fixed
with 1 % paraformaldehyde for 20 min. The worms were
subjected to three freeze-thaw cycles between -80 °C and
40 °C, followed by resuspension in 60 % isopropanol to
dehydrate the worms. A 60 % Oil-Red-O staining solution was
then added (prepared as follows: a stock solution (0.5 g/100
mL of isopropanol) was equilibrated for several days, freshly
diluted with 40 % water and 60 % stock, allowed to sit for 10
min and filtered using a 0.2 to 0.4 mm filter). Thirty minutes
later, the worms were washed 3 times with PBS buffer, and
images were collected via fluorescence microscopy (Olympus
IX51, Japan).

For the locomotion assays, the animals were raised from L1, as
described for the lifespan assays. On adult day 5, 20 individuals
from each set were placed independently onto a glass slide in
a drop of M9 buffer and filmed for 30 seconds using a camera
attached to a stereo microscope (ZSA302, Chongging Optical &
Electrical Instrument Co., Ltd, Chongqing, China). Body bends
were counted by reviewing each frame of the 30-second film
at a lower speed.

2.5. Stress resistance assay

To evaluate the potential longevity-extending effect of TA on
wild-type C. elegans N2 during oxidative stress, the worms that
had just reached adulthood were pretreated with various
concentrations of TA (1 mM, 10 mM), as well as Tyr (1 mM)
and Ala (10 mM) and a mixture of both amino acids, for 48 h
and then exposed to juglone (500 pM) at 20 °C. The number of
dead worms was counted and recorded every hour.
Heat-shock assays were performed using 2-day-old adult
worms at 35 °C, which was considered to be a heat stressor.
The worms were subjected to the same treatments described
for the oxidative stress experiments for 2 days at 20 °C and
then transferred to an incubator at 35 °C. The number of dead
worms was recorded every hour.?” * For all lifespan assays,
every experiment was repeated three times and conducted in
a double-blind manner.*

2.6. ABTS assay

ABTS (38.4 mg) and K,S,0g (6.6 mg) were dissolved in 5 mL of
water. The solution was kept at room temperature for 12—16 h
to form an ABTS® solution via the oxidation of ABTS with
potassium persulfate. The ABTS® solution was diluted 1:100 in
prepare the working
Subsequently, 1.8 mL of the ABTS" working solution were
mixed with 0.2 mL of TA solution, and the absorbance at 734

absolute ethanol to solution.

This journal is © The Royal Society of Chemistry 2015

nm was measured after a 20-min delay (Beckman UV-Vis
spectrophotometer, Model DU640B; Beckman Coulter Inc.,
Fullerton, CA). The final concentrations of TA used were 0.01,
0.05,0.1,0.2,0.5,1, 10 and 50 mM.

2.7. Measurement of intracellular ROS in C. elegans

Intracellular ROS in C. elegans were measured using the
molecular probe H,DCF-DA. For ROS detection under normal
culture conditions, worms that had just reached adulthood
were treated with or without TA (10 mM) for 2 days. For the
ROS test under oxidative stress conditions, worms that had
just reached adulthood were treated with 300 uM juglone for
1 h and then treated with or without TA (10 mM) for 2 days.
After 48 h of exposure to the respective compounds, the
animals were washed off of the plates with cold M9 buffer.
Bacteria were removed by three repeated washes and
subsequent centrifugation at low speed. The animals were
resuspended in M9 buffer, and 50 pL volumes of the
suspension were pipetted into the wells of a 96-well plate with
opaque walls and a transparent bottom in four replicates and
allowed to equilibrate to room temperature. In the meantime,
a fresh 100 uM H,DCF-DA solution in M9 buffer was prepared
from a 100 mM stock solution in DMSO, and a volume of 50 pL
was pipetted into the suspensions, resulting in a final

concentration of 50 puM. On each plate, control wells
containing nematodes from each treatment without H,DCF-DA
and wells containing H,DCF-DA without animals were prepared
in parallel.31 After the addition of H,DCF-DA, the basal
fluorescence was measured immediately in a microplate
reader at excitation/emission wavelengths of 485 and 538 nm.

The plates were measured at 20 °C every 30 min for 2 h.
2.8. Fluorescence quantification and visualization

To study the expression of HSP-16.2::GFP in CL2070, the
worms were treated for 2 days with or without 10 mM TA,
followed by heat shock (treatment at 25 or 30 °C for half an
hour and then at 35 °C for an hour), recovery for 24 h, and
examination via fluorescence mit:roscopy.32 The CF1553 worms
that were used to study the expression of SOD-3 were treated
with or without TA after being stimulated with juglone (300
uM) for one hour at 20 °C. The overall GFP fluorescence of
GFP-expressing populations was assayed using a Thermo
Labsystems Fluoroskan Ascent microplate reader (Thermo
Fisher, Waltham, MA). Twenty control or treated adult animals
of the indicated age were transferred into 100 pL of M9 buffer
in a well of a Costar 96-well microtiter plate (black, clear, flat-
bottom wells), and the total GFP fluorescence was measured
using 485 nm excitation and 530 nm emission filters. Four
populations used for each determination. For
fluorescence microscopy, the worms were mounted with a

drop of levamisole (10 mM) and placed on a cover slip covered

were

Food Funct., 2015, 00, 1-3 | 3
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with 3 % agarose. The GFP images of transgenic worms were
captured using an AXIO Imager M2 microscope system (Zeiss).

2.9. Quantitative real-time PCR

Adult worms were treated with or without 10 mM TA for 2
days. Total RNA was extracted from the adult worms with the
TRIzol reagent (Invitrogen, Carlsbad, CA), and cDNA was
produced by oligo (dT) priming. The RT-PCR primers were as
follows: daf-16 (NM_001026247), 5'-TTTCCGTCCCCGAACTCAA-
3' and 5'-ATTC-GCCAACCCATGATGG-3'; sod-3 (NM_078363),

5'-AGCATCATGC-CACCTACGTGA-3' and 5
CACCACCATTGAATTTCAGCG-3'; daf-2 (NM_065249), 5'-
GGCCGTAGGACGTTTA-TTTG-3' and 5"
TTCCACAGTGAAGAAGCCTGG-3'; hsp-16.2, 5'-C-

GTCGAAGAGAATACTGCTGAA-3' and 5'-TGCAGCGAACATAACT-
GTATATTTAG-3'; skn-1 (NM_171347), 5'-AGTGTCGGCGTTC-
CAGATTTC-3' and 5'-GTCGACGAATCTTGCGAATCA-3'; and cdc-
42 (NM_063197), 5'-CTGCTGGACAGGAAGATTACG-3’ and 5-
CTCGGACATTCTCGA ATGAAG -3'.

Cdc-42 was used as the internal control.>®> mRNA expression

was assessed by quantitative real-time PCR on a Rotor-Gene

6000 real-time PCR detection system (Qiagen, Dusseldorf)

using SYBR green. The gene expression data were analyzed
. . - st 34

using the comparative 2 method.

2.10. Statistical tools

The data obtained from the lifespan assays were processed
using the Kaplan—Meir survival analysis tool of Origin 8.0. For
other types of data, one-way ANOVA was used to compare
more than two groups; when the result was significant (p <
0.05), the Tukey HSD test was applied to test for differences
between individual groups. p<0.05 was considered to be
statistically significant. All of the data were analyzed with
Origin 8.0 (Northampton, MA). The standard error bars of the
averages are shown in the figures.

3. Experimental Results

3.1. TA can extend the lifespan of wild-type C. elegans N2 under
normal culture conditions

To determine the life extension properties of TA, a lifespan
assay was performed at 20 °C, which is an optimal
temperature for wild-type C. elegans. Herein, we found that
TA had a significant ability to extend the lifespan of N2 at both
concentrations tested (1 mM and 10 mM), as shown in Figure
1.

1.0
control
—1mMTA
0.8- 10 mM TA
[=
2
T
S
e 2041
o>
2c —
T D 0.4 4
5 |
€
=)
O 0.21 =
L|_\_'L
0.0 4 ——

5 ’IIO 1I5 20 25
Lifespan (days)
Fig. 1 TA (Tyr-Ala) significantly prolonged the lifespan of wild-
type C. elegans N2 under normal culture conditions at 20 °C.
Compared with the control group (N=181), TA at
concentrations of 1 mM (N=196) and 10 mM (N=222)
significantly extended the mean lifespan of wild-type C.
elegans N2. The data were processed using the Kaplan—Meir
survival analysis tool of Origin 8.0.

Compared with the controls, TA increased the mean lifespan of
the wild-type worms (as shown in Table 1, 10.37 % at 1 mM TA,
12.43 % at 10 mM TA) in a statistically significant, dose-
dependent manner. Statistical analysis revealed that the
maximum lifespan of the worms was increased to 26 days by 1
mM and 10 mM TA (Table 1). Thus, TA demonstrated a
significant lifespan-extending effect in C. elegans.

Table 1 Effects of TA on wild-type C. elegans N2 feeding on NGM plates covered with live E. coli OP50 at 20 °C.

4 | Food Funct., 2015, 00, 1-3
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Genotype Food Treatment Total Mean Maximum Change in mean Log-rank test
200 ™N) lifespan SE lifespan (%) %2 p
1 Wild-type Live-OP50  control 65 17.05 036 23
1mMTA 56 19.05 053 26 11.73 18.35802 <0.0001
10mMTA 76 18.76 043 25 10.03 16.18145 <0.0001
2 Wild-type Live-OP50  control 63 16.97 043 23
1ImMTA 65 19.17 0.5 25 2.96 18.66352 <0.0001
10mMTA 71 19.23 047 26 13.32 19.62529 <0.0001
3 Wild-type Live-OP50  control 53 16.92 048 23
1ImMTA 64 18.03 0.6 26 6 10.27231 0.00135
10mMTA 75 19.28 043 25 3.95 18.35207 <0.0001
Total Wild-type Live-OP50  control 181 16.98 024 23
1ImMTA 196 18.74 032 26 10.37 45.66358 <0.0001
10mMTA 222 19.09 0.26 26 12.43 54.87175 <0.0001

% indicates the percentage relative to the control.

3.2. TA lengthens the healthspan of C. elegans

To determine whether TA induces an extended healthspan in a
whole-animal context, we examined overall fat levels in wild-
type C. elegans using the fluorescent stain Oil Red O, which has
been used widely to stain lipid deposits. As shown by

exhibited a lower fluorescence intensity than nematodes in
the control group, which were treated with water (Figure 2A).
Using the Image J software, we quantified the Oil Red O
fluorescence in vivo, and the results are shown in Figure 2C.
Animals raised in the presence of 10 mM TA showed lower
levels of Oil Red O fluorescence (Figure 2A), and the quantified
results showed that TA could

significantly reduce the

fluorescence microscopy, nematodes treated with TA accumulation of lipid deposits by 39.68 % in N2 (Figure 2C).
CHO
> 1004 s
g o] *
3. ] ;
A control 1 mM TA 10 mM TA §2 o] .
2L 604
\ g 40]
Bright Field = i, g
20 control 1mM TA 10mM TA
D
504 *
40 l
2 I
% - i |
B control 1mMTA 10 mM TA $ [
y 37
104
control 1mMTA 10 mM TA
E
> il E
Fluorescence :
§

control

Fig. 2 Effects of TA on the healthspan of C. elegans N2. (A) Image of Oil Red O staining of lipid deposits in C. elegans N2. (B)

Images of intestinal autofluorescence in the control group and the treated group (1 mM TA and 10 mM TA). (C) Quantitation of
the fluorescence of Oil Red O staining of lipid deposits in C. elegans N2. The fluorescence level decreased significantly in the 10

mM TA-treated groups. (D) Swimming rates of wild-type animals raised on plates covered with 1 mM and 10 mM TA at 20 °C. (E)

The comparison of the relative fluorescence intensity of intestinal autofluorescence was shown in E. Compared with the control
group, the TA-treated group showed lower spontaneous fluorescence intensity. The bars represent the mean + S.E.M. *P<0.05;

**p<0.01.

This journal is © The Royal Society of Chemistry 2015
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When compared with the control group, the groups treated
with TA (1 mM and 10 mM) exhibited a lower fluorescence
intensity, as shown by fluorescence microscopy (Figure 2B).
The intensity of the fluorescence was then quantified, and the
data showed that TA significantly reduced the spontaneous
fluorescence intensity by 54.66 % in N2 (Figure 2E, p <0.01
compared with the control) after 10 days.

The locomotion rates of C. elegans on solid media and in liquid,
which are important signals of healthspan, decline as the
animals age. To explore whether TA can extend locomotory
healthspan and thus increase quality of life, we tested the
effects of 1 mM and 10 mM TA on the swimming vigor of C.
elegans (quantitated as body bends per 30s) in aging
populations (Figure 2D). Compared to the non-treated control
group, the TA-treated groups displayed significantly faster
swimming rates. Taken together, we found that TA increased
the nematode healthspan and prolonged locomotory ability in
a dose-dependent manner.

3.3. TA improves the stress resistance of C. elegans under
stress conditions

To detect the stress resistance effects of TA during
environmental stress, assays were carried out under oxidative

stress and thermal stress conditions. Juglone, which is a pro-
oxidant that can be reduced by diaphoreses in the presence of
NAD(P)H, oxygen to superoxide
consequently increases intracellular oxidative stress.

and
N2
increased resistance to

anions
35, 36

converts

animals treated with TA showed
juglone. When the worms were pre-treated with TA at doses
of 1 mM and 10 mM, the mean survival times were increased
significantly by 13.53 % and 40.58 % (Figure 3A), respectively.
The effects of Ala, Tyr and a mixture of Ala and Tyr on the
longevity of C. elegans under oxidative stress were also
studied. The results showed that Tyr has the ability to extend
the longevity of wild-type C. elegans during oxidative stress,
while Ala has no significant effects (Figure 3C). However, Tyr is
practically insoluble in water or ethanol but soluble in formic
acid, and we cannot treat organisms with Tyr dissolved in
formic acid, which means that we cannot view Tyr as a
candidate antioxidant for use in vivo. One potential substitute,
a disodium salt of Tyr that is generated by dissolving Tyr in a
NaOH solution, can be used at higher concentrations (Fig. S2 A).
However, that compound failed to extend the lifespan. The
results described above indicated that TA improved the worms’
resistance to juglone-induced oxidative stress and was more
effective than the single amino acids Ala and Tyr and the
mixture of Ala and Tyr in vivo.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 TA (Tyr-Ala) improves the stress resistance of C. elegans under stress conditions. (A) Protective effects of TA (Tyr-Ala) on

wild-type C. elegans N2 during oxidative stress. (B) Protective effects of TA (Tyr-Ala) on wild-type C. elegans N2 during heat stress.
(C) The effects of 1 mM Tyr, 10 mM Ala and a mixture of 1 mM Tyr and 10 mM Ala on the lifespan of C. elegans during oxidative

stress. (D) The effects of 1 mM Tyr, 10 mM Ala and a mixture of 1 mM Tyr and 10 mM Ala on the lifespan of C. elegans during
heat stress. All survival curves are presented based on three individual experiments.

Next, we examined the effect of TA in a thermo-tolerance
assay. Worms that had just reached adulthood were pre-
treated with different concentrations of TA (1 mM and 10 mM)
for 48 h before being exposed to heat shock at 35 °C. The data
showed that TA treatment significantly increased the mean
survival time of the worms by 35.49 % (Figure 3B). The results
indicated that TA pre-treatment enhanced the worms’
resistance to heat stress, thus generating an increased survival
rate during heat shock. We also tested the effects of Ala and
Tyr on the longevity of C. elegans during heat stress and found
that the mean survival time was increased by pre-treatment
with 1 mM Tyr, 10 mM Ala and 1 mM Tyr + 10 mM Ala (Figure
3D). However, the results showed that at the concentrations
tested, the thermal resistance effects of the single amino acids
could not match that of the dipeptide. A disodium salt of Tyr,
which was formed by dissolving Tyr in a NaOH solution, was
also used at a higher concentration during heat stress (Fig. S2
B). However, that compound failed to significantly extend the
lifespan.

We conclude that in comparison to its constituent amino acids,
TA is more efficient in enhancing the stress resistance of C.

This journal is © The Royal Society of Chemistry 2015

elegans. In addition, TA works more effectively during
oxidative stress, suggesting that TA might exert this effect by
scavenging free radicals.

3.4. TA decreases the intracellular ROS level in C. elegans

To explore the mechanisms by which TA prolonged the
lifespan and enhanced the stress resistance of C. elegans
during environmental stress, the free-radical scavenging
abilities of TA were evaluated in subsequent experiments. First,
the total antioxidant ability of TA was investigated in vitro.
ABTS is frequently used to measure antioxidant capacities. TA
effectively scavenged the ABTS radical cation (ABTS'), and the
IC50 (the concentration of antioxidant at which 50 % of the
reaction was inhibited) of TA in this reaction system was 3.5
mM (Figure 4A). The results indicated that TA had a strong
total antioxidant capacity in vitro.

Next, the ROS-scavenging ability of TA in C. elegans was also
demonstrated. As shown in Figure 4B, at a concentration of 10
mM, TA significantly inhibited the production of ROS in vivo
(compared with the control, p < 0.01) under regular culture
Furthermore, TA (10 mM)

conditions. pre-treatment
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effectively reduced ROS accumulation in juglone (300 puM)-
treated wild-type C. elegans (compared with the control, p <
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0.01) (Figure 4B). These results showed that TA was a versatile
free radical scavenger both in vitro and in vivo.
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Fig. 4 Free radical-scavenging effect of TA (Tyr-Ala) in vitro and in vivo. (A) TA (Tyr-Ala) effectively scavenged ABTS" (IC50 = 3.5
mM). (B) TA (Tyr-Ala) at a concentration of 10 mM decreased ROS accumulation in C. elegans under regular culture conditions
and in response to juglone-induced oxidative stress, assayed in a 150-min course. 10 mM* and control* were pre-treated with

juglone.

3.5. TA up-regulates SOD-3::GFP expression in transgenic C.
elegans CF1553

To further study the mechanisms that underlie the protective
effects of TA SOD-3::GFP reporter gene
expression was investigated in transgenic CF1553 animals
treated with or without TA. When compared with the control

in C. elegans,

worms, the TA-treated worms demonstrated higher SOD-
3::GFP intensity, as shown by confocal
microscopy (Figure 5A and B).

laser scanning

200

404

SOD-3::GFP intensity ()
in CF1553

control 10 mM

Fig. 5 TA (Tyr-Ala) up-regulates SOD-3EGFP expression in
transgenic C. elegans CF1553. (A) Image of SOD-3EGFP
expression in control worms. (B) Image of SOD-3EIGFP
expression in 10 mM TA-treated worms. The SOD-3EGFP
expression in TA-treated worms (B) is higher than that
observed in control worms (A). (C) Quantified GFP intensity
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(£SE) in CF1553 worms from four individual experiments, with
40 worms in each experiment (**p<0.01).

The intensity of the fluorescence was then quantified using a
Thermo Labsystems Fluoroskan Ascent microplate reader. The
results showed that TA at a concentration of 10 mM
significantly up-regulated SOD-3::GFP expression by 45.2 % in
transgenic CF1553 worms (Figure 5C), indicating that TA could
increase the expression of SOD-3 in C. elegans during oxidative
stress.

3.6. TA up-regulates the expression of the heat shock protein
HSP-16.2 in transgenic C. elegans CL2070

HSP-16.2 can serve as a stress-sensitive reporter for predicting
longevity in C. elegans. Higher levels of HSP-16.2::GFP predict a
longer remaining life in C. elegans.27 The effect of TA on the
expression of HSP-16.2 was investigated to provide further
details concerning the protective effects of TA on C. elegans
during environmental stress. CL2070 worms containing the
HSP-16.2::GFP reporter gene were placed in a 35 °C heat shock
chamber for 1 h and allowed to recover at 20 °C for 12 h.
When compared with the control group, the 10 mM TA-
treated group showed higher HSP-16.2::GFP intensity, as

shown by confocal laser scanning microscopy (Figure 6A and B).

The intensity of the fluorescence was then quantified, and the
data showed that TA significantly up-regulated HSP-16.2::GFP
expression by 57.2 % in CL2070 (Figure 6C, p <0.01 compared
with the control), indicating that TA might increase the life
expectancy of C. elegans during thermal
regulating the expression of HSP-16.2.

stress by up-

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Effects of TA (Tyr-Ala) on the expression of heat shock
protein HSP-16.2 in CL2070. (A) Image of HSP-16.2::GFP
expression in control worms. (B) Image of HSP- 16.2::GFP
expression in the 10 mM TA-treated group. The HSP-16.2::GFP
expression in TA-treated worms is higher than that observed in
control worms. (C) The quantification of HSP-16.2::GFP
intensity (+SE) in CL2070 was performed using a Thermo
Labsystems Fluoroskan Ascent microplate reader (**p < 0.01),
based on three individual experiments with 30 worms in each
treatment.

3.7. TA regulates the mRNA expression of aging-associated
genes in wild-type C. elegans N2

A variety of genes are involved in regulating the life
expectancy of C. elegans. Among those genes, the DAF-
16/forkhead transcription factor, which is the downstream
target of insulin-like signaling in C. elegans, is indispensable for
both lifespan regulation and stress resistance.’’ DAF-2 is an
insulin/IGF-1 receptor that signals through a conservative PI13-
kinase/AKT pathway, ultimately phosphorylates daf-16 and
inhibits the entry of daf-16 into the nucleus.®® * The
downstream effectors of DAF-16 (SOD-3 and HSP-16.2) also act
as important regulators of lifespan and stress resistance in C.
elegans.4°' *1 SKN-1 is another transcription factor that can
positively regulate lifespan and stress resistance in C. elegans.s’
4041 quantitative real-time PCR experiments were therefore
performed to investigate whether TA could regulate the
expression of the aging-associated genes daf-2, daf-16, sod-3,
skn-1 and hsp-16.2. The results showed that TA significantly
down-regulated the expression of daf-2 (p < 0.01) and up-
regulated the expression of daf-16 (p < 0.01), sod-3 (p < 0.01),
hsp-16.2 (p < 0.01) and skn-1 (p < 0.05) (Figure 7). The up-
regulation of sod-3 expression by TA is consistent with the
observed effect of TA on SOD-3::GFP expression. These results
suggested that TA might improve the stress resistance of C.
elegans and extend the life expectancy of the worms by
regulating the above-mentioned aging-related genes.

This journal is © The Royal Society of Chemistry 2015
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associated genes in wild-type C. elegans N2. The worms were

treated with or without 10 mM TA, and quantitative real-time
PCR was performed to investigate the expression of the aging-
associated genes daf-2, daf-16, hsp-16.2, sod-3, and skn-1 in C.
elegans. The error bars indicate the SE; *p < 0.05.

4. Discussion

Certain bioactive peptides derived from hydrolyzed food
proteins have been shown to exhibit noteworthy anti-oxidative
activities.* In this study, we have shown for the first time that
TA (Tyr-Ala), which is a bioactive dipeptide isolated from
hydrolyzed maize protein, significantly prolongs the life of C.
elegans. The beneficial effects of TA on the healthspan of the
animals were also detected experimentally. In the present
study, the enterogenous autofluorescence levels in wild-type
C. elegans decreased significantly after exposure to TA and
showed a dose-dependent effect. Moreover, the fat level was
decreased by TA, indicating that the lipid oxidation products
that are detected as biomarkers of endogenous lipid
peroxidation/oxidative stress may be reduced. The locomotory
capacity, which represents the quality of life, was also
enhanced by TA. These results indicated that TA could be a
novel accessible and affordable candidate for use in anti-aging
research.

Further study indicated that TA extended the survival of C.
elegans during oxidative stress or heat stress. In fact, TA
extends the lifespan of nematodes more effectively during
stress than in normal conditions. We also treated wild-type C.
elegans with heat-killed E. coli OP50 bacteria and 10 mM TA,
and the stress resistance effect in that group was not
significantly different from that of the group treated with live
E. coli OP50 and 10 mM TA (Fig. S1). This result indicated that
TA did not require bacterial metabolism for its activity. An
interesting phenomenon was found in Figure 3 and Figure S2;
at a concentration of 1 mM, Tyr had little ability to prolong the
lifespan of C. elegans during oxidative stress and heat stress.
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However, a substituted Tyr agent at a concentration of 10 mM
demonstrated that Tyr had no ability to improve stress
resistance at a higher concentration (Figure S2). In contrast, TA
(Tyr-Ala) is easily soluble in water and possesses the functional
groups of both Tyr and Ala. The resistance of the worms is
significantly enhanced by 10 mM TA, indicating that TA as a
biopeptide was more effective than the single amino acids Ala
and Tyr and the mixture in vivo.

The anti-oxidative property of TA is probably related to its
structure. An antioxidant will have a better ability to scavenge
free radicals when it easily and stably forms a reaction
intermediate with free radicals.”® The catabolism and
development of tyrosine is influenced by orthologous genes
that are responsible for the metabolism of tyrosine in C.
elegans, which may directly affect the activity of stress and
longevity pathways, including daf-2/insulin signaling and daf-
16/FOXO.44 Our findings show that the supplementation of
tyrosine in the culture medium did not extend the lifespan,
which means that TA works as an active unit in prolonging the
lifespan of C. elegans. Tyr contains a phenolic hydroxyl group,
which plays a role as a proton donor that can quench free
radicals. Meanwhile, the carboxyl group of Ala, which is in
close proximity to Tyr in the dipeptide, provides an electron
withdrawing effect, which diminishes the electron density
around the oxygen atom in the Tyr phenolic hydroxyl and is
more conducive to proton release, thus enhancing the effect
of Tyr as a proton donor and its interaction with free radicals.
The phenyl ring in the Tyr of TA is a conjugated system, which
gives hydrogen to free radicals and turns into a stable
intermediate. Therefore, the antioxidant activity of TA
depends on the hydrogen donor capacity and the stability of
the formed structure. By capturing radicals generated from the
radical reaction chain, TA prevents or diminishes the reaction
of the free radical chain. In addition, the hydrophobicity of a
compound is important for its accessibility to hydrophobic
targets. The N-terminal portion of TA is the hydrophobic amino
acid Tyr, which could enhance its interaction with fatty acids
and improve its ability to capture lipid free radicals. In
addition, TA has good solubility in water, which means that
this biopeptide can be utilized by organisms at higher doses.
Moreover, as a dipeptide, TA can be absorbed faster than
single amino acids.”

Excessive ROS may be generated when organisms are exposed
to environmental stimuli, such as PM (particulate matter) 2.5.
Excessive ROS could disturb homeostasis and lead to
intracellular oxidative stress, thus accelerating cell apoptosis.45
Our studies showed that TA effectively scavenged ABTS" and
significantly down-regulated ROS levels in vivo under normal
conditions. The ROS level in C. elegans is increased under
oxidative stress induced by juglone, but TA could also
significantly decrease the ROS level during oxidative stress.
The ROS resistance of long-lived C. elegans mutants is due to
high activities of enzymes that detoxify ROS and/or low ROS
production levels; these discoveries are taken to confirm the
free radical theory of aging.“’ ¢ The ROS scavenging ability of

10 | Food Funct., 2015, 00, 1-3

TA could also contribute to its ability to prolong the lifespan.
Furthermore, TA can not only scavenge free radicals in vivo but
also significantly regulate the expression of a series of proteins
that can protect the organism from stress, such as SOD, HSP,
etc. SOD-3 and HSP-16.2 are the downstream effectors of DAF-
16 and can serve as stress-sensitive reporters for predicting
longevity in C. elegans. Both of these stress-sensitive reporters
were up-regulated by TA in C. elegans. This finding may explain
the antioxidative ability of TA and explain why TA could
significantly extend the longevity of C. elegans during heat
stress and oxidative stress. In addition, quantitative real-time
PCR results suggested that TA significantly up-regulated the
expression of aging-associated genes, such as skn-1. The
longevity-improving ability of a bioactive compound is
determined not only by its ability to directly scavenge free
radicals but also by its ability to regulate anti-aging-associated
genes, such as daf-2, daf-16, sod-3, hsp-16.2, and skn-1. Our
results suggested that TA might prolong the life of C. elegans
by scavenging ROS and by regulating these aging-associated
genes.

In our study, we found that the longevity-improving and
healthspan-extending effects of food-derived TA in the
nematode C. elegans under normal conditions or during stress
might be attributed to its direct ROS-scavenging activity and its
indirect free radical-scavenging activity via the regulation of
some anti-aging-associated genes, such as daf-2, daf-16, sod-3,
hsp-16.2, and skn-1, in wild-type worms. In addition, we
explored the differences in the longevity-improving effects of
TA, Tyr, Ala and the mixture of Tyr and Ala by comparing the
lifespan of transgenic C. elegans treated with these
compounds under stress conditions.

Conclusions

We demonstrated for the first time in vitro and in vivo the anti-
aging activity of the novel food-derived peptide TA, which was
isolated from maize. TA reduced autofluorescence intensity in
the gut, reduced fat levels and enhanced locomotivity in wild-
type C. elegans, indicating that TA improves the healthspan.
Nematodes pretreated with TA are more resistant to juglone-
induced oxidative stress and heat stress, suggesting that
cellular defense and immune system functions are also
improved by TA. These interesting findings highlight the
potential of TA to extend the average human life expectancy
by providing protection against environmental stress.
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