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Abstract
The present study investigated the effects of Porphyra yezoensis enzyme degradation extract (PYEDE) on the brain injuries and neurodegen-
erative diseases due to oxidative stress. We used in vitro antioxidant systems to verify the antioxidant potential of PYEDE. The results indicated
that the PYEDE alleviated weight loss and organ atrophy, reduced the levels of lipid peroxidation and protein carbonylation and elevated
reduced glutathione (GSH) content in the serum and brains of the D-galactose-induced ageing model mice. The PYEDE also renewed the glu-
tathione peroxidase (GSH-Px), superoxide dismutase and total antioxidant capability activities, down-regulated the inducible nitric oxide syn-
thase activity and nitric oxide levels, normalised the hippocampal neurons and modulated multiple neurotransmitter systems by inhibiting the
activities of acetylcholinesterase andmonoamine oxidase in the up-regulation of acetylcholine, dopamine and noradrenaline levels. Overall, the
PYEDE is a promising supplement for the alleviation of oxidative stress and age-associated brain diseases.
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Harman outlined a theory on the mechanisms of ageing based
on free radical chemistry: ‘Ageing and the degenerative disease
associated with it are attributed basically to the deleterious
side attacks of free radicals on cell constituents and on the connec-
tive tissues’(1). There is a growing body of evidence that reactive
oxygen species (ROS) modify biological molecules, such as lipids
and proteins, leading to impaired cellular function, including neu-
ronal death in the hippocampus(2,3). Oxidative stress is considered
to play a pivotal role in the normal ageing processes and in neural
loss in various neurodegenerative diseases, such as Alzheimer’s
disease(4,5). Anti-ageing and neurodegenerative diseases treat-
ments have attracted extensive attention worldwide.

D-Galactose (D-gal) is a naturally occurring chemical sub-
stance in the body. However, high doses of D-gal lead to the
accumulation of galactitol, resulting in osmotic stress and ROS
production(6). In addition, accumulated D-gal can react with
the amino groups of proteins and peptides to form advanced

glycation end products, which have been linked to neuronal
cell death in many age-related neurodegenerative diseases(7,8).
D-Gal overload induces changes that resemble the biological
ageing process and are considerably similar to changes occur-
ring in natural senescence models of neurological impairment,
decreased activities of antioxidant enzymes and accelerated
tissue ageing(5,6). The D-gal-induced ageing model has been
frequently used for brain ageing and anti-ageing pharmacology
studies.

Currently, there is interest in the use of natural bioactive
products of marine organisms as antioxidants, for example, from
marine macroalgae. Porphyra yezoensis is a rich macroalgal
resource in Asia that is valued for its nutritional properties, con-
taining abundant polysaccharides (especially sulphated polysac-
charides), proteins, phenolic compounds, etc. Themacroalgae is
used as a vegetable and is believed to have value as a medicine
to slow the ageing process(9,10). In recent years, sulphated
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polysaccharides and phycobiliproteins from marine algae
have been reported to have powerful antioxidant activities for
scavenging the free radicals and preventing oxidative damage
in living organisms(11–13). In addition, phenolic compounds are
other widely studied substances with antioxidant activities(14,15).
However, little effort has been applied to evaluating the possible
protective effects of antioxidants against D-gal-induced neuro-
toxicity and in the treatment of neurodegenerative diseases.

In the present study, we investigated the antioxidative activ-
ities of P. yezoensis enzyme degradation extract (PYEDE) in
vitro. We also established an animal ageing model by adapting
the classic method of rodents chronically injectedwith D-gal. The
objective of the present study was to assess the protective effects
of PYEDE on brain injury and neurodegenerative diseases
induced by D-gal.

Materials and methods

Chemicals

D-Gal, ascorbic acid (VC), 1,1-diphenyl-2-picrylhydrazyl (DPPH)
and 2,2 0-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) were supplied by Sinopharm Chemical Reagent Co. Ltd.
Assay kits for the measurements of superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px), reduced glutathione
(GSH), malondialdehyde (MDA), total antioxidant capability (T-
AOC), nitric oxide (NO), NO synthase (NOS), protein carbonyl
(PC), acetylcholinesterase (AchE), monoamine oxidase (MAO),
acetylcholine (Ach) and bicinchoninic acid were purchased from
Jiancheng Bioengineering Institute. ELISA kits for dopamine (DA)
and noradrenaline (NA) were obtained from Sigma-Aldrich. All
other chemicals and reagents used in the present study were of
analytical grade.

Sample preparation and composition analysis

P. yezoensis was provided by the Lianyungang Youhai Trading
Co. Ltd. Agarase was purchased from Sigma Aldrich Pvt. Ltd,
and pectinase and cellulase were procured from Heshibi
Biotechnology Co. Ltd. After drying in an oven at 50°C for
12 h, the P. yezoensis samples were ground into powder that
could be shifted through a size 80 (0·180mm) mesh sieve by
a pulveriser. The samples were degraded by compound
enzymes (50 U/g agarase, 90 U/g pectinase and 250 U/g cellu-
lase) for 12 h under the conditions of solid:liquid ratio (water
as solvent), hydrolysis temperature and pH of 1:40, 40°C and
6·0, respectively. The mixture was centrifuged at 4800 rpm for
10 min, and the supernatant was collected and freeze-dried to
obtain PYEDE. PYEDE was stored at −20°C until further use.

The carbohydrate content in PYEDE was measured by the
phenol–sulphuric acid method, and glucose was added as a
standard(16). The reducing sugar content was assayed using
the 3,5-dinitrosalicylic acid method and compared with the
standard curve of D-gal(17). The protein content was estimated
by the Kjeldahl method(18). The ninhydrin method was used
for the quantitative determination of amino acids(19). The
sulphuric radical content was evaluated by barium sulphate

turbidimetry(20). The uronic acid content was measured accord-
ing to the reported method(21). The Folin–Ciocalteu method was
used to determine total phenolic compounds(22).

In vitro determination of antioxidant activity of Porphyra
yezoensis enzyme degradation extract

Assay of 1,1-diphenyl-2-picrylhydrazyl radical scavenging
activity. TheDPPH radical scavenging activity assaywas carried
out based on the reported procedure with slight modifica-
tions(23). Briefly, the sample was prepared in deionised water
to obtain various concentrations. Then, 2 ml of a 2 mM methanol
solution of DPPH was mixed with 2ml of the sample. The solu-
tions were fully mixed and incubated at room temperature in the
dark for 30 min. After which, the absorbance was measured by a
722S spectrophotometer (Shanghai Precision Instruments Co.
Ltd) at 517 nm. VC was used as the positive control, and the
DPPH radical scavenging ability was calculated according to
the following equation:

DPPH radical scavenging activity %ð Þ
¼ 1� A1 � A2ð Þ=A0ð Þ � 100; (1)

where A0 is the absorbance of the control (methanol instead of
the sample), A1 is the absorbance of the sample and A2 is the
absorbance of the sample under identical conditions as A1 with
methanol instead of DPPH solution.

Assay of 2,2 0-azino-bis (3-ethylbenzothiazoline-6-sulphonic
acid) radical scavenging activity. The scavenging activity
towards ABTS was evaluated according to a published
method(24). The ABTS radical solutionwas formed by a 12 h reac-
tion of ABTS (7 mM) with potassium persulphate (K2S2O8,
2·45mM) at room temperature in the dark. The ABTS solution
was diluted with PBS (0·2 M, pH 7·4) to create the working sol-
ution with an absorbance of 0·7 (SD 0·02) at 734 nm. Then,
2·4 ml of the ABTS working solution was mixed with 0·6 ml of
the sample. After reaction for 6 min at room temperature, the
absorbance at 734 nm was measured. VC was used as the pos-
itive control, and the ABTS radical scavenging ability was calcu-
lated according to the following equation:

ABTS radical scavenging activity %ð Þ
¼ 1� A1 � A2ð Þ=A0ð Þ � 100; (2)

where A0 is the absorbance of the control (water instead of the
sample), A1 is the absorbance of the sample and A2 is the absorb-
ance of the sample only (PBS instead of ABTS).

Assay of hydroxyl radical scavenging activity. This assay was
performed using the published method with slight modifica-
tions(25). In brief, 1 ml of FeSO4 (9 mM), 1 ml of 9 mM ethanol
solution of salicylic acid and 1 ml of H2O2 (8 mM) were mixed
with 1 ml of the sample. After reaction at 37°C for 30 min, the
absorbance at 510 nm was measured. VC was used as the pos-
itive control, and the hydroxyl radical scavenging ability was
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calculated according to the following equation:

Hydroxyl radical scavenging activity ð%Þ
¼ 1� A1 � A2ð Þ=A0ð Þ � 100; (3)

where A0 is the absorbance of the control (water instead of the
sample), A1 is the absorbance of the sample and A2 is the absorb-
ance of the sample only (water instead of H2O2).

Assay of superoxide radical scavenging activity. The ability
to scavenge the superoxide radical was determined as previ-
ously described by Di et al.(26) with slight modifications. An ali-
quot (1 ml) of the sample was mixed with 4·5 ml TRIS-HCl
buffer (pH 8·2, 50 mM) containing EDTA (1 mM); then 0·3 ml
of pyrogallic acid (3 mM) was added to the mixture and
incubated for 5 min at 25°C. Then, we rapidly added 1 ml
HCl (8 M) to terminate the reaction and measured the
absorbance at 325 nm. VC was used as the positive control,
and superoxide anion radical scavenging ability was calculated
according to the following equation:

Superoxide radical scavenging activity ð%Þ
¼ 1� A1 � A2ð Þ=A0ð Þ � 100; (4)

where A0 is the absorbance of the control (water instead of
the sample), A1 is the absorbance of the sample and A2 is the
absorbance of the sample only (water instead of pyrogal-
lic acid).

In vivo assessment of the effects of Porphyra yezoensis
enzyme degradation extract on D-galactose-treated mice

Animals and experimental design. Female ICR mice(27,28) (18–
20 g) at 3 weeks of agewere purchased fromVital River Laboratory
Animal Centre (Beijing, China; Licensed ID: SCXK2012-0001).
Animalswere kept in a polyacrylic cage andmaintained under con-
stant conditions (room temperature 23 ± 1°C and humidity
50 ± 10%) with alternative 12 h light–12 h dark cycles. The mice
had free access to rodent food and water.

After 7 d of acclimatisation, all animals were randomly
assigned to five groups of twelve animals each: blank control
(BC) group, model control (MC) group, positive control group
(VC, 90 mg/kg), PYEDE-L group (dose of 50 mg/kg) and
PYEDE-H group (dose of 300 of mg/kg). D-Gal was adminis-
tered at a dose of 400 mg/kg by subcutaneous injection, except
for the BC group, which received normal saline (0·9 %, w/w),
for 10 weeks. Starting in week 7, the mice in VC and PYEDE
groups (distilled water was used to dissolve VC and PYEDE)
were given corresponding drug doses by oral gavage once a
day for 4 weeks. The mice in the BC and MC groups were given
distilled water in the same volumes. All mice experiments were
approved by the Ethical Committee of Experimental Animal
Care at Ocean University of China (certificate no.
SYXK2012014). All animal experiments were conducted in
accordance with the line of legislation and ethical guidelines
of People’s Republic of China.

Body weight measurement and organ indexes. The mice
were weighed every 2 d. On the last day of the experimental
period, after 8–12h of fasting, the mice were killed under ether
narcotisation, based on the methods described by Tu et al.(4).
The brain, spleen and thymus were isolated and weighed to cal-
culate the organ coefficients, using the following formula:

Coefficient ðmg=gÞ ¼ organ weight ðmgÞ=body weight ðgÞ:

Biochemical examinations of malondialdehyde, protein
carbonyl and reduced glutathione levels in serum. All the
mice were anaesthetised, and 0·5–0·6ml of peripheral blood
was drawn through the angular vein(29). Blood samples were
placed in centrifuge tubes and clotted for 30 min at room temper-
ature and then centrifuged at 5000 rpm for 20 min at 4°C. Finally,
the supernatant was separated for biochemical analysis of MDA,
PC and GSH levels based on the manufacturer’s instructions for
the kits.

Assessment of oxidative status in brain. A random subset of
brain samples (nine per group) was collected and homoge-
nised in volumes of ice-cold physiological saline to obtain a
10 % (w/v) homogenate with ten strokes at 4000 rpm in a
Bioprep-6 homogenizer (Hangzhou Allsheng Instruments Co.
Ltd). According to the preparation of brain homogenates by
Xu et al.(5), the homogenates were directly centrifuged at
2500 rpm at 4°C for 10 min and the supernatants were obtained
to determine MDA, PC and T-AOC levels; SOD, MAO, GSH-PX,
NOS and AchE activities; and GSH, NO, Ach, DA and NA con-
tents, according to the corresponding instructions for the kits.
Protein concentrations were measured using a commercially
available bicinchoninic acid protein assay kit and using bovine
serum albumin as a standard.

Determination of neuropathological alterations in the brain.
For histological analysis, the brain tissues of three randomly
selectedmice from different groupswere fixed in a fresh solution
of 4 % paraformaldehyde (pH 7·4) at 4°C for 24 h, followed by
embedment in paraffin and longitudinal sectioning. Then, 5
μm thick sections were obtained for haematoxylin–eosin stain-
ing. The stained slides were viewed by microscopy for histopa-
thological analysis.

The method for preparing the brain homogenate was the
same as in the ‘Assessment of oxidative status in brain’ section.
The supernatants were obtained to determine iNOS activity
and NO content based on the manufacturer’s instructions
for the kits.

Statistical analysis

The experimental data were analysed by PASW statistics 18 soft-
ware and subjected to one-way ANOVA, followed by least sig-
nificant difference (LSD) tests for multiple comparisons. All
data are presented as mean values and standard deviations,
and values of P< 0·05 and P< 0·01 were considered statistically
significant.
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Results

The main compositions of Porphyra yezoensis enzyme
degradation extract

As shown in Table 1, the major constituents of PYEDE were pol-
ysaccharides and proteins. The carbohydrate and protein con-
tents were 222·9 and 211·6 mg/g, respectively. The contents
are reducing sugar, sulphuric radical, amino acids, uronic acid
and phenolic compounds and were assayed as 132·2, 122·5,
62·3, 19·5, and 6·9 mg/g PYEDE, respectively.

In vitro antioxidant activity of Porphyra yezoensis enzyme
degradation extract

The four widely used assays were performed to measure the
antioxidant activity of PYEDE in vitro, and the results are dis-
played in Fig. 1. The IC50 valuewasmeasured as the concentration
required to scavenge 50% of the radicals.

The DPPH and ABTS free radicals are widely used indicators
of the preliminary radical scavenging capacity of antioxidant
compounds(26). The scavenging capacities for DPPH and
ABTS radicals are shown in Fig. 1(a) and (b), respectively.
PYEDE and VC showed strong dose-dependent scavenging
activity of DPPH and ABTS radicals. The IC50 values for the
DPPH and ABTS scavenging activities of VC were 0·013 and
0·008mg/ml, respectively. The IC50 values of PYEDE corre-
sponded to 2·369 and 2·217 mg/ml, respectively, and the results
showed that PYEDE had some DPPH and ABTS radical scaveng-
ing abilities.

The superoxide radical is considered as the primary ROS, and
the hydroxyl radical is a typical representative of harmful secon-
dary ROS that can cause oxidative injury and cell damage(5).
As shown in Fig. 1(c) and (d), the antioxidant capacities of

Table 1. Themain composition ofPorphyra yezoensisenzymedegradation
extract (PYEDE)

Items Content (mg/g)

Carbohydrate 222·9
Protein 211·6
Uronic acid 19·5
Phenolic compounds 6·9
Reducing sugar 132·2
Amino acids 122·5
Sulphuric radical 62·3

Fig. 1. Scavenging activities on 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical (a), 2,2 0-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) radical (b), hydroxyl
radical (c) and superoxide radical (d) of Porphyra yezoensis enzyme degradation extract (PYEDE) and ascorbic acid (VC). To determine the antioxidant activity of
PYEDE in vitro, VC was used for comparison purposes. Data are presented as mean values and standard deviations of triplicates. , VC; , PYEDE.
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PYEDE and VC increased in a concentration-dependent manner.
The IC50 values of hydroxyl and superoxide radicals of VC were
found to be 0·136 and 0·019mg/ml, respectively, whereas that
of PYEDE were 2·938 and 4·656mg/ml, respectively. PYEDE
exhibited greater hydroxyl and superoxide radicals scavenging
capacities compared with VC. As a result, the antioxidant
activities of PYEDE were further investigated.

Effect of Porphyra yezoensis enzyme degradation extract
on D-galactose-induced ageing model mice

Effect of Porphyra yezoensis enzyme degradation extract on
body weight and organ indexes. Morphological changes are
inevitable during the ageing process(30). As shown in Fig. 2(a),
although the five groups started at the same level, the body
weight of the four groups injected with D-gal was similar before
the intervention of the test substance, whereas the average body
weight of the BC group was markedly higher than those of
the other four groups. The experimental animals did not have
adverse reactions throughout the experiment. Moreover, after

the VC or PYEDE administration, the MC group experienced
weight loss, while the VC, PYEDE-L and PYEDE-H groups con-
tinued to show increased body weight to varying degrees; the
body weights of VC and PYEDE-H groups were similar to that
of the BC group. At the end of the experiment, the body weight
of the MC group very significantly decreased compared with the
BC group (P< 0·05). Compared with the BC group, the MC
group showed a similar situation with regard to the organ
indexes of the brain, spleen and thymus (P< 0·05 or P< 0·01);
the organ indexes decreased significantly after 8 weeks of sub-
cutaneous injection with D-gal (Fig. 2(b)). In contrast, after treat-
ment with VC and PYEDE, the phenomena were substantially
alleviated. Overall, the results suggested that to a certain extent,
the administration of PYEDE was protected against weight loss
and organ atrophy.

Effect of Porphyra yezoensis enzyme degradation extract
on malondialdehyde, protein carbonyl and reduced
glutathione levels in serum. The degree of lipid peroxidation
and protein oxidative damage are conventionally assessed by
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the level of MDA and the quantification of carbonyl groups, and
GSH plays a significant role in the intracellular antioxidant
defence of the body(31,32). Therefore, we evaluated the oxidative
damage in the body by measuring the biochemical indicators
MDA, PC and GSH. As illustrated in Fig. 3(a) and (b), the levels
ofMDA and PCnoticeably increased (by 11·9 and 55·2 %, respec-
tively) in the serum of themodel mice comparedwith those in the
BC group (P< 0·05 or P< 0·01). In contrast, the content of
GSH was 23·3 % lower compared with the normal mice
(Fig. 3(c)). VC administration at 90mg/kg substantially decreased
the MDA and PC levels (by 17·1 and 40·0%, respectively) v.
those in the MC group (both P< 0·01), but there were no sta-
tistically significant differences in the GSH content (P> 0·05).
Supplementation with 300mg/kg PYEDE alleviated the effect,
resulting in an evident decrease in MDA and PC levels and an
increase in GSH content in the serum (P< 0·05 or 0·01). These
findings suggested that PYEDE attenuated D-gal-induced
lipid peroxidation and protein carbonylation and improved the
ability of the mice to defend against antioxidants.

Effect of oxidative status in the brain. Numerous studies have
proved that antioxidant activity plays an indispensable role in
the biological ageing process(3). Thus, we further investigate
several key antioxidants that can scavenge ROS, including

the enzymatic antioxidants GSH-Px and SOD and the non-
enzymatic antioxidant T-AOC in the brain. The differences in
the brain antioxidant parameters between the treatment groups
are shown in Table 2. The D-gal group showed remarkably
decreased GSH-Px (by 32·6 %), SOD (by 17·2 %) and T-AOC
(by 51·9 %) activities (all P < 0·01) relative to the BC group.
Moreover, the challenge by D-gal led to a significant decrease
in GSH (by 28·9 %, P< 0·05) but an increase in MDA and PC
contents by 1·26-fold and 1·44-fold, respectively (P < 0·05 or
0·01). When PYEDE was administered at a low dose (50 mg/
kg), the activities of SOD and T-AOC and the level of GSH were
13·3, 40·4 and 33·3 % (P< 0·05 or 0·01) higher compared with
the MC group, respectively. Meanwhile, the contents of MDA
and PC clearly decreased by 16·6 and 24·5 % (P < 0·05 or
0·01), respectively, but the variation in the activity of GSH-Px
in the brain did not reach statistical significance (P > 0·05). In
addition, significantly higher activities of GSH-Px, SOD and
T-AOC and a higher level of GSH were found in PYEDE-H
(300 mg/kg) and VC groups, and a significant decrease in the
contents of MDA and PC occurred (P < 0·05 or 0·01). PYEDE
(300 mg/kg) exhibited similar effects to VC, and PYEDE was
better for improving the levels of T-AOC and GSH. These
results collectively indicated that PYEDE protected against oxi-
dative stress damage induced by D-gal.
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Table 2. Effects ofPorphyra yezoensis enzyme degradation extract (PYEDE) treatment on glutathione peroxidase (GSH-Px), superoxide dismutase (SOD),
total antioxidant capability (T-AOC) activities and malondialdehyde (MDA), protein carbonyl (PC) and reduced glutathione (GSH) contents in the brain of D-
galactose-induced mice
(Mean values and standard deviations)

Parameters

BC (n 9) MC (n 9) VC (n 9) PYEDE-L (n 9) PYEDE-H (n 9)

Mean SD Mean SD Mean SD Mean SD Mean SD

GSH-Px (U/mg protein) 87·14 7·61 58·77†† 8·40 77·76** 3·52 62·79 6·21 71·44* 5·43
SOD (U/mg protein) 144·21 4·65 119·48†† 3·78 142·16** 2·50 135·32** 4·72 144·30** 5·83
T-AOC (U/mg protein) 0·978 0·07 0·47†† 0·13 0·79** 0·09 0·66** 0·12 0·98** 0·08
MDA (nmol/mg protein) 2·82 0·39 3·55† 0·21 2·78** 0·32 2·96* 0·27 2·81* 0·24
PC (nmol/mg protein) 0·34 0·02 0·49†† 0·03 0·35** 0·02 0·37** 0·03 0·36** 0·02
GSH (mg GSH/g protein) 4·94 0·82 3·51† 0·19 5·18** 0·76 4·68* 0·56 6·91** 0·21

BC, blank control; MC, model control; VC, ascorbic acid; PYEDE-L, low-dose PYEDE; PYEDE-H, high-dose PYEDE.
* P< 0·05 and ** P< 0·01 v. MC.
† P< 0·05 and †† P< 0·01 v. BC.
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Analysis of Porphyra yezoensis enzyme degradation extract
on brain neuropathological alterations. The CA1 region of the
hippocampus is known to be vital for learning and memory,
and the neurogenesis in the hippocampus declines with ageing,
along with a continuous loss of neurons(33). As depicted in
Fig. 4(a), no pathological alterations were evident in the BC
group, the nerve fibres and neurons were arranged regularly
and tightly and the nuclei were large, round and lightly stained
in the CA1 region of the hippocampus. In contrast, there were
some neuropathological changes in the MC group, including a
reduction of the CA1 pyramidal cell layer, irregular nerve fibres
and loosely arranged neurons, accompanied by atrophy or dis-
appearance. After administration of VC and PYEDE, the mor-
phology of the nerve fibres and neurons visibly improved
compared with the MC group; there was an obvious increase
in round-shaped neurons with regular nerve fibres, and neurons
weremore compactly and orderly arranged. The effect of PYEDE
at high dose (300 mg/kg) appeared similar to those in the BC
and VC groups. In addition, the iNOS activity and NO content,
which lead to neurodegenerative diseases, markedly increased
(P< 0·01) in D-gal-induced mice compared with normal mice
(Fig. 4(b)). After administration of PYEDE and VC, the iNOS
activity and NO content significantly down-regulated compared
with those in the MC group. The results suggested that PYEDE
attenuated neurodegenerative diseases caused by oxidative
stress and improved cognitive ability.

Neuroprotective effect of Porphyra yezoensis enzyme
degradation extract on D-galactose-induced ageing of the
mice brain. The symptoms of neurodegenerative diseases
include memory impairment, the loss of cognitive ability and

dyskinesia. It is well documented that these symptoms are also
associated with the disorders of the metabolism of cholinergic
and monoamine neurotransmitters(2,34). Therefore, we studied
the effect of PYEDE on the AchE activity and Ach content of
the cholinergic nervous system and the MAO activity and DA
and NA contents of monoamine neurotransmitters. Fig. 5 reveals
the data on neuroprotection in the mice brain. Long-term D-gal
injection in mice caused a 1·20-fold increase in AchE enzymatic
activity (P< 0·01) (Fig. 5(a)) but a significant decrease in the Ach
content (by 16·2 %, P< 0·05) (Fig. 5(b)) of the brain compared
with those of the BC group. Similarly, MAO activity dramatically
increased 1·43-fold (P< 0·01) (Fig. 5(c)), and DA and NA con-
tents were 13·4 and 10·4 % (both P< 0·01) (Figs. 5 (d) and
(e)) lower, respectively, v. the normal mice. While VC obviously
inhibited the increase in AchE and MAO activities (P< 0·01) and
Ach and NA contents were remarkably enhanced 1·29-fold and
1·11-fold (both P< 0·01), respectively, there was no significant
improvement in DA content (P> 0·05). In addition, PYEDE
remarkably and dose-dependently exhibited neuroprotective
effects, and the protective effect of 300 mg/kg PYEDE visibly
exceeded that of VC. Our findings revealed that PYEDE mark-
edly alleviated nervous system damage induced by D-gal.

Discussion

Ageing is a major cause of physiological dysfunctions, including
central nervous system degeneration, cognitive deterioration
and the massive loss of neurons. With the increasing population
and prolongation of lifespans, ageing has become a worldwide
problem and anti-ageing has become an important public
issue(3,30). The brain accounts for 20 % of the total VO2 of the
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Fig. 5. Effect of Porphyra yezoensis enzyme degradation extract (PYEDE) on activities of acetylcholinesterase (AchE) (a), monoamine oxidase (MAO) (c) and contents
of acetylcholine (Ach) (b), dopamine (DA) (d), noradrenaline (NA) (e) in the brain of D-galactose-induced mice. Data are given as mean values and standard deviations
(n 9). † P< 0·05 and †† P< 0·01 v. blank control (BC) group. * P< 0·05 and ** P< 0·01 v. model control (MC) group. VC, ascorbic acid; PYEDE-L, low-dose PYEDE;
PYEDE-H, high-dose PYEDE.
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body; it is prone to a lack of antioxidant enzymes and produces
relatively more ROS compared with other tissues with low
VO2

(35). There is considerable evidence that oxidative stress
plays an important role during the pathogenesis of age-
associated or neurodegenerative diseases. An imbalance
between the generation of oxidants and the antioxidant defences
of the body leads to oxidative damage of cells and tissues, modi-
fying their morphology and function and resulting in ageing and
premature cell death(4,5). The D-gal-induced ageing model is
based on the metabolic and free radical theories of ageing and
is similar to the natural ageing process(8,31). Therefore, the
chronic D-gal-induced ageing of mice has been widely used in
anti-ageing pharmacology studies. This model was used to
investigate supplements and antioxidants that have the potential
to treat brain damage caused by ageing.

P. yezoensis is a macroalga with high nutritive value that is
mainly distributed in Asia; numerous studies have reported that
the cell wall of red algae is mainly composed of an abundance of
polysaccharides, such as agar, cellulose and pectin(10). In the
present study, we used agarase, cellulase and pectinase to
degrade the cell wall of P. yezoensis, as, compared with other
methods, the intracellular components can be released more
effectively, resulting in increased dissolution of active and nutri-
tional ingredients. We used four classic established in vitro anti-
oxidant systems to evaluate the antioxidant properties of PYEDE.
Our study found that PYEDE had significant scavenging abilities
on DPPH, ABTS, hydroxyl and superoxide radicals, proving that
PYEDE has antioxidant potential. This activity can be attributed
to the composition of PYEDE. Previous studies have explored
the ability of P. yezoensis polysaccharides to prevent acute
chemical liver injury induced by CCl4 in mice(11). Previous inves-
tigations have verified that C-phycoerythrin is involved in the
amelioration of diabetic complications by significant reductions
in oxidative stress(12). In addition, some phenolic compounds
have strong antioxidant properties(23).

To further confirm the potential of PYEDE as an antioxidant,
we established an ageing model by subcutaneous injections of
D-gal into female ICRmice for 10 weeks to investigate the protec-
tive effect of PYEDE on brain injury and neurodegenerative dis-
eases induced by D-gal. Previous studies have shown that the
most easily assessed features of the ageing process are the mor-
phological changes in appearance, and D-gal can accelerate
these features(36). In our study, before the intervention treatment,
the body weight of normal mice was higher than the D-gal-
treatedmice andwewere able to effectively alleviate weight loss
after PYEDE intervention treatment. The D-gal-induced ageing
model group showed slow weight loss, which was similar to
the results of previous studies(34,37). The brain is an important
part of the central nervous system and the main regulator of vital
functions. In addition, the spleen and thymus are considered to
be indispensable immune organs, and spleen and thymus
indexes can reflect the immune function of the body and are pre-
cise indicators of biological ageing(38). There were significant
decreases in body weight and organ indexes of brain, spleen
and thymus indexes after administration of D-gal, and similar
consequences have been found in previous studies(30,39). In
our study, PYEDE effectively alleviated weight loss and organ

atrophy, suggesting that PYEDE protected the brain from atro-
phy and slowed ageing by strengthening immune functions.

Oxidative stress caused by ROS is the major driving force of
brain damage, as it may directly oxidise lipids and proteins
and indirectly induce oxidant/antioxidant imbalances by dis-
rupting the activity of enzymes(30). It is well documented that
D-gal-induced oxidative damage can be evaluated by measuring
the activities of antioxidant enzymes (GSH-Px, SOD, MAO and
T-AOC) and the levels of MDA, PC and GSH(3,8,40). As one of
the most important members of the antioxidant defence system,
SOD can catalyse the superoxide radical to form H2O2, which
can be further metabolised by GSH-Px. GSH is a significant anti-
oxidant and free radical scavenger in the body; it can react with
H2O2 to form GSSH under the catalysis of GSH-Px and remove
peroxide and hydroxyl radicals produced by cellular respiratory
metabolism(32,41). T-AOC has comprehensive antioxidant
capacities, whereas MDA is a by-product of lipid peroxidation
induced by free radicals, and its content indirectly reflects the
level of lipid peroxidation in the body. The generation of PC
is an important marker of the oxidative modification of protein
molecules by free radicals. The level of PC is closely related to
ageing and is often used to indicate the extent of oxidative dam-
age in proteins(31,42). In the present study, after treatment with
PYEDE, MDA and PC levels were clearly reduced and the con-
tent of GSH remarkably elevated in serum. Serum is the most
intuitive indicator of physical status, suggesting that PYEDE
could protect the mice against D-gal-induced oxidative stress.
Oxidative damages are a crucial factor which contributing to
brain ageing and senile dementia(2). Furthermore, we observed
that administration of PYEDE improved the antioxidant activities
of GSH-Px, SOD and T-AOC and the level of GSH, as well as
reduced MDA and PC levels in the brain. These results were sim-
ilar to those of a study on carnosine and taurine(42) in which
PYEDE substantially inhibited the occurrence of oxidative
damage in the brain. In addition, the protective antioxidant
effects of a P. yezoensis polysaccharide in CCl4 hepatotoxicity
have been reported(11). These data provide evidence that
the bioactivities of P. yezoensis could be used to prevent
oxidative stress.

NO is considered as an important diffusion signal in brain
development, learning and memory, but excessive production
ofNO is cytotoxic, causing nerve damage andencephalopathy(43).
NO is synthesised by at least three isozymes (inducible NOS,
neuronal NOS and endothelial NOS). In contrast to neuronal
NOS and endothelial NOS, which are known as constitutive
NOS, iNOS is not expressed in the brain under normal
physiological conditions and has been proven to be an inhibitory
molecule of neuron regeneration in the hippocampus(44,45). Our
study demonstrated that iNOS activity and NO content were
up-regulated in D-gal-inducedmice. In addition, histopathological
analysis revealed a reduction of the pyramidal cell layer and
severe damage to neurons, accompanied by irregular nerve
fibres in the hippocampus CA1 region in D-gal-treated mice
brain, and the findings were consistent with previous
studies(5,38). PYEDE treatment can effectively inhibit the activity
of iNOS, reduce the content of NO and alleviate damage to the
hippocampus and brain atrophy, possibly by renewing the
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ability of the brain to scavenge ROS (in vitro) and reducing lipid
peroxidation and protein carbonylation. Previous studies have
shown that inhibition of iNOS and NO generation can attenuate
hippocampal neuronal apoptosis, and an ethanol extract of
P. yezoensis promoted the development of hippocampal neurons
by enhancing the rates of early neuronal differentiation and axo-
dendritic arborisation(46,47). Another study demonstrated that
D-gal affected inflammatory markers, such as iNOS, causing them
to activate the NF-κB pathway(3). At present, the pathogenesis and
aetiology ofmanyneurodegenerative diseases are not fully under-
stood; however,many researchers believe that a reduction of neu-
rons is one of the main pathogeneses, and this mechanism is
targeted in the search for improved methods and drugs.

The metabolism of neurotransmitters plays a crucial role in
the regulation of the neuroendocrine network, and alterations
in multiple neurotransmitter systems may be associated with
the pathogenesis of age-related brain degenerative disorders
such as Alzheimer’s disease(2,48). The complex aetiology of
Alzheimer’s disease has encouraged active research into devel-
oping multi-target drugs with two or more complementary bio-
logical activities. The development of novel inhibitors of AchE
and MAO is a promising direction for the treatment of
Alzheimer’s disease(49). AchE and MAO are enzymes relevant
to cholinergic and monoaminergic neurotransmitters, respec-
tively. AchE is an important regulatory enzyme that controls
the transmission of nerve impulses across cholinergic synapses
by hydrolysing Ach to choline and acetate(50). Increased activity
of AchE is associated with the formation of amyloid plaques in
the brain, and increased levels of β-amyloid can, eventually,
cause degeneration of cholinergic nerve terminal function in
the hippocampus and cholinergic neuron atrophy, causing dis-
ruption of neurotransmission and eventually triggering
Alzheimer’s disease(51–53). MAO is an important enzyme of the
outer mitochondrial membrane and the central nervous system
that catalyses the degradation of a wide range of monoamine
neurotransmitters, including DA and NA(31,37). It is assumed that
activation of MAO is associated with the generation of free rad-
icals in the involution of the nervous tissue(54). In the present
study, increased AchE and MAO activities led to a reduction of
Ach and monoamine neurotransmitters in the brains of D-gal-
induced mice, whereas PYEDE reduced the activities of AchE
and MAO and increased the contents of Ach, DA and NA.
Thus, the neuroprotective effects of PYEDE involvedmodulation
of the activities of enzymes related to neurotransmitter metabo-
lism. Numerous studies have also shown that improvements in
learning and memory of aged mice were achieved by increasing
NA and DA levels and decreasing the activity of AchE(55–57). The
polysaccharides of PYEDE might have played a role in the neu-
roprotective effects, and this is supported by previous studies(58)

that found that oligosaccharides or sulphated oligosaccharides
extracted from seaweed, such as GV-971, captured β-amyloid
at multiple sites, and inhibited β-amyloid fibrils formation, and
improved cognitive impairment. Moreover, oxidative damage
induced by free radicals was an important factor in neuronal
degeneration and promoted the appearance of β-amyloid and
neurofibrillary changes(41). Thus, the neuroprotective effects of
PYEDE were also achieved by reversing the decline of the anti-
oxidant defence, which was confirmed by the data above.

However, the imbalance in neurotransmitters which are synthes-
isedwithin the neurons led to synaptic damage and neuronal cell
loss relevant to memory function(56), which is similar to the phe-
nomenon observed in our study. Therefore, it seems that PYEDE
ameliorated the cell components of the oxidative damaged brain
and restored neuronal activity, including the synthesis and trans-
port of neurotransmitters and enzymes, which is consistent with
hippocampal pathology.

Conclusions

In summary, the results of our study support the hypothesis that
treatment with PYEDE could alleviate oxidative-stress-induced
damage in neurodegenerative diseases. Our findings demon-
strated that PYEDE exerted a strong antioxidant effect in vitro
and effectively protected against brain injury in D-gal-treated
mice. The underlying protective mechanisms might involve
the improvement in organ atrophy, inhibition of lipid peroxida-
tion and protein carbonylation, renewal of antioxidant enzymes
activities, amelioration of hippocampal neuronal apoptosis and
damage and beneficial modulation of multiple neurotransmitter
systems. The present study provides novel insights into PYEDE
as an effectivemediator of age-related cognitive deficits and sup-
ports the use of a multitarget approach in the treatment of neuro-
degenerative diseases.

Ethical statement

All animal treatments were strictly in accordance with the Ethical
Committee of Experimental Animal Care at Ocean University of
China (certificate no. SYXK2012014). All animal experiments
were conducted in accordance with the line of legislation and
ethical guidelines of People’s Republic of China.

Acknowledgements

The authors are grateful to Professor Jingfeng Wang for provid-
ing experimental sites and experimental technical guidance for
animal feeding.

This work was funded by Qingdao Marine biological medi-
cine science and technology innovation center construction
project (2017-CXZX01-4-6).

Designed the experiments: C. W., Z. S. and X. J. Prepared the
extracts: C. W., J. Y. and F. M. Performed the experiments: C. W.,
Z. S., J. Y. and F. M. Drafted and revised the manuscript: C. W.,
Z. S. and C. Z. Funding acquisition and project administration:
X. J., C. Z. and Z. S.

The authors declare that they have no conflicts of interest. All
authors confirmed the manuscript authorship and agreed to sub-
mit it for peer review.

References

1. Harman D (1956) Aging: a theory based on free radical and
radiation chemistry. J. Gerontol 11, 298–300.

2. Kou J, Zhu D & Yan Y (2005) Neuroprotective effects of the
aqueous extract of the Chinese medicine Danggui-Shaoyao-
san on aged mice. J Ethnopharmacol 97, 313–318.

984 C. Wang et al.

https://doi.org/10.1017/S0007114519003088  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114519003088


3. Rehman SU, Shah SA, Ali T, et al. (2017) Anthocyanins reversed
D-galactose-induced oxidative stress and neuroinflammation
mediated cognitive impairment in adult rats. Mol Neurobiol
54, 255–271.

4. Tu DG, Chang YL, Chou CH, et al. (2018) Preventive effects of
taurine against D-galactose-induced cognitive dysfunction and
brain damage. Food Func 9, 124–133.

5. Xu LQ, Xie YL, Gui SH, et al. (2016) Polydatin attenuates
D-galactose-induced liver and brain damage through its anti-
oxidative, anti-inflammatory and anti-apoptotic effects in mice.
Food Func 7, 4545–4555.

6. Haider S, Liaquat L, Shahzad S, et al. (2015) A high dose of short
term exogenous D-galactose administration in young male rats
produces symptoms simulating the natural aging process. Life
Sci 124, 110–119.

7. Chen CF, Lang SY, Zuo PP, et al. (2006) Effects of D-galactose on
the expression of hippocampal peripheral-type benzodiaz-
epine receptor and spatial memory performances in rats.
Psychoneuroendocrino 31, 805–811.

8. Hsieh HM, Wu WM & Hu ML (2009) Soy isoflavones attenuate
oxidative stress and improve parameters related to aging and
Alzheimer’s disease in C57BL/6J mice treated with D-galactose.
Food Chem Toxicol 47, 625–632.

9. Isaka S, Cho K, Nakazono S, et al. (2015) Antioxidant and anti-
inflammatory activities of porphyran isolated from discolored
nori (Porphyra yezoensis). Int J Biol Macromol 74, 68–75.

10. Takahashi K, Hirano Y, Araki S, et al. (2000) Emulsifying ability
of porphyran prepared from dried nori, Porphyra yezoensis, a
red alga. J Agric Food Chem 48, 2721–2725.

11. Guo TT, Xu HL, Zhang LX, et al. (2007) In vivo protective effect
of Porphyra yezoensis polysaccharide against carbon tetrachlo-
ride induced hepatotoxicity in mice. Regul Toxicol Pharm 49,
101–106.

12. Soni B, Visavadiya NP & Madamwar D (2009) Attenuation of
diabetic complications by C-phycoerythrin in rats: antioxidant
activity of C-phycoerythrin including copper-induced lipopro-
tein and serum oxidation. Br J Nutr 102, 102–109.

13. Zhang Q, Li N, Liu X, et al. (2004) The structure of a sulfated
galactan from Porphyra haitanensis and its in vivo antioxidant
activity. Carbohyd Res 339, 105–111.

14. Kähkönen MP, Hopia AI, Vuorela HJ, et al. (1999) Antioxidant
activity of plant extracts containing phenolic compounds.
J Agric Food Chem 47, 3954–3962.

15. Rice-Evans C, Miller N & Paganga G (1997) Antioxidant proper-
ties of phenolic compounds. Trends Plant Sci 2, 152–159.

16. Nielsen SS (2010) Phenol-sulfuric acid method for total carbo-
hydrates. In Food Analysis Laboratory Manual, pp. 47–53
[SS Nielsen, editor]. Boston, MA: Springer.

17. Miller GL (1959) Use of dinitrosalicylic acid reagent for determi-
nation of reducing sugar. Anal Chem 31, 426–428.

18. Bradstreet RB (1954) Kjeldahl method for organic nitrogen.
Anal Chem 26, 185–187.

19. Sun SW, Lin YC, Weng YM, et al. (2006) Efficiency improve-
ments on ninhydrin method for amino acid quantification.
J Food Compos Anal 19, 112–117.

20. Sörbo B (1987) Sulfate: turbidimetric and nephelometric meth-
ods. Methods Enzymol 143, 3–6.

21. Blumenkrantz N & Asboe-Hansen G (1973) New method for
quantitative determination of uronic acids. Anal Biochem 54,
484–489.

22. Stratil P, Klejdus B & Kubáň V (2006) Determination of total
content of phenolic compounds and their antioxidant activity
in vegetables-evaluation of spectrophotometric methods.
J Agric Food Chem 54, 607–616.

23. Singh JP, Kaur A, Singh N, et al. (2016) In vitro antioxidant and
antimicrobial properties of jambolan (Syzygium cumini) fruit
polyphenols. LWT-Food Sci Technol 65, 1025–1030.

24. Xie M, Hu B, Wang Y, et al. (2014) Grafting of gallic acid onto
chitosan enhances antioxidant activities and alters rheological
properties of the copolymer. J Agric Food Chem 62, 9128–9136.

25. Li Y, Jiang B, Zhang T, et al. (2008) Antioxidant and free radical-
scavenging activities of chickpea protein hydrolysate (CPH).
Food Chem 106, 444–450.

26. Di T, Chen G, Sun Y, et al. (2017) Antioxidant and immunosti-
mulating activities in vitro of sulfated polysaccharides isolated
from Gracilaria rubra. J Funct Foods 28, 64–75.

27. Yan JK, Wang YY, Wang ZB, et al. (2016) Structure and antiox-
idative property of a polysaccharide from an ammonium oxa-
late extract of Phellinus linteus. Int J Biol Macromol 91, 92–99.

28. Zhou Y, Dong Y, Xu Q, et al. (2013) Mussel oligopeptides
ameliorate cognition deficit and attenuate brain senescence
in D-galactose-induced aging mice. Food Chem Toxicol 59,
412–420.

29. Zhou T, Zhu M & Liang Z (2018) (-)-Epigallocatechin-3-gallate
modulates peripheral immunity in the MPTP-induced mouse
model of Parkinson’s disease. Mol Med Rep 17, 4883–4888.

30. Chen P, Chen F & Zhou B (2018) Antioxidative, anti-inflammatory
and anti-apoptotic effects of ellagic acid in liver and brain of rats
treated by D-galactose. Sci Rep 8, 1465.

31. Çoban J, Doğan-Ekici I, Aydın AF, et al. (2015) Blueberry treat-
ment decreased D-galactose-induced oxidative stress and brain
damage in rats. Metab Brain Dis 30, 793–802.

32. Mohammadi E, Mehri S, Bostan HB, et al. (2018) Protective
effect of crocin against D-galactose-induced aging in mice.
Avicenna J Phytomed 8, 14.

33. Deupree DL, Bradley J & Turner DA (1993) Age-related alter-
ations in potentiation in the CA1 region in F344 rats.
Neurobiol Aging 14, 249–258.

34. Xia X, Xing Y, Li G, et al. (2018) Antioxidant activity of whole
grain Qingke (Tibetan Hordeum vulgare L.) toward oxidative
stress in D-galactose induced mouse model. J Funct Foods
45, 355–362.

35. Gusnard DA & Raichle ME (2001) Searching for a baseline:
functional imaging and the resting human brain. Nat Rev
Neurosci 2, 685.

36. James EL, Michalek RD, Pitiyage GN, et al. (2015) Senescent
human fibroblasts show increased glycolysis and redox
homeostasis with extracellular metabolomes that overlap with
those of irreparable DNA damage, aging, and disease.
J Proteome Res 14, 1854–1871.

37. Gong YS, Guo J, Hu K, et al. (2016) Ameliorative effect of lotus
seedpod proanthocyanidins on cognitive impairment and brain
aging induced by D-galactose. Exp Gerontol 74, 21–28.

38. Zhang X, Wu JZ, Lin ZX, et al. (2019) Ameliorative effect of
supercritical fluid extract of Chrysanthemum indicum
Linnén against D-galactose induced brain and liver injury in sen-
escent mice via suppression of oxidative stress, inflammation
and apoptosis. J Ethnopharmacol 234, 44–56.

39. Fatemi I, Khaluoi A, Kaeidi A, et al. (2018) Protective effect of
metformin on D-galactose-induced aging model in mice. Iran
J Basic Med Sci 21, 19–25.

40. Lu J, Zheng YL, Wu DM, et al. (2007) Ursolic acid ameliorates
cognition deficits and attenuates oxidative damage in the brain
of senescent mice induced by D-galactose.Biochem Pharmacol
74, 1078–1090.

41. Peng X, Kong B, Yu H, et al. (2014) Protective effect of whey
protein hydrolysates against oxidative stress in D-galactose-
induced ageing rats. Int Dairy J 34, 80–85.

Effects of enzyme degradation extract 985

https://doi.org/10.1017/S0007114519003088  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114519003088


42. Aydın AF, Çoban J, Doğan-Ekici I, et al. (2016) Carnosine and
taurine treatments diminished brain oxidative stress and apop-
tosis in D-galactose aging model.Metab Brain Dis 31, 337–345.

43. Suzuki N, Motohashi N, Uezumi A, et al. (2007) NO production
results in suspension-induced muscle atrophy through disloca-
tion of neuronal NOS. J Clin Invest 117, 2468–2476.

44. Necchi D, Virgili M, Monti B, et al. (2002) Regional alterations of
the NO/NOS system in the aging brain: a biochemical, histo-
chemical and immunochemical study in the rat. Brain Res
933, 31–41.

45. Thorns V, Hansen L & Masliah E (1998) nNOS expressing neu-
rons in the entorhinal cortex and hippocampus are affected in
patients with Alzheimer’s disease. Exp Neurol 150, 14–20.

46. Mohibbullah M, Bhuiyan MMH, Hannan MA, et al. (2016) The
edible red alga Porphyra yezoensis promotes neuronal survival
and cytoarchitecture in primary hippocampal neurons. Cell Mol
Neurobiol 36, 669–682.

47. Yuan X, Guo X, Deng Y, et al. (2015) Chronic intermittent
hypoxia-induced neuronal apoptosis in the hippocampus is
attenuated by telmisartan through suppression of iNOS/NO
and inhibition of lipid peroxidation and inflammatory
responses. Brain Res 1596, 48–57.

48. Ng J, Papandreou A, Heales SJ, et al. (2015) Monoamine neuro-
transmitter disorders-clinical advances and future perspectives.
Nat Rev Neurol 11, 567.
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