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1.	 Introduction

Eicosapentaenoic acid (EPA, 20:5) and docosahexaenoic acid 
(DHA, 22:6) are n-3 polyunsaturated fatty acids (PUFAs), and 
their major dietary sources are sea foods.  It has been reported 
that EPA and DHA could improve hepatic lipid metabolism and 
prevent cardiovascular events [1, 2].  The studies of Sublette et al. 
[3] and Song et al. [4] revealed that these PUFAs could alleviate 
the progression of neurodegenerative disorders such as depres-
sion and Alzheimer’s disease.  The American Heart Association 
suggests healthy person to consume at least two servings fish 
per week, which results in EPA and DHA weekly intake at 400-
500 mg [5].  Although those previous studies support the healthy 
benefits of EPA and DHA, the safety and even toxic effects of 
these two PUFAs are also paid attention.  Chen et al. [6] indi-
cated that fish omega-3 fatty acids supplementation decreased 
liver glutathione (GSH) level and increased liver fibrosis in bile 
duct-ligated rats.  The study of Yang et al. [7] revealed that DHA 
exhibited detrimental effects such as increasing malondialdehyde 
production, lowering GSH content in post-ischemic progression 
and brain injury.  So far, the impact of EPA and DHA upon brain 

under aging condition remains unknown.
Mitochondrial apoptotic pathway, mainly mediated by BCL 

family proteins, is involved in neurons death and responsible 
for pathological development of brain aging.  This pathway in-
cludes pro-apoptotic molecules such as Bax, and anti-apoptotic 
molecules such as Bcl-2 [8].  NADPH oxidase complex is a key 
regulator for the generation of free radicals, especially reactive 
oxygen species (ROS), which contributes to decrease neurogen-
esis and impair brain functions [9, 10].  In addition, the activation 
of aging associated signaling pathways including nuclear factor 
erythroid-derived 2-like 2 (Nrf2), nuclear factor kappaB (NF-
κB), heme oxygenase-1 (HO-1) and cyclooxygenase (COX)-2 
initiates mitochondrial dysfunction and stimulates the release of 
oxidants and inflammatory cytokines such as interleukin (IL)-6, 
tumor necrosis factor (TNF)-α and prostaglandin E2 (PGE2) [11-
13].  So far, the impact of EPA or DHA upon these factors or sig-
naling pathways in aging brain, often occurred in elderly people, 
remains unclear.  On the other hand, Sirtuin 1, p53, p16 and p21 
are aging-associated proteins.  Sirtuin 1, a nicotinamide adenine 
dinucleotide-dependent deacetylase, participates normal cognitive 
functions and prevents aging-associated neuronal degeneration 
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ABSTRACT

Background: Effects of eicosapentaenoic acid (EPA, 20:5) and docosahexaenoic acid (DHA, 22:6) upon 
fatty acid composition, oxidative and inflammatory factors and aging proteins in brain of d-galactose (DG) 
treated aging mice were examined.
Methods: Each fatty acid at 7 mg/kg BW/week was supplied for 8 weeks.  Brain aging was induced by DG 
treatment (100 mg/kg body weight) via daily subcutaneous injection for 8 weeks.
Results: DG, EPA and DHA treatments changed brain fatty acid composition.  DG down-regulated brain 
Bcl-2 expression and up-regulated Bax expression.  Compared with DG groups, EPA and DHA further en-
hanced Bax expression.  DG decreased glutathione content, increased reactive oxygen species (ROS) and 
oxidized glutathione (GSSG) production, the intake of EPA or DHA caused greater ROS and GSSG forma-
tion.  DG treatments up-regulated the protein expression of p47phox and gp91phox, and the intake of EPA or 
DHA led to greater p47phox and gp91phox expression.  DG increased brain prostaglandin E2 (PGE2) levels, and 
cyclooxygenase (COX)-2 expression and activity, the intake of EPA or DHA reduced brain COX-2 activity 
and PGE2 formation.  DG enhanced brain p53, p16 and p21 expression.  EPA and DHA intake led to greater 
p21 expression, and EPA only caused greater p53 and p16 expression.  Conclusion: These findings suggest 
that these two PUFAs have toxic effects toward aging brain.
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[14].  p53, a transcription factor, controls cell-cycle and cellular 
stress responses, and its activation mediates cellular senescence 
[15, 16].  The expression of p16 and p21 increases with aging 
in human tissues including brain, which facilitates senescence 
through negatively regulating the cell cycle [17, 18].  Thus, any 
agents with the capability to modulate these aging-associated pro-
teins in brain may delay or promote senescence.

D-galactose (DG)-induced neuro-pathological alteration has 
been applied as an aging model because DG over-supply induces 
apoptotic, oxidative and inflammatory stress in the nervous sys-
tem [19, 20].  In our present study, DG treated aging mice were 
used to investigate the influence of DHA or EPA upon brain.  The 
effects of these two PUFAs upon fatty acid composition, oxida-
tive and inflammatory factors and aging proteins in brain were 
examined.  The influence of these PUFAs upon protein expression 
of Bcl-2, Bax, NAPDH oxidase, Nrf2, COX-2, p53, p21 and NF-
κB in brain were also determined in order to elucidate the pos-
sible action modes of EPA and DHA.

2.	 Materials and methods

2.1.	 Materials

Three n-3 fatty acids, α-linolenic acid (ALA, 18:3, 99.5%), DHA 
(99%) and EPA (99%), were purchased from Sigma Chemical Co. 
(St. Louis, MO, USA).  ALA, an essential fatty acid, is a shorter 
chain fatty acid than EPA or DHA.  It was used in this study for 
comparison.  DG (99.5%) was bought from Wako Pure Chemical 
Co. (Tokyo, Japan).

2.2.	 Animals and diet

Three-week old male Balb/cA mice were obtained from National 
Laboratory Animal Center (Taipei City, Taiwan).  Mice were 
housed on a condition with 12-h light/dark.  Mouse standard diet 
and water were consumed ad libitum.  The use of mice was re-
viewed and approved by China Medical University animal care 
and use committee, and permission number was 104-305.

2.3.	 Experimental design

Mice at 7-month old were used for experiments.  Mice were 
divided into non-DG and DG groups.  Non-DG group was used 
as normal group.  DG groups were treated with DG (100 mg/kg 
body weight) via daily subcutaneous injection for 8 weeks.  Song 
et al. [21] reported that 8-wk DG treatment induced 24 months 
aging.  Therefore, 7-month old mice with 8-wk DG injection led 
to mice at 31-month old, which was similar to 80-year old human 
[22].  These DG mice were further divided into four sub-groups.  
One DG group without fatty acid intake was used for control.  
The other three DG groups were treated by ALA, EPA or DHA at 
3.5 mg/kg BW/time and twice per week.  The intake of each fatty 
acid was 7 mg/kg BW/week in mice, which was equal to 490 mg/
week for a 70-kg adult.  After 8-wk DG and fatty acid treatments, 
mice were sacrificed by decapitation.  Brain was collected, and 
100 mg brain was homogenized in 2 ml of ice cold phosphate buf-
fer saline (PBS, pH 7.2).  Protein concentration was quantified by 
an assay kit purchased from Pierce Biotechnology Inc. (Rockford, 
IL, USA), in which bovine serum albumin acted as a standard.  
Plasma activity of alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) was examined for liver functions, which 

were measured by assay kits (Randox Laboratories Ltd., Crumlin, 
UK).

2.4.	 Brain triglyceride (TG) and cholesterol measurements

One ml brain homogenate was mixed with chloroform/methanol 
solution (2:1, v/v).  After vigorously shaking, chloroform layer 
was collected and followed by concentrating with a rotary evapo-
rator.  After reacting with isopropanol containing 10% Triton 
X-100, Wako E-Test kits (Wako Pure Chemical, Osaka, Japan) 
were used to determine TG and TC content.  HDL level was de-
termined by an ELISA kit (Pointe Scientific, Inc., Canton, MI), 
and LDL level was calculated according to the following equa-
tion: total cholesterol – HDL cholesterol – (TG/5).

2.5.	 Brain fatty acid composition

A HP5890 gas chromatography equipped with FID and a 30-m 
Omegawax capillary column (Supelco Chromatography Products, 
Bellefonte, PA, USA) was used for analyzing fatty acid composi-
tion.  Each fatty acid was measuring by detecting the areas under 
identified peaks.  Data are shown as percentage of total fatty ac-
ids.

2.6.	 Determination of oxidative factors

Brain ROS level was measured by using an oxidation sensitive 
dye, 2’, 7’-dichlorofluorescein diacetate (DCFH-DA).  Briefly, 
100 ml brain homogenate was reacted with 100 ml DCFH-DA 
(2 mg/ml) for 30 min at 37°C.  Fluorescence was measured at 
488 nm and 525 nm for excitation and emission, respectively, by 
a fluorescence plate reader.  Data are expressed as relative fluo-
rescence unit (RFU)/mg protein.  Brain GSH and GSSG levels 
(nmol/mg protein) were analyzed by commercial colorimetric kits 
(OxisResearch, Portland, OR, USA).  Assay kits purchased from 
EMD Biosciences (San Diego, CA, USA) were used to determine 
the activity (U/mg protein) of glutathione peroxidase (GPX) and 
glutathione reductase (GR).

2.7.	 Measurement of inflammatory factors

Partial brain tissue was mixed with 10 mM Tris-HCl solution (pH 
7.4) containing 1 mM EDTA, 2 M NaCl, 0.01% Tween 80, 1 mM 
phenylmethylsulfonyl fluoride, and followed by homogenized and 
centrifuged at 9000 xg for 40 min at 4°C.  Then, supernatant was 
used for determining IL-1β, IL-6 and TNF-α levels by using cy-
toscreen immunoassay kits (BioSource International, Camarillo, 
CA, USA).  Brain PGE2 level and COX-2 activity were assayed 
using kits obtained from Cayman Chemical Co. (Ann Arbor, MI, 
USA).  COX-2 activity was quantified by monitoring the absor-
bance at 590 nm, which meant the formation of oxidized N, N, N’, 
N’-tetramethyl-p-phenylenediamine.

2.8.	 NF-κB binding activity assay

The nuclear extract of brain tissue was used for NF-κB p50/65 
DNA binding activity assay, which was measured by a kit 
(Chemicon International Co., Temecula, CA, USA).  The bind-
ing of activated NF-κB was processed by adding 3, 3′, 5, 5′-
tetramethylbenzidine as a substrate, a primary antibody against 
NF-κB p50/p65 and a secondary horseradish peroxidase-conjugat-
ed antibody.  The change in absorbance at 450 nm was recorded.  
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Data are shown in relative optical density (OD)/mg protein.

2.9.	 Western blot analysis

Brain tissue was homogenized in protease-inhibitor cocktail 
(1:1000) containing buffer purchased from Sigma-Aldrich Chemi-
cal Co. (St. Louis, MO, USA) and 0.5% Triton X-100.  This homo-
genate was then mixed with solution containing 60 mM Tris-HCl, 
2% SDS, and 2% β-mercaptoethanol (pH 7.2), and further boiled 
for 5 min.  Forty μg protein sample was applied to SDS-PAGE, 
and followed by transferring to a nitrocellulose membrane for 60 
min.  After treating with a 5% nonfat milk solution for another 
60 min, membranes were further incubated with mouse mono-
clonal antibody against Bcl-2, Bax (1:2000), p47phox, gp91phox,  
Nrf2, HO-1, COX-2, NF-κB (1:1000), Sirtuin 1, p53, p21 and 
p16 (1:500) at 4ºC for 24 hr, and followed by reacting with a 
horseradish peroxidase conjugated antibody for 3.5 hr at room 
temperature.  These monoclonal antibodies were purchased from 
Boehringer-Mannheim Co. (Indianapolis, IN, USA).  The image 
of formed blot was processed by autoradiography, and quantified 
by normalized to GAPDH.

2.10.	Statistical analysis

Data of each measurement were obtained from 10 mice (n = 10), 
and data were expressed as mean ± standard deviation (SD).  
Statistical analysis was processed using one-way analysis of vari-
ance.  Post-hoc comparisons were also carried out by Dunnett's 
t-test.  P value < 0.05 was defined as statistically significant.

3.	 Results

3.1.	 EPA or DHA lowered brain TG and TC content

As shown in Table 1, DG treatment and 3 fatty acids intake did 
not affect body weight, water intake, feed intake, brain weight, 
plasma ALT and AST activities (P > 0.05).  Compared with nor-
mal groups, DG treatment did not change brain TG, TC, HDL and 
LDL content (Table 2, P > 0.05); however, the intake of EPA or 
DHA, not ALA, decreased brain TG, TC and LDL content (P < 
0.05).

3.2.	 EPA or DHA changed brain fatty acid composition

Compared with normal groups, DG treatment increased saturated 
fatty acid (SFA) content and decreased monounsaturated fatty 
acid (MFA) content in brain (Table 3, P < 0.05).  The intake of 
ALA, EPA or DHA increased their content in brain, respectively; 
and lowered SFA and increased PUFA content in brain (P < 0.05).  
DG treatment decreased 18:3 and increased 20:4 levels; the intake 
of ALA, EPA or DHA reversed these changes (P < 0.05).  DG 
caused 20:1 and 22:6 undetectable; but EPA or DHA intake in-
creased the levels of these two fatty acids in brain (P < 0.05).

3.3.	 EPA or DHA enhanced brain apoptotic and oxidative 
stress

DG down-regulated Bcl-2 expression and up-regulated Bax ex-
pression (Figure 1a, P < 0.05).  Compared with DG groups, EPA 

Table 1 − Body weight (BW, g/mouse), water intake (WI, ml/mouse/day), feed intake (g/mouse/day) 
and brain weight (g/mouse), and plasma activity (U/l) of ALT and AST in mice with DG treatment and 
followed by ALA, EPA or DAH intake at 7 mg/kg BW/week for 8 weeks.  Normal groups had no DG or 
fatty acids treatments.  Values are mean ± SD, n = 10.

normal DG    DG + ALA    DG + EPA    DG + DHA
BW 32.5 ± 2.1 31.8 ± 1.7 32.7 ± 1.4 30.9 ± 2.3 31.5 ± 1.8 
WI   2.2 ± 0.7   2.0 ± 0.8   2.3 ± 0.4   2.4 ± 0.5   2.2 ± 0.6
FI   2.3 ± 0.4   2.5 ± 0.6   2.2 ± 0.7   2.4 ± 0.3   2.0 ± 0.2
Brain   0.51 ± 0.04   0.48 ± 0.07   0.53 ± 0.05   0.46 ± 0.06   0.49 ± 0.08

ALT 28 ± 4 26 ± 2 30 ± 5 27 ± 3 32 ± 5
AST 31 ± 4 32 ± 3 28 ± 2 29 ± 4 30 ± 3

Table 2 − Brain content (mg/g wet tissue) of TG, total cholesterol (TC), HDL and LDL in mice with DG 
treatment and followed by ALA, EPA or DAH intake at 7 mg/kg BW/week for 8 weeks.  Normal groups 
had no DG or fatty acids treatments.  Values are mean ± SD, n = 10.

normal DG    DG + ALA    DG + EPA     DG + DHA
TG 268 ± 18b 274 ± 9b   263 ± 12b   217 ± 10a 210 ± 7a

TC 214 ± 13b   205 ± 10b   196 ± 14b 150 ± 8a   146 ± 11a

HDL 68 ± 5a   71 ± 7a   66 ± 4a   69 ± 6a   72 ± 3a

LDL 113 ± 10b 108 ± 6b 104 ± 8b   72 ± 4a   67 ± 7a

a, bMeans in a row without a common letter differ, P < 0.05.
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and DHA significantly enhanced Bax expression (P < 0.05).  DG 
reduced the ratio of Bcl-2/Bax (Figure 1b, P < 0.05); and ALA, 
EPA or DHA intake did not further affect this ratio (P > 0.05).  
DG increased ROS and GSSG production, decreased GSH con-
tent, and lowered GPX, GR and catalase activities in brain (Table 
4, P < 0.05).  Compared with DG groups, the intake of EPA or 

DHA, not ALA, caused greater ROS and GSSG formation and 
less GR activity (P < 0.05).  As shown in Figure 2, DG treat-
ments up-regulated the protein expression of p47phox, gp91phox, and 
HO-1 expression, and down-regulated cytosolic and nuclear Nrf2 
expression (P < 0.05).  Compared with DG groups, the intake of 
EPA or DHA led to greater p47phox and gp91phox expression (P < 

Table 3 − Brain fatty acid composition (%) in mice with DG treatment and consumed ALA, EPA or 
DAH at 7 mg/kg BW/week for 8 weeks.  Normal groups had no DG or fatty acids treatments.  Values are 
mean ± SD, n = 10.

normal   DG   DG + ALA   DG + EPA   DG + DHA
14:0   0.83 ± 0.06a     0.77 ± 0.08a   1.02 ± 0.12a   0.58 ± 0.06a   0.67 ± 0.09a

16:0 11.21 ± 1.11a   12.86 ± 1.05b 10.33 ± 0.96a 11.09 ± 0.82a 10.82 ± 1.24a

18:0 26.84 ± 2.24a   28.55 ± 1.94b 27.43 ± 2.08a   25.8 ± 1.34a 26.09 ± 2.33a

Total SFA 38.88 ± 3.81a   42.18 ± 2.03b 38.78 ± 3.07a 37.48 ± 2.62a 37.58 ± 1.59a

16:1   3.92 ± 0.32a     3.25 ± 0.08a   3.84 ± 0.47a   3.44 ± 0.29a   3.12 ± 0.16a

18:1 28.86 ± 2.34a   28.07 ± 1.67a 27.15 ± 2.48a 28.56 ± 1.38a 27.45 ± 1.89a

20:1   1.08 ± 0.07b    -a   0.86 ± 0.05b 0.92 ± 0.1b   1.13 ± 0.08b

Total MFA 33.86 ± 3.66b 31.32 ± 2.9a 31.85 ± 2.07a 32.92 ± 2.58b 31.70 ± 2.71a

18:2 20.07 ± 1.07a   19.41 ± 0.99a 22.26 ± 1.42b 20.11 ± 2.05a 20.66 ± 1.74a

18:3, ALA   2.13 ± 0.38b     1.12 ± 0.21a   3.02 ± 0.29c   2.18 ± 0.17b   2.47 ± 0.33b

20:4   2.28 ± 0.27b     3.73 ± 0.38c   1.37 ± 0.18a   2.03 ± 0.25b 2.10 ± 0.3b

20:5, EPA   0.68 ± 0.09a     0.42 ± 0.07a   0.82 ± 0.04a   2.39 ± 0.31b   1.55 ± 0.19b

22:6, DHA   0.56 ± 0.07b    -a  -a   1.17 ± 0.11c   2.14 ± 0.29d

Total PUFA 25.72 ± 2.24a   24.68 ± 1.95a 27.47 ± 2.07b 27.88 ± 2.35b 28.92 ± 2.41b

-Means too low to be detected.
a-dMeans in a row without a common letter differ, P < 0.05.
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Fig. 1 - Protein expression of Bcl-2 and Bax (a), and the ratio of Bcl-2/Bax (b) in brain from mice with DG treatment and 
consumed ALA, EPA or DAH at 7 mg/kg BW/week for 8 weeks.  Normal groups had no DG or fatty acids treatments.  Values are 
mean ± SD, n = 10.  a-cMeans among bars without a common letter differ, P < 0.05.
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0.05).  But, three test fatty acids did not further affect HO-1 and 
Nrf2 expression (P > 0.05).

3.4.	 EPA or DHA lowered brain COX-2 activity and PGE2 
formation

DG increased brain IL-1β, IL-6, TNF-α and PGE2 levels, and 
COX-2 activity (Table 5, P < 0.05).  Compared with DG groups, 
the intake of ALA, EPA or DHA led to similar levels of IL-1β, 

Il-6, TNF-α (P > 0.05).  However, ALA, EPA or DHA treatments 
reduced brain COX-2 activity and PGE2 formation (P < 0.05).  
DG increased NF-κB p50/65 DNA binding activity (Figure 3a, P 
< 0.05) and up-regulated protein expression of NF-κB p50, NF-
κB p65 and COX-2 (Figure 3b, P < 0.05).  Compared with DG 
groups, the intake of ALA, EPA or DHA did not further alter NF-
κB p50/65 DNA binding activity and the expression of NF-κB 
p50 and NF-κB p65 (P > 0.05); however, ALA, EPA or DHA 
treatments suppressed brain COX-2 expression (P < 0.05).

Table 4 − Brain level of ROS (RFU/mg protein), GSSG (ng/mg protein), GSH (ng/mg protein), and 
activity (U/mg protein) of GPX, GR and catalase in mice with DG treatment and followed by ALA, EPA 
or DAH intake at 7 mg/kg BW/week for 8 weeks.  Normal groups had no DG or fatty acids treatments.  
Values are mean ± SD, n = 10.

normal DG   DG + ALA   DG + EPA   DG + DHA
ROS   0.18 ± 0.06a   1.91 ± 0.17b   1.87 ± 0.13b   2.29 ± 0.11c   2.36 ± 0.18c

GSSG   0.11 ± 0.08a   1.42 ± 0.13b 1.38 ± 0.2b   1.75 ± 0.15c   1.86 ± 0.07c

GSH 94 ± 5b 43 ± 2a 46 ± 4a 40 ± 3a 35 ± 4a

GPX 23.1 ± 2.0b 10.8 ± 1.1a 11.3 ± 1.4a 10.6 ± 0.9a 11.6 ± 1.6a

GR 21.8 ± 1.7c 12.1 ± 0.8b 11.9 ± 1.2b   9.8 ± 0.6a   9.5 ± 0.9a

catalase 24.0 ± 1.9b 13.5 ± 1.3a 13.8 ± 1.0a 12.7 ± 1.4a 12.1 ± 0.8a

a-cMeans in a row without a common letter differ, P < 0.05.
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Fig. 2 - Protein expression of p47phox, gp91phox, HO-1 and Nrf2 in brain from mice with DG treatment and consumed ALA, EPA 
or DAH at 7 mg/kg BW/week for 8 weeks.  Normal groups had no DG or fatty acids treatments.  Values are mean ± SD, n = 10.  
a-cMeans among bars without a common letter differ, P < 0.05.

Table 5 − Brain level of IL-1β, Il-6, TNF-α (pg/mg protein) and PGE2 (pg/g protein), and COX-2 activity 
(U/mg protein) in mice with DG treatment and followed by ALA, EPA or DAH intake at 7 mg/kg BW/
week for 8 weeks.  Normal groups had no DG or fatty acids treatments.  Values are mean ± SD, n = 10.

normal DG   DG + ALA     DG + EPA   DG + DHA
IL-1β   0.97 ± 0.08a   3.31 ± 0.14b   3.34 ± 0.06b     3.27 ± 0.11b 3.21 ± 0.1b

IL-6   1.03 ± 0.05a   3.23 ± 0.12b   3.08 ± 0.15b     3.13 ± 0.11b   3.04 ± 0.09b

TNF-α   0.91 ± 0.06a   3.87 ± 0.14b 3.83 ± 0.2b     3.91 ± 0.17b   3.94 ± 0.15b

PGE2 973 ± 78a 2184 ± 149d 1508 ± 118b 1788 ± 95c 1762 ± 104c

COX-2   0.24 ± 0.06a   1.90 ± 0.18d   1.15 ± 0.11b     1.45 ± 0.13c   1.52 ± 0.09c

a-cMeans in a row without a common letter differ, P < 0.05.
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3.5.	 EPA or DHA altered brain aging protein expression

As shown in Figure 4, DG suppressed Sirtuin 1 expression and 
enhanced p53, p16 and p21 expression (P < 0.05).  Compared 

with DG groups, 3 test fatty acids did not change Sirtuin 1 ex-
pression (P > 0.05).  But, EPA and DHA intake led to greater p21 
expression, and EPA only caused greater p53 and p16 expression 
(P < 0.05).
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4.	 Discussion

Our present study is the first one to examine the influence of DG 
upon brain fatty acid composition, and we found that DG de-
creased brain MFAs, but increased SFAs.  These changes may im-
pair brain functions because SFAs display negative actions upon 
memory, promote cognitive decline, and cause apoptosis [23, 24].

Our major purpose was to investigate the influence of dietary 
ALA, EPA or DHA upon brain in DG induced aging model, in 
which ALA was used for comparison.  The intake of each fatty 
acid at 7 mg/kg BW/week in mice was equal to 490 mg/week for 
a 70-kg adult.  This used dose was based on the recommendation 
from The American Heart Association, two fish servings per week 
offers 400-500 mg EPA and DHA [5].  Our data revealed that 
ALA intake lowered brain SFAs and arachidonic acid (AA, 20:4) 
levels, but did not affect other measurements when compared with 
DG groups.  Thus, ALA at this dose seems safe and able to allevi-
ate brain inflammation through declining AA cascade.  However, 
we found that EPA or DHA at the same dose as ALA markedly 
decreased brain content of LDL, SFAs and AA.  The accumula-
tion of LDL and SFAs are highly related to the development of 
stroke, atherosclerosis, thrombosis or even neurodegenerative 
diseases [25, 26].  Since EPA or DHA substantially lowered brain 
LDL and SFAs levels under aging condition, the intake of these 
two PUFAs may reduce the occurrence of the above disorders.  
On the other hand, EPA or DHA intake increased brain PUFAs 
content, ROS and GSSG production, and protein expression of 
Bax, p47phox, gp91phox, p53, p16 and p21.  These findings indicated 
that EPA or DHA at this dose displayed apoptotic and oxidative 
toxicity toward brain.

Bax is a pro-apoptotic molecule, and we found EPA or DHA 
intake increased brain Bax expression although they did not 
raise Bcl-2/Bax ratio.  These data suggested that higher doses 
and/or longer time of EPA and/or DHA intake might enhance 
brain apoptotic stress.  The activation of NADPH oxidase is an 
important source of ROS in neurons, and responsible for brain 
oxidative injury [27].  EPA or DHA intake effectively promoted 
brain protein expression of p47phox and gp91phox, a cytosolic and a 
membrane component of NADPH oxidase in our present study.  
Consequently, the greater ROS generation in brain of mice with 
EPA or DHA intake could be explained.  In addition, EPA or 
DHA decreased brain GR activity, which certainly limited the 
conversion of GSSG to GSH.  Thus, it was reasonable to observe 
higher GSSG level in brain.  These results revealed that EPA or 
DHA impaired brain GSH homeostasis.  It is notified that EPA or 
DHA at test dose did not further affect brain expression of HO-1, 
cytosolic and nuclear Nrf2.  Thus, the increased brain oxidative 
stress from EPA or DHA could be mainly attributed to these PU-
FAs activating NADPH oxidase and disturbing GSH homeostasis.  
Compared with ALA, EPA or DHA has longer chain and more un-
saturated sites.  Based on these structural characteristics, EPA and 
DHA are highly chemically unstable.  That is, these two PUFAs 
may easily react with other factors such as oxygen, an abundant 
substance in brain, to initiate a series of oxidative response.  It is 
reported that fish omega-3 fatty acids or DHA enhanced oxida-
tive injury in brain and liver [6, 7].  Our findings also indicated 
that EPA and DHA exacerbated oxidative stress to brain under 
aging condition.  The other possibility is that EPA or DHA facili-
tates oxidative reactions in already damaged brain, like this DG-
induced aging model.  These findings suggest that the supplement 
of antioxidant(s) might be necessary for elderly people when they 
take EPA and DHA supplement, or consume foods rich in EPA 

and/or DHA.
DG treatment increased brain AA level.  AA, a lipid mediator 

of inflammation, could be converted to prostaglandin (PGE) and 
thromboxane through the action of COX [28].  It is reported that 
COX-2 and its metabolites, especially PGE2, are major pathologi-
cal contributors toward the progression of brain inflammatory 
disorders [29].  Thus, the higher COX-2 expression and activity 
and PGE2 level in brain of DG treated mice as we observed could 
be ascribed to the increased AA level.  Furthermore, we found 
that EPA or DHA intake effectively lowered brain AA content, 
which subsequently diminished COX-2 expression and activity, 
and consequently reduced PGE2 formation.  These events suggest 
that EPA or DHA could decline the inflammatory pathway of AA/
COX-2/PGEs in brain.  On the other hand, our data regarding IL-
1β, IL-6 or TNF-α levels, NF-κB p50/65 DNA binding activity 
and NF-κB activation indicated that EPA or DHA did not further 
mediate brain NF-κB related inflammatory pathway under this 
aging model.  These findings suggested that EPA or DHA via al-
tering brain fatty acid profile mildly attenuate brain inflammatory 
stress.

Hong et al. [30] reported that p53 blocks NF-kB-mediated 
survival signaling in ischemic brain.  Chatoo et al. [31] indicated 
that p53 exhibited pro-oxidant activity in neurons, and its activa-
tion led to cell cycle arrest and apoptosis.  Both p16 and p21 are 
cyclin-dependent kinase inhibitors, and involved in cellular se-
nescence by initiating cell cycle arrest.  The upregulation of p16 
and/or p21 promotes aging in brain or other tissues [32, 33].  We 
found that EPA or DHA further increased DG-induced brain ex-
pression of p53, p16 and p21.  These findings suggest that these 
two PUFAs could accelerate senescence through increasing these 
aging proteins.  It is reported that ROS is responseible for aging 
signals by activating p53 and p16 pathways [34, 35].  Thus, it is 
highly possible that increased ROS caused by EPA or DHA subse-
quently stimulated the expression of these aging proteins.  Since 
EPA or DHA intake at this dose enhanced brain oxidative stress 
and senescence proteins expression, the brain functions might be 
adversely affected.

In conclusion, the intake of EPA or DHA in DG-treated mice 
decreased brain LDL and declined inflammatory pathway of AA/
COX-2/PGEs.  However, these two PUFAs promoted brain oxida-
tive stress and aging protein overproduction.  These findings sug-
gest that these two PUFAs have double-sided effects toward aging 
brain.  Therefore, the safety of EPA, DHA or foods rich in these 
PUFAs should be carefully re-considered.

Conflicts of interest statement

The authors declare that there are no conflicts of interest.

Acknowledgments

This study was partially supported by a grant from Ministry of 
Science and Technology, Taipei City, Taiwan (MOST 103-2313-
B-039-002-MY3).

Open Access This article is distributed under terms of the Creative  
Commons Attribution License which permits any use, distribution, 
and reproduction in any medium, provided original author(s) and 



30BioMedicine | http://biomedicine.cmu.edu.tw/	 September 2016 | Volume 6 | Issue 3 | e68

source are credited.

REFERENCES

  [1]	 Todorčević M, Hodson L.  The effect of marine derived n-3 fatty ac-
ids on adipose tissue metabolism and function.  J Clin Med 2016; 5: 3.

  [2]	 Gil A, Gil F.  Fish, a Mediterranean source of n-3 PUFA: benefits do 
not justify limiting consumption.  Br J Nutr 2015; 2: 58-67.

  [3]	 Sublette ME, Ellis SP, Geant AL, Mann JJ.  Meta-analysis of the ef-
fects of eicosapentaenoic acid (EPA) in clinical trials in depression.  
J Clin Psychiatry 2011; 72: 1577-84.

  [4]	 Song C, Shieh CH, Wu YS, Kalueff A, Gaikwad S, Su KP.  The 
role of omega-3 polyunsaturated fatty acids eicosapentaenoic and 
docosahexaenoic acids in the treatment of major depression and Al-
zheimer’s disease: Acting separately or synergistically?  Prog Lipid 
Res 2016; 62: 41-54.

  [5]	 Kris-Etherton PM, Harris WS, Appel LJ.  Omega-3 fatty acids and 
cardiovascular disease: new recommendations from the American 
Heart Association.  Arterioscler Thromb Vasc Biol 2003; 23: 151-2.

  [6]	 Chen CC, Ho CY, Chaung HC, Tain YL, Hsieh CS, Kuo FY, et al.  
Fish omega-3 fatty acids induce liver fibrosis in the treatment of bile 
duct-ligated rats.  Dig Dis Sci 2013; 58: 440-7.

  [7]	 Yang DY, Pan HC, Yen YJ, Wang CC, Chuang YH, Chen SY, et al.  
Detrimental effects of post-treatment with fatty acids on brain injury 
in ischemic rats.  Neurotoxicology 2007; 28: 1220-9.

  [8]	 Pollack M, Phaneuf S, Dirks A, Leeuwenburgh C.  The role of apop-
tosis in the normal aging brain, skeletal muscle, and heart.  Ann NY 
Acad Sci 2002; 959: 93-107.

  [9]	 Chrissobolis S, Faraci FM.  The role of oxidative stress and NADPH 
oxidase in cerebrovascular disease.  Trends Mol Med 2008; 14: 495-
502.

[10]	 Calabrese V, Cornelius C, Mancuso C, Lentile R, Stella AM, Butter-
field DA.  Redox homeostasis and cellular stress response in aging 
and neurodegeneration.  Methods Mol Biol 2010; 610: 285-308.

[11]	 Donato AJ, Black AD, Jablonski KL, Gano LB, Seals DR.  Aging 
is associated with greater nuclear NF kappa B, reduced I kappa B 
alpha, and increased expression of proinflammatory cytokines in 
vascular endothelial cells of healthy humans.  Aging Cell 2008; 7: 
805-12.

[12]	 Fujita K, Yamafuji M, Nakabeppu Y, Noda M.  Therapeutic approach 
to neurodegenerative diseases by medical gases: focusing on redox 
signaling and related antioxidant enzymes.  Oxid Med Cell Longev 
2012; 2012: 324256.

[13]	 Aïd S, Bosetti F.  Targeting cyclooxygenases-1 and -2 in neuroin-
flammation: Therapeutic implications.  Biochimie 2011; 93: 46-51.

[14]	 Ng F, Wijaya L, Tang BL.  SIRT1 in the brain-connections with 
aging-associated disorders and lifespan.  Front. Cell Neurosci 2015; 
9: 64.

[15]	 Rufini A, Tucci P, Celardo I, Melino G.  Senescence and aging: the 
critical roles of p53.  Oncogene 2013; 32: 5129-43.

[16]	 Demidenko ZN, Korotchkina LG, Gudkov AV, Blagosklonny MV.  
Paradoxical suppression of cellular senescence by p53.  Proc Natl 
Acad Sci USA 2010; 107: 9660-4.

[17]	 Melk A, Schmidt BM, Takeuchi O, Sawitzki B, Rayner DC, Halloran 
PF.  Expression of p16INK4a and other cell cycle regulator and se-

nescence associated genes in aging human kidney.  Kidney Int 2004; 
65: 510-20.

[18]	 Rodier F, Coppe JP, Patil CK, Hoeijmakers WA, Munoz DP, Raza 
SR, et al.  Persistent DNA damage signalling triggers senescence-
associated inflammatory cytokine secretion.  Nat Cell Biol 2009; 11: 
973-9.

[19]	 Tsai SJ, Yin MC.  Anti-oxidative, anti-glycative and anti-apoptotic 
effects of oleanolic acid in brain of mice treated by D-galactose.  Eur 
J Pharmacol 2012; 689: 81-8.

[20]	 Han CH, Lin YS, Lee TL, Liang HJ, Hou WC.  Asn-Trp dipeptides 
improve the oxidative stress and learning dysfunctions in d-galac-
tose-induced BALB/c mice.  Food Funct 2014; 5: 2228-36.

[21]	 Song X, Bao M, Li D, Li YM.  Advanced glycation in D-galactose 
induced mouse aging model.  Mech Ageing Dev 1999; 108: 239-51.

[22]	 Harrison DE.  Life span as a biomarker.  The Jackson Laboratory.  
2010.  http:// research.jax.org/faculty/harrison/ger1vLifespan1.html

[23]	 Frisardi V, Panza F, Seripa D, Imbimbo BP, Vendemiale G, Pilotto A, 
et al.  Nutraceutical properties of Mediterranean diet and cognitive 
decline: possible underlying mechanisms.  J Alzheimers Dis 2010; 
22: 715-40.

[24]	 Hussain G, Schmitt F, Loeffler JP, Gonzalez de Aguilar JL.  Fatting 
the brain: a brief of recent research.  Front. Cell Neurosci 2013; 7: 
144.

[25]	 Adibhatla RM, Hatcher JF.  Altered lipid metabolism in brain injury 
and disorders.  Subcell Biochem 2008; 49: 241-8.

[26]	 Chen X, Hui L, Geiger JD.  Role of LDL cholesterol and endolyso-
somes in amyloidogenesis and Alzheimer’s disease.  J Neurol Neu-
rophysiol 2014; 5: 5.

[27]	 Sun GY, Horrocks LA, Farooqui AA.  The roles of NADPH oxidase 
and phospholipases A2 in oxidative and inflammatory responses in 
neurodegenerative diseases.  J Neurochem 2007; 103: 1-16.

[28]	 Kim HW, Rapoport SI, Rao JS.  Altered arachidonic acid cascade 
enzymes in postmortem brain from bipolar disorder patients.  Mol 
Psychiatry 2011; 16: 419-28.

[29]	 Minghetti L.  Cyclooxygenase-2 (COX-2) in inflammatory and de-
generative brain diseases.  J Neuropathol Exp Neurol 2004; 63: 901-
10.

[30]	 Hong LZ, Zhao XY, Zhang HL.  p53-mediated neuronal cell death in 
ischemic brain injury.  Neurosci Bull 2010; 26: 232-40.

[31]	 Chatoo W, Abdouh M, Bernier G.  p53 pro-oxidant activity in the 
central nervous system: implication in aging and neurodegenerative 
diseases.  Antioxid Redox Signal 2011; 15: 1729-37.

[32]	 Zolota V, Tsamandas AC, Aroukatos P, Panagiotopoulos V, Marazi-
otis T, Poulos C, et al.  Expression of cell cycle inhibitors p21, p27, 
p14 and p16 in gliomas.  Correlation with classic prognostic factors 
and patients’ outcome.  Neuropathology 2008; 28: 35-42.

[33]	 Zhang K, Chen C, Liu Y, Chen H, Liu JP.  Cellular senescence oc-
curred widespread to multiple selective sites in the fetal tissues and 
organs of mice.  Clin Exp Pharmacol Physiol 2014; 41: 965-75.

[34]	 Kodama R, Kato M, Furuta S, Ueno S, Zhang Y, Matsuno K, et al.  
ROS-generating oxidases Nox1 and Nox4 contribute to oncogenic 
Ras-induced premature senescence.  Genes Cells 2013; 18: 32-41.

[35]	 Nie X, Liang L, Xi H, Jiang S, Jiang J, Tang C, et al.  2, 3, 7, 
8-Tetrachlorodibenzo-p-dioxin induces premature senescence of as-
trocytes via WNT/β-catenin signaling and ROS production.  J Appl 
Toxicol 2015; 35: 851-60.


	EPA or DHA enhanced oxidative stress and aging protein
expression in brain of d-galactose treated mice

	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Animals and diet
	2.3. Experimental design
	2.4. Brain triglyceride (TG) and cholesterol measurements
	2.5. Brain fatty acid composition
	2.6. Determination of oxidative factors
	2.7. Measurement of inflammatory factors
	2.8. NF-κB binding activity assay
	2.9. Western blot analysis
	2.10. Statistical analysis

	3. Results
	3.1. EPA or DHA lowered brain TG and TC content
	3.2. EPA or DHA changed brain fatty acid composition
	3.3. EPA or DHA enhanced brain apoptotic and oxidativestress
	3.4. EPA or DHA lowered brain COX-2 activity and PGE2formation
	3.5. EPA or DHA altered brain aging protein expression

	4. Discussion
	Conflicts of interest statement
	Acknowledgments
	REFERENCES


