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Abstract

Studies in this laboratory have previously shown that hydroxytyrosol, the major antioxidant polyphenol in olives, protects ARPE-19 human retinal pigment
epithelial cells from oxidative damage induced by acrolein, an environmental toxin and endogenous end product of lipid oxidation, that occurs at increased levels
in age-related macular degeneration lesions. A proposed mechanism for this is that protection by hydroxytyrosol against oxidative stress is conferred by the
simultaneous activation of two critically important pathways, viz., induction of phase II detoxifying enzymes and stimulation of mitochondrial biogenesis.
Cultured ARPE-19 cells were pretreated with hydroxytyrosol and challenged with acrolein. The protective effects of hydroxytyrosol on key factors of
mitochondrial biogenesis and phase II detoxifying enzyme systems were examined. Hydroxytyrosol treatment simultaneously protected against acrolein-
induced inhibition of nuclear factor-E2-related factor 2 (Nrf2) and peroxisome proliferator-activated receptor coactivator 1 alpha (PPARGC1α) in ARPE-19 cells.
The activation of Nrf2 led to activation of phase II detoxifying enzymes, including γ-glutamyl-cysteinyl-ligase, NADPH (nicotinamide adenine dinucleotide
phosphate)-quinone-oxidoreductase 1, heme-oxygenase-1, superoxide dismutase, peroxiredoxin and thioredoxin as well as other antioxidant enzymes, while
the activation of PPARGC1α led to increased protein expression of mitochondrial transcription factor A, uncoupling protein 2 and mitochondrial complexes.
These results suggest that hydroxytyrosol is a potent inducer of phase II detoxifying enzymes and an enhancer of mitochondrial biogenesis. Dietary
supplementation of hydroxytyrosol may contribute to eye health by preventing the degeneration of retinal pigment epithelial cells induced by oxidative stress.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Age-related macular degeneration (AMD) is the leading cause of
vision loss in the Western world among people over 65 y of age
[1], and worldwide, it is the third most common cause of blindness
[2]. AMD is characterized by an age-related degeneration of retinal
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pigment epithelium (RPE) and the photoreceptors in the macular
area of the retina. The underlying cause of the disease is unknown,
but oxidative stress is involved [3], suggesting that consumption of
diets rich in antioxidants may be of benefit.

The Mediterranean diet has been associated with a lower
incidence of not only certain cancers, but also cardiovascular
disease, which is the most common and serious complication of
diabetes [4–6], all conditions associated with oxidative stress. Olives
and olive oil are considered an important part of the Mediterranean
diet. Evidence has accumulated recently that in addition to olive
lipids, which are rich in monounsaturated fatty acids, antioxidant
polyphenols such as hydroxytyrosol also contribute to the health
effects of olives [7–10].

Work in our laboratory has led to the proposal that oxidative
damage to mitochondria in RPE cells may contribute to the retinal
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Table 1
Primers and annealing temperatures

Gene Annealing temp. (°C) Forward primer Reverse primer

18SrRNA 55 CATTCGAACGTCTGCCCTATC CCTGCTGCCTTCCTTGGA
Cu/ZnSOD 55 CGGAGGCTTTGAAGGTGTGG CTCCAACATGCCTCTCTTCATCC
MnSOD 55 AGGTTAGATTTAGCCTTATTCCAC TTACTTTTTGCAAGCCATGTATCTTTC
UCP-2 55 TACAAAGCCGGATTCCGGCAGC CTCCTTGGATCTGTAACCGGAC
PRDX3 60 CCTTTGGATTTCACCTTTGTGTG CAAACCACCATTCTTTCTTGGTG
PRDX5 60 CCAATCAAGGTGGGAGATGCC GCAGGTGTGTCTTGGAACATC
TRX2 60 GTCCACACCACTGTGCGTGG TTGCAGGGAGATGGCTCAGCG

Fig. 1. Hydroxytyrosol increased nuclear Nrf2 levels both in untreated and in acrolein-
challenged ARPE-19 cells. Hydroxytyrosol pre-treatment (100 μmol/L, 48 h) and
acrolein exposure (75 μmol/L, 24 h): (A) Western blot image and (B) Quantification of
Western blots from four separate experiments. *Pb.05, **Pb.01 vs. control cells (no
acrolein, no hydroxytyrosol) and ^^Pb.01 vs. acrolein-treated cells.
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degeneration observed in AMD and the compounds that protect
mitochondrial function may prevent or alleviate this damage. Our
work also showed that acrolein, a lipid oxidation end product and
mitochondrial toxin [11], causes oxidative mitochondrial damage
in RPE cells; moreover, hydroxytyrosol protects RPE cells against
this acrolein-induced oxidative stress [12]. To investigate the
underlying mechanisms, the same acrolein model is now used to
study the effects of hydroxytyrosol on the induction of phase II
detoxifying enzymes and stimulation of mitochondrial biogenesis,
two of the most important pathways for cells to fight against
oxidative stress.

When cells are subjected to a variety of oxidative environmental
stresses, they typically respond by inducing a coordinated expres-
sion of genes encoding the set of phase II detoxifying enzymes
(Fig. 13) , principally mediated by activation of the transcription
factor nuclear factor erythroid 2-related factor 2 (Nrf2) [15,16]. Nrf2
controls the orchestrated expression of phase II enzymes and genes
involved in oxidative defense, although normally Nrf2 protein is
kept inactive in the cytoplasm by complexing with its cytosolic
inhibitor keap-1. Upon activation and release from keap-1, Nrf2
protein translocates to the nucleus, where it binds to promoters
containing antioxidant response elements, resulting in the transac-
tivation of the respective genes for phase II detoxifying enzymes.
Key phase II detoxifying enzymes include glutathione (GSH) S-
transferase (GST), heme oxygenase-1 (HO-1), NAD(P)H quinone
oxido-reductase-1 and γ-glutamyl cysteine ligase (GCL), enhanced
expression of which leads to an increase in levels of endogenous
antioxidants such as the major thiol antioxidant GSH and reduced
quinones [13,15,17].

Phase II enzymes perform a variety of vital cellular functions
important for protecting against oxidative damage. GCL controls the
production of GSH, the major endogenous antioxidant thiol. GSH
reductase (GR) catalyses the NADP-dependent reduction of GSSG
(oxidized GSH) to GSH to maintain a high cytoplasmic GSH:GSSG
ratio. GSH peroxidase (GPx), an enzyme widely present in many
tissues, is thought to be an important cellular H2O2 detoxifier in
neurons [18] and mice lacking GPx develop cataracts at a young
age [19]. NAD(P)H:quinone oxidoreductase (NQO1) reduces qui-
nones via a two-electron reduction and converts the dopamine
quinones into less toxic hydroquinones that may be further
detoxified via conjugation to sulfate or glucuronic acid [20].
Therefore, NQO1 is likely to play a crucial role in the protection
of cells against oxidative damage. HO-1 produces the antioxidant
bilirubin; it is typically associated with an increased production of
ferritin, which results in reduced amounts of free iron [21], the
main catalyst of the Fenton reaction. HO-1 expression is ubiquitous
and its activity is increased by many types of agents, particularly
those involved in oxidative stress such as heme, metalloporphyrins
and transition metals.

The cytoplasmic antioxidant system [including NQO1, GST, GCL
and Cu/Zn superoxide dismutase (SOD)] is mainly controlled by Nrf2.
In contrast, the mitochondrial antioxidant system [thioredoxin-2,
peroxiredoxin (Prdx)3, Prdx5 and Mn SOD] is modulated through the
transcription factor FOXO3a.
Inducing phase II enzymes and stimulating mitochondrial
biogenesis may also enhance other antioxidant defense systems,
such as the antioxidant enzyme catalase. The functions of catalase
include catalyzing the decomposition of hydrogen peroxide to
water and oxygen to remove free radicals and protect cells from
oxidative damage.

The role of mitochondrial dysfunction in the aging process [22]
and in the development of chronic degenerative diseases, such as
Type 2 diabetes [23] and neurodegenerative diseases [24], is being
increasingly acknowledged. One underlying mechanism of mitochon-
drial dysfunction is the loss of mitochondria. For example, mitochon-
drial loss in adipose tissue is correlated with the development of Type
2 diabetes [25].

Thus, an effective strategy for preventing and treating mito-
chondrial dysfunction-related disease should be the effective
stimulation of mitochondrial biogenesis. This may be achieved by
activation of the key factor promoting mitochondrial biogenesis,
peroxisome proliferator-activated receptor coactivator 1 alpha
(PPARGC1α) [26]. PPARGC1α possesses dual activities — stimula-
tion of mitochondrial electron transport while enforcing suppres-
sion of reactive oxygen species (ROS) — and may serve as an
adaptive set-point regulator, capable of providing an accurate
balance between metabolic requirements and cytotoxic protection
[27]. Therefore, its dual activities of inducing mitochondrial



Fig. 2. The induction of γ-GCL by hydroxytyrosol (100 μmol/L, 48 h) in ARPE-19 cells without and with exposure to acrolein challenge (75 μmol/L, 24 h). (A) Representative Western
blot image and (B) quantification of Western blot of GCL protein expression. Values are means±S.E. of four separate experiments. (C) GCL activity assay. Values are means±S.E. of one
representative experiment chosen from three separate experimental repeats, all of which had the same trend. (D) GR activity and (E) GPx activity. Values are means±S.E of data from
three separate experiments, each experiment performed in triplicate. *Pb.05, **Pb.01 vs. control (hydroxytyrosol 0 μmol/L) and ^Pb.05, ^^Pb.01 vs. acrolein-treated.
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biogenesis and suppressing ROS make PPARGC1α an almost ideal
target protein for the control or limiting of damage associated with
mitochondrial dysfunction.

Signalling molecules upstream of PPARGC1, such as adenosine
monophosphate kinase (AMPK) [28], nitric oxide [29], and calcium
[30], can also promote mitochondrial biogenesis. Of these, AMPK also
regulates other metabolic pathways, including the cellular uptake of
glucose, the β-oxidation of fatty acids and the biogenesis of glucose
transporters [31]. The enzyme nitric oxide synthase (NOS) produces
NO, and one isoform, endothelial cell NOS (eNOS), is an upstream
regulating factor for mitochondrial biogenesis [32].

Finally, uncoupling protein 2 (UCP2), a mitochondrial factor
controlled by PPARGC1α, is involved in maintaining acceptable ROS
levels and is neuroprotective during ischemia/reperfusion [33]; it
therefore may play a role in preventing and correcting mitochondrial
dysfunction.

Polyphenols have been shown to protect RPE from oxidative-
stress-induced death [34] and to induce phase II detoxifying enzymes
[35]. Hydroxytyrosol is the major antioxidant polyphenol in olives
and has been shown to have beneficial effects on human health.
Results from our previous experiments have shown that hydroxytyr-
osol exhibits protective effects against acrolein-induced toxicity in
the human retinal pigment epithelial cell line ARPE-19 [12].
Pretreatment with hydroxytyrosol dose-and time-dependently pro-
tected the ARPE-19 cells from acrolein-induced oxidative damage and
mitochondrial dysfunction. A short-term pretreatment (48 h) with
over 75 μmol/L hydroxytyrosol was required for protection while a
long-term pretreatment (7 days) showed protective effects with as
little as 5 μmol/L or more, suggesting that lower long-term doses of
hydroxytyrosol treatment can achieve similar protective effects as the
higher short-term doses. These results suggest that hydroxytyrosol
may be a mitochondrial protecting nutrient even at a relatively low
concentration when given for an extended period of time. Our
hypothesis is that the mechanism behind hydroxytyrosol's protective
effects against acrolein-induced RPE damage may be related to its
capability to activate simultaneously both mitochondrial biogenesis
and phase II detoxifying enzyme systems. In the present study, these
pathways are investigated using acrolein-challenged ARPE-19 cells.

2. Materials and methods

2.1. Reagents

Acrolein was purchased from Sinopharm Chemical Reagent (Shanghai, China).
Pure (N99%), synthetic hydroxytyrosol was a gift from DSM Nutritional Products,
Kaiseraugst, Switzerland. The reverse transcription system kit was purchased from
Promega (Mannheim, Germany) and HotStarTaq from Takara (Otsu, Shiga, Japan).
Primers were synthesized by Bioasia Biotech (Shanghai, China). TRIzol and reagents for
cell culture were from Invitrogen. Anti-oxphos complexes I, II, III and V were from
Invitrogen (Carlsbad, CA, USA); nuclear-encoded subunits of the mitochondrial oxphos



Fig. 3. The induction of NQO1 by hydroxytyrosol (100 μmol/L, 48 h) in ARPE-19 cells
without and with exposure to acrolein (75 μmol/L, 24 h). (A) Representative Western
blot image and (B) quantification of Western blot. Values are means±S.E. of three
separate experiments. (C) NQO1 activity. Values are means±S.E of data from three
separate experiments; each experiment performed in triplicate. *Pb.05 and **Pb.01 vs.
control cells (hydroxytyrosol 0 μmol/L); ^Pb.05 and ^^Pb.01 vs. acrolein-treated.
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complexes detected were: for complex I, the 39-kDa protein (alpha subunit 9); for
complex II, the 30 kDa subunit B protein (iron-sulfur protein); for complex III, the core I
protein; and for complex V, the alpha-subunit (F1 complex). All other reagents were
purchased from Sigma–Aldrich (St. Louis, MO, USA).
2.2. Cell culture

The human ARPE-19 cell line was obtained from Dr. Nancy J. Philp and was
cultured according to her methods [36]. The ARPE-19 cells were maintained in
Dulbecco's modified Eagle's medium (DMEM)-F12 medium supplemented with 10%
fetal bovine serum, 0.348% sodium bicarbonate, 2 mmol/L L-glutamine, 100 U/ml
penicillin and 100 μg/ml streptomycin. Cell cultures were maintained at 37°C in a
humidified atmosphere of 95% air and 5% CO2. The medium was changed every 3–4
days. ARPE-19 cells were used within 10 generations.
Fig. 4. The induction of heme oxygenase-1 (HO-1) protein by hydroxytyrosol (100
μmol/L, 48 h) in ARPE-19 cells without and with exposure to acrolein (75 μmol/L, 24 h).
(A) Representative Western blot image and (B) quantification of Western blot of HO-1
from three separate experiments. *Pb.05 vs. control cells (hydroxytyrosol 0 μmol/L) and
^^Pb.01 vs. acrolein-treated.
2.3. Acrolein exposure and hydroxytyrosol supplementation

All experiments were performed with an 80% confluent monolayer. Hydro-
xytyrosol was dissolved in dimethylsulfoxide (DMSO) (final DMSO concentration
≤0.025%). Acrolein was dissolved in DMEM-F12 medium immediately before each
experiment and was incubated with cells for 24 h as an acute toxicity model [12,37].
The protective effects of hydroxytyrosol were studied with the acute toxicity model
by pre-treating cells with hydroxytyrosol for 48 h followed by 24 h acrolein
treatment in the absence of hydroxytyrosol.
2.4. Western blot analysis

After pre-treatmentwithhydroxytyrosol and following acrolein treatment, cellswere
washed twice with ice-cold phosphate-buffered saline, lysed in sample buffer [62.5
mmol/L Tris-HCl pH 6.8, 2% (w/v) sodium dodecyl sulfate (SDS), 5 mmol/L dithiothreitol]
at room temperature and vortexed. Cell lysates were then boiled for 5min and cleared by
centrifugation (13,000×g, 10min at 4°C). Protein concentrationsweredeterminedusing a
protein assay kit (Bio-Rad DC; Hercules, CA, USA). The soluble lysates (10 μg per lane)
were subjected to 10% (w/v) SDS-polyacrylamide gel electrophoresis; proteinswere then
transferred to nitrocellulose membranes and blocked with 5% (w/v) nonfat milk/Tris-
buffered saline Tween 20 (TBST) solution for 1 h at room temperature. Membranes were
incubated overnight at 4°C with primary antibodies directed against anti-β-actin
(1:5,000), anti-γ-GCL (1:1,000), anti-NQO1 (1, 1:2000), anti-HO-1 (1:2,000), anti-
catalase (1:1000), anti-PPARGC1α (1:1000), anti-total AMPK, anti-phosphor AMPK
(1:1000), anti-eNOS (1:1000), anti-Tfam (1:1000), anti-Complex I (1:2000), anti-
Complex II (1:2000), anti-Complex III (1:2000) and anti-Complex V (1:2000) in 5% (w/
v) milk/TBST. After washing the membranes with TBST three times, membranes were
incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room
temperature. Western blots were developed using electrochemiluminescence (Roche,
Mannheim, Germany) and quantified by scanning densitometry [38].

2.5. Nuclear Nrf2 analysis

Total protein and nuclear protein were isolated for Western blot analysis of Nrf2
levels. Nrf2 was probed with anti-Nrf2 antibodies (Santa Cruz) at 1:1000 in the nuclear
protein fraction. Histone H1 was used as loading control for nuclear proteins. Anti-
histone H1 antibody (Sigma) was used at 1:2000. Chemiluminescence detection was
done with an ECL Western blotting detection kit from Amersham Pharmacia [39].

2.6. Enzyme activity measurements

NQO1 activity was measured as the dicoumarol-inhibitable fraction of 2,6-
dichlorophenolindophenol (DCPIP) reduction in the cell cytosol in the presence or
absence of activators of NQO1. DCPIP was used as the electron acceptor; reduction was
measured [40]. GCL activity was assayed with the NDA method described previously
[41]. Cellular GR activity was measured by the nicotinamide adenine dinucleotide
phosphate (NADPH) method described previously [42]. Cellular GPx activity was
measured by the NADPH method described previously [43]. Catalase activity was
assayed by the method of Aebi [42].

2.7. Quantitative reverse transcriptase-polymerase chain reaction

Real-time PCR was used to measure gene expression levels of Cu/Zn superoxide
dismutase (Cu/Zn SOD, SOD1), Mn SOD (SOD2), uncoupling protein 2 (UCP2),
peroxiredoxin 3 (PRDX3), peroxiredoxin 5 (PRDX5) and thioredoxin-2 (TRX2). Total
RNA (1 μg), isolated by TRIZOL Reagent (Invitrogen, Carlsbad, CA, USA) from cells
cultured in 6-well plates, was reverse transcribed using Revertra Ace (Toyobo, Japan)



Fig. 5. Hydroxytyrosol increased the transcription levels of cytoplasmic and
mitochondrial antioxidant defense system genes both in untreated and in acrolein-
challenged ARPE-19 cells pretreated with hydroxytyrosol (100 μmol/L; 48 h) before
acrolein exposure (75 μmol/L; 24 h). RNA was isolated, reverse-transcribed to cDNA
and analyzed by real time PCR tomeasure expression levels of the target genes as ratios
to 18SrRNA. mRNA levels of (A) SOD1 (Cu/Zn SOD) and SOD2 (Mn SOD); and (B) PRDX5
(Prx5), PRDX3 (Prx3), and TRX2. Values are means±S.E.M. from four separate
experiments for Cu/Zn SOD, PRDX5, TRX2, and five separate experiments for Mn SOD
and PRDX3. *Pb.05, and **Pb.01, vs. control cells; ^Pb.05 and ^^Pb.01 vs. acrolein group.
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following the supplier's instructions. Primers were designed using Premier Primer 5
software (Palo Alto, CA, USA). Triplicate PCR reactions were carried out with real-time
PCR Master Mix (Toyobo, Japan). PCR was performed on a Multiplex Quantitative PCR
System Mx3000P (Stratagene, Cedar Creek, TX, USA) as follows: after an initial step of
10 min at 95°C, the samples were subjected to 40 cycles of 30s denaturizing at 95°C,
1 min annealing at 55–60°C and 30 s extension at 72°C. Melting curves were assessed
over the range 55°C-99°C to ensure specific DNA amplification. The cycle number at
which the various transcripts were detected (Ct) was compared with that of 18S-RNA,
referred to as ΔCt. The relative gene level is expressed as 2(−ΔΔCt), in whichΔΔCt equals
ΔCt of the detected gene minus ΔCt of 18SrRNA ([29]). The nucleotide sequences and
annealing temperatures of primers used for real-time PCR or cDNA probe construction
(5′ to 3′) are shown in Table 1.

2.8. Statistical analysis

Results are presented as means±S.E. Group comparisons were made by one-way
analysis of variance, followed by determination of significant differences using post hoc
comparisons with a Tukey HSD test. Pb.05 was considered significant.
Fig. 6. Hydroxytyrosol increased PPARGC1α protein expression both in untreated and in
ARPE-19 cells pretreatedwith hydroxytyrosol (100 μmol/L; 48 h)before acrolein exposure
(75 μmol/L; 24 h). (A) Representative Western blot image and (B) quantification of
PPARGC1αWesternblots. Valuesaremeans±S.E. of three separate experiments. *Pb.05 vs.
control cells (hydroxytyrosol 0 μmol/L), and ^^Pb.01 vs. acrolein-treated.
3. Results

3.1. Hydroxytyrosol increases nuclear Nrf2

The central factor controlling phase II detoxifying enzyme
activation is the activation of Nrf2. Acrolein treatment (75 μmol/L,
24 h) significantly suppressed nuclear Nrf2 levels to about 15% of
control cell levels. Hydroxytyrosol pretreatment (100 μmol/L for 48
h for all experiments, same as in our previous study [12]) abolished
the acrolein effect and further enhanced nuclear Nrf2 protein levels
(Fig. 1). In addition, hydroxytyrosol significantly increased (to 34%
above control cell values) nuclear translocation of Nrf2 in cells not
challenged with acrolein (Fig. 1).

3.2. Hydroxytyrosol boosts phase II detoxifying enzymes

GCL expression and activity were significantly decreased by
acrolein to approximately 50% of control levels, and hydroxytyrosol
pretreatment effectively protected cells against the effects of acrolein
(Fig. 2A-C). Hydroxytyrosol also significantly enhanced GCL protein
expression in unchallenged cells (Fig. 2A and B).

GSH reductase (GR) activity was reduced by approximately 55% by
acrolein, and again, hydroxytyrosol pretreatment abolished the
acrolein effect (Fig. 2D). Hydroxytyrosol alone also significantly
stimulated GR activity in unchallenged cells (Fig. 2D).

GSH peroxidase (GPx) activity dropped by 45% after acrolein
treatment (Fig. 2E). Hydroxytyrosol pretreatment completely pro-
tected against the acrolein-induced GPx activity decrease. Hydroxytyr-
osol treatment alone significantly increased GPx activity (Fig. 2E).

Acrolein induced a significant decrease in both expression (Fig. 3A
and B) and activity (Fig. 3C) of NQO1, and this decrease was
prevented by hydroxytyrosol pretreatment. Moreover, hydroxytyr-
osol pretreatment significantly induced NQO1 protein expression
(about 4 fold) and activity (about 2 fold) in unchallenged cells.

Acrolein also significantly decreased HO-1 protein expression.
Hydroxytyrosol pretreatment protected cells against this decrease
and also enhanced HO-1 expression in cells not challenged with
acrolein (Fig. 4).

3.3. Hydroxytyrosol increases antioxidant gene transcription

Acrolein treatment significantly repressed the gene expression of
Cu/Zn SOD, Mn SOD, PRDX5, PRDX3 and TRX2 in ARPE-19 cells by 75–
88% (Fig. 5). Hydroxytyrosol pretreatment restored all these transcripts



Fig. 7. Hydroxytyrosol prevented acrolein-induced suppression of the PPARGC1α-
activating signal AMPK. Stimulation of AMPK phosphorylation by hydroxytyrosol (100
μmol/L, 48 h) in ARPE-19 cells without and with exposure to acrolein (75 μmol/L, 24 h).
(A) Representative Western blot images and (B) quantification of AMPK phosphor-
ylation Western blots. Values are means±S.E. of three separate experiments. **Pb.01
vs. control (hydroxytyrosol 0 μmol/L) and ^Pb.05 vs. acrolein-treated.

Fig. 9. Stimulation of the PPARGC1α-regulated mitochondrial marker Tfam by
hydroxytyrosol (100 μmol/L, 48 h) in ARPE-19 cells without and with exposure to
acrolein challenge (75 μmol/L, 24 h). (A) Representative Western blot image and (B)
quantification of Tfam Western blots. Values are means±S.E. of three separate
experiments. *Pb.05, **Pb.01 vs. control (hydroxytyrosol 0 μmol/L) and ^^Pb.01 vs.
acrolein-treated.
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to above their control levels, by significantly increasing their expression
4.5-fold to 10-foldover the acrolein-depressed levels (Fig. 5).Moreover,
hydroxytyrosol significantly up-regulated transcript levels of all but Cu/
Zn SOD in cells not challenged with acrolein (by 30–98%; Fig. 5).
3.4. Hydroxytyrosol increases PPARGC1α expression

PPARGC1α protein expression was strongly suppressed in ARPE-
19 cells after acrolein challenge (Fig. 6), while being markedly
Fig. 8. Hydroxytyrosol prevented acrolein-induced suppression of the PPARGC1α-
activating signal eNOS (ecNOS). Stimulation of eNOS signaling by hydroxytyrosol (100
μmol/L, 48 h) in ARPE-19 cells without and with exposure to acrolein (75 μmol/L, 24 h).
(A) Representative Western blot images and (B) quantification of eNOS Western blots.
Values are means±S.E. of four separate experiments. **Pb.01 vs. control (hydroxytyr-
osol 0 μmol/L) and ^^Pb.01 vs. acrolein-treated.
stimulated by hydroxytyrosol. Hydroxytyrosol pretreatment not only
prevented the acrolein-induced suppression of PPARGC1α but nearly
doubled its control cell levels (Fig. 6).
3.5. Hydroxytyrosol prevents acrolein-induced suppression of AMPK
and eNOS

Acrolein treatment caused a significant inhibition of the
PPARGC1α-activating signal AMPK phosphorylation and hydroxytyr-
osol pretreatment prevented this decrease (Fig. 7). However,
hydroxytyrosol did not influence AMPK phosphorylation in non-
acrolein-challenged cells. Just as with AMPK phosphorylation,
acrolein treatment severely decreased eNOS protein expression, and
the decrease of this PPARGC1α-activating signal was prevented by
hydroxytyrosol pretreatment (Fig. 8). Moreover, hydroxytyrosol also
increased eNOS protein expression in non-acrolein-challenged cells.

3.6. Hydroxytyrosol increases PPARGC1α-regulated
mitochondrial markers

Protein expression levels of Tfam (Fig. 9) and the mitochondrial
electron transport complexes I, II, III and V (Fig. 10) were significantly
decreased by acrolein treatment and rescued by hydroxytyrosol
pretreatment. Hydroxytyrosol significantly up-regulated Tfam and the
mitochondrial complex proteins in cells not challenged by acrolein
(Figs. 9,10). UCP2 gene expression was significantly decreased by
acrolein and the acrolein effect was abolished by hydroxytyrosol
(Fig. 11). Hydroxytyrosol also induced basal UCP2 expression.

3.7. Hydroxytyrosol increases catalase

Catalase protein expression and activity were significantly
suppressed by acrolein (Fig. 12A-C). Hydroxytyrosol pretreatment
not only abolished the acrolein-induced decreases in both these
measures, but raised catalase expression above basal level as well. In



Fig. 10. Hydroxytyrosol protected ARPE-19 cells from acrolein challenge and increased protein expression of electron transfer complexes I, II, III, and V in both basal and challenged
cells. Following pretreatment of cells with hydroxytyrosol (100 μmol/L, 48 h) and treatment or not with acrolein (75 μmol/L, 24 h), protein expression of the electron transfer
complexes was detected byWestern blotting. (A, C, E and G) show representative images and (B, D, F and H) display protein expression ratios relative to beta actin for complexes I, II, III
and V, respectively. Values are means±S.E. of three to five experiments. *Pb.05 and **Pb.01 vs. control (no acrolein, no hydroxytyrosol); ^Pb.05 and ^^Pb.01 vs. acrolein-treated.
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addition, hydroxytyrosol significantly increased basal catalase protein
expression and activity in unchallenged cells (Fig. 12B and C).

4. Discussion

Mechanistic studies of hydroxytyrosol action so far have focused
on its antioxidant activity [7,44,45]. Our previous study demonstrated
that hydroxytyrosol protects RPE cells from acrolein-induced oxida-
tive damage and mitochondrial dysfunction [12]. The present study
further explores the underlying mechanisms of hydroxytyrosol's
protective effects in RPE cells. Our study has focused mainly on the
following two pathways:
1. Stimulation of endogenous antioxidant systems, including
assessment of phase II detoxifying enzymes, mitochondrial
antioxidants and catalase and

2. Stimulation of mitochondrial biogenesis.
Our results may be summarized in a mechanistic model of how
hydroxytyrosol protects RPE damage by simultaneously activating
mitochondrial biogenesis and phase II detoxifying enzyme systems
(Fig. 13).

4.1. Phase II enzyme induction by hydroxytyrosol

The role of the activation of the transcription factor Nrf2 and its
repression by Keap1 in the control of phase II gene expression (Fig. 13,
right hand side) has been well established during the last decade.
Recently, there has been great interest in finding natural phase II
detoxifying enzyme inducers to enhance antioxidant response
systems for health maintenance. Sulforaphane [46], lipoic acid
[20,47,48] and lipoamide [49] are some examples. The present study
investigated whether hydroxytyrosol may activate Nrf2 expression to
promote the expression of phase II detoxifying enzymes [15]. As
clearly shown, hydroxytyrosol indeed activated Nrf2 and increased
the protein expression and activities of GCL, NQO1 and HO-1. These



Fig. 11. Hydroxytyrosol treatment increased the gene expression of UCP2 and protected
this gene from decrease by acrolein challenge (75 μmol/L, 24 h). ARPE-19 cells were
treated with 100 μmol/L hydroxytyrosol for 48 hours; then RNA was isolated, reverse-
transcribed to cDNA, and UCP2 gene expression relative to 18SrRNA was determined
by real time PCR. Data are means±S.E. from five separate experiments. *Pb.05, and
**Pb.01vs. control; ^Pb.05 vs. acrolein-treated.
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results strongly suggest that hydroxytyrosol confers additional
antioxidant protection in addition to its direct antioxidant activities,
such as free radical scavenging and iron chelation. Our previous work
has demonstrated that hydroxytyrosol protects against the acrolein-
induced decrease in Nrf2 expression on the total protein level [12,17].
Because Nrf2 causes transcriptional activation of antioxidant response
elements in the nucleus, the increase in nuclear Nrf2 level should be
the key index for phase II detoxifying enzyme activation, resulting in
enhancement of the antioxidant defense system. Phase II detoxifying
enzymes are part of an elaborate system for protection against the
toxicity of xenobiotics and reactive oxygen and nitrogen species that
are constant dangers to the integrity of mammalian DNA [46] and
lipids. Induction of phase II detoxifying enzymes is also an effective
means for achieving protection against a variety of carcinogens and
other oxidative damage in animals and humans [50].
Fig. 12. Hydroxytyrosol increased catalase both in untreated and in acrolein-challenged
ARPE-19 cells. Hydroxytyrosol (100 μmol/L, 48 h) up-regulated catalase protein and
activity levels in untreated ARPE-19 cells, and prevented their suppression by acrolein
(75 μmol/L, 24 h). Catalase protein expression is shown as (A) a representative
Western blot image and (B) as quantification of Western blots. Values represent the
arithmetic means±S.E. of data from three separate experiments. (C) Catalase activity.
Values are means±S.E. of data from three separate experiments, each experiment
performed in triplicate. *Pb.05 and **Pb.01 vs. control (hydroxytyrosol 0 μmol/L);
^Pb.05 and ^^Pb.01 vs. acrolein-treated.
4.2. Stimulation of mitochondrial biogenesis by hydroxytyrosol

Mitochondrial function is related to mitochondrial content, which
can be affected by exercise and environmental factors [28] (Fig. 13,
left). The key regulators of mitochondrial biogenesis include
PPARGC1α and its upstream signals, including AMPK, calcium/
calmodulin-dependent protein kinase IV and nitric oxide [26,28–
31]. Stimulation of PPARGC1α can suppress neurodegeneration [27],
while repression of PPARGC1α can lead to mitochondrial dysfunction
and neurodegeneration [51]. Work in our laboratory with two
mitochondrial nutrients, lipoic acid and/or acetyl-L-carnitine in
cellular and animal models of diabetes and Parkinson's disease has
shown that lipoic acid and/or acetyl-L-carnitine are able to stimulate
mitochondrial biogenesis in neurons [52], adipocytes [53] and muscle
[54]. The present study was carried out to determine whether
stimulation of mitochondrial biogenesis is a mechanism by which
hydroxytyrosol can improve mitochondrial function, and thus reduce
oxidative damage in acrolein-induced RPE toxicity. The present study
demonstrates that hydroxytyrosol stimulated the expression of
PPARGC1α, the key factor for mitochondrial biogenesis and the
protein expression of Tfam, a key transcription factor involved in
mitochondrial biogenesis and target gene of PPARGC1α. In line with
this, hydroxytyrosol also increased the protein levels of mitochondrial
complexes I, II, III and V. Moreover, hydroxytyrosol up-regulated gene
expression of UCP2, also a PPARGC1α target gene involved in
mitochondrial function. These results suggest that hydroxytyrosol
stimulates mitochondrial biogenesis and function.
The dual activities of mitochondrial biogenesis and antioxidant
defense mediated by PPARGC1α are closely coupled. However, based
on our results on the activation of the upstream signals for regulating
PPARGC1α, viz., phosphorylation of AMPK and expression of eNOS,
the induction of phase II detoxifying enzymes by hydroxytyrosol
seems to constitute a pathway independent of the dual activities of
PPARGC1α. The detailed molecular mechanisms for this warrant
further study.

Aldehydes, including acrolein, are important oxidative stress
biomarkers of lipid peroxidation, and have been shown to increase
during aging and in diseases [55]. Intravitreous injection of paraquat
provides a new model of oxidative damage-induced retinal degen-
eration. Intraocular injection of paraquat caused condensation of
chromatin and thinning of the inner and outer nuclear layers
indicating cell death, and terminal deoxynucleotidyl transferase-
mediated dUTP-biotinide end-labeling demonstrated that one mech-
anism of cell death was apoptosis. The cell death and apoptosis were
accompanied by increases in acrolein, superoxide radicals and
carbonyl adducts in the retina and retinal pigmented epithelium
[56]. Acrolein toxicity was also demonstrated in retinal ganglion cell



Fig. 13. Schematic illustration of the possible mechanisms of hydroxytyrosol protection against acrolein-induced oxidative damage and mitochondrial dysfunction. There are two
pathways related to hydroxytyrosol protection of oxidative injury. The first one is the stimulation of mitochondrial biogenesis by up-regulating AMPK, eNOS and the PPARGC1α
signaling pathway; the second is the induction of phase II detoxifying enzymes by up-regulating the Keap1/Nrf2 pathway. The interactions shown are based on information derived
from our past and recent studies [13,14]. Lines terminating in arrows represent positive regulation. This scheme is adapted from Toxicology 246 2008 24–33 andNeurochemical research
33 2008194–203.
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(E1A-NR.3) cultures [57]. Although the level of acrolein in retina is not
known yet, in our estimation, it may be similar to 4-hydroxynonenal
levels because both compounds have been used as indices of oxidative
damage in cone cell death in retinitis pigmentosa [58]. Therefore, use
of acrolein and hydroxytyrosol in model systems may have practical
impact for elucidating the mechanisms of retinal degeneration and
finding strategies for its prevention and treatment. It should be
pointed out that primary human fetal RPE cells generally are
considered a better model than the ARPE-19 cell line for use in RPE
studies. However, work in our laboratory [37] has previously
demonstrated that primary human fetal RPE cells are comparable to
the ARPE-19 cells in sensitivity to acrolein toxicity and lipoic acid
protection. Thus, all our experiments have been performed with the
ARPE cell line. Of course, further studies with human fetal RPE and
animal models are warranted.

In conclusion, hydroxytyrosol has been shown to be a potent
inducer of phase II detoxifying enzymes, and a stimulator of
mitochondrial biogenesis in retinal pigment epithelial cells. These
results provide new mechanistic insights into how hydroxytyrosol
may contribute to eye health.
References

[1] Tomany SC, Wang JJ, Van Leeuwen R, Klein R, Mitchell P, Vingerling JR, et al. Risk
factors for incident age-related macular degeneration: pooled findings from 3
continents. Ophthalmology 2004;111:1280–7.

[2] Woo JH, Sanjay S, Au Eong KG. The epidemiology of age-related macular
degeneration in the Indian subcontinent. Acta Ophthalmol 2009;87:262–9.

[3] Shen JK, Dong A, Hackett SF, Bell WR, Green WR, Campochiaro PA. Oxidative
damage in age-related macular degeneration. Histol Histopathol 2007;22(12):
1301–8.
[4] Fernandez E, Gallus S, La Vecchia C. Nutrition and cancer risk: an overview. J Br
Menopause Soc 2006;12:139–42.

[5] Ordovas JM, Kaput J, Corella D. Nutrition in the genomics era: cardiovascular
disease risk and the Mediterranean diet. Mol Nutr Food Res 2007;51:1293–9.

[6] Ortega RM. Importance of functional foods in the Mediterranean diet. Public
Health Nutr 2006;9:1136–40.

[7] Bendini A, Cerretani L, Carrasco-Pancorbo A, Gomez-Caravaca AM, Segura-
Carretero A, Fernandez-Gutierrez A, et al. Phenolic molecules in virgin olive
oils: a survey of their sensory properties, health effects, antioxidant activity and
analytical methods. An overview of the last decade. Molecules (Basel, Switzer-
land) 2007;12:1679–719.

[8] Bertelli AA. Wine, research and cardiovascular disease: instructions for use.
Atherosclerosis 2007;195:242–7.

[9] Fito M, de la Torre R, Covas MI. Olive oil and oxidative stress. Mol Nutr Food Res
2007;51:1215–24.

[10] Wahle KW, Caruso D, Ochoa JJ, Quiles JL. Olive oil and modulation of cell signaling
in disease prevention. Lipids 2004;39:1223–31.

[11] Sun L, Luo C, Long J, Wei D, Liu J. Acrolein is a mitochondrial toxin: Effects on
respiratory function and enzyme activities in isolated rat liver mitochondria.
Mitochondrion 2006;6:136–42.

[12] Liu Z, Sun L, Zhu L, Jia X, Li X, Jia H, et al. Hydroxytyrosol protects retinal pigment
epithelial cells from acrolein-induced oxidative stress and mitochondrial
dysfunction. J Neurochem 2007;103:2690–700.

[13] Choi CS, Savage DB, Kulkarni A, Yu XX, Liu ZX, Morino K, et al. Suppression of
diacylglycerol acyltransferase-2 (DGAT2), but not DGAT1, with antisense
oligonucleotides reverses diet-induced hepatic steatosis and insulin resistance. J
Biol Chem 2007;282:22678–88.

[14] Hao J, Shen W, Tian C, Liu Z, Ren J, Luo C, et al. Mitochondrial nutrients improve
immune dysfunction in the type 2 diabetic Goto–Kakizaki rats. J Cell Mol Med
2008 (in press).

[15] Copple IM, Goldring CE, Kitteringham NR, Park BK. The Nrf2-Keap1 defence
pathway: role in protection against drug-induced toxicity. Toxicology 2008;246:
24–33.

[16] Dinkova-Kostova AT, Holtzclaw WD, Cole RN, Itoh K, Wakabayashi N, Katoh Y,
et al. Direct evidence that sulfhydryl groups of Keap1 are the sensors regulating
induction of phase 2 enzymes that protect against carcinogens and oxidants. Proc
Natl Acad Sci U S A 2002;99:11908–13.

[17] Satoh T, Okamoto SI, Cui J, Watanabe Y, Furuta K, Suzuki M, et al. Activation of the
Keap1/Nrf2 pathway for neuroprotection by electrophilic [correction of electro-
phillic] phase II inducers. Proc Natl Acad Sci U S A 2006;103:768–73.



1098 L. Zhu et al. / Journal of Nutritional Biochemistry 21 (2010) 1089–1098
[18] de Haan JB, Bladier C, Griffiths P, Kelner M, O'Shea RD, Cheung NS, et al. Mice with
a homozygous null mutation for themost abundant glutathione peroxidase, Gpx1,
show increased susceptibility to the oxidative stress-inducing agents paraquat
and hydrogen peroxide. J Biol Chem 1998;273:22528–36.

[19] Muller FL, Lustgarten MS, Jang Y, Richardson A, Van Remmen H. Trends in
oxidative aging theories. Free Radic Biol Med 2007;43(4):477–503.

[20] Liu J. The effects and mechanisms of mitochondrial nutrient alpha-lipoic acid on
improving age-associated mitochondrial and cognitive dysfunction: an overview.
Neurochem Res 2008;33:194–203.

[21] Balla J, Vercellotti GM, Jeney V, Yachie A, Varga Z, Jacob HS, et al. Heme, heme
oxygenase, and ferritin: how the vascular endothelium survives (and dies) in an
iron-rich environment. Antioxid Redox Signal 2007;9:2119–37.

[22] Shigenaga MK, Hagen TM, Ames BN. Oxidative damage and mitochondrial decay
in aging. Proc Natl Acad Sci U S A 1994;91:10771–8.

[23] Lowell BB, Shulman GI. Mitochondrial dysfunction and type 2 diabetes. Science
2005;307:384–7.

[24] Liu J, Atamna H, Kuratsune H, Ames BN. Delaying brain mitochondrial decay and
aging with mitochondrial antioxidants and metabolites. Ann N Y Acad Sci 2002;
959:133–66.

[25] Choo HJ, Kim JH, Kwon OB, Lee CS, Mun JY, Han SS, et al. Mitochondria are
impaired in the adipocytes of type 2 diabetic mice. Diabetologia 2006;49:
784–91.

[26] Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, et al.
Mechanisms controlling mitochondrial biogenesis and respiration through the
thermogenic coactivator PGC-1. Cell 1999;98:115–24.

[27] St-Pierre J, Drori S, Uldry M, Silvaggi JM, Rhee J, Jager S, et al. Suppression of
reactive oxygen species and neurodegeneration by the PGC-1 transcriptional
coactivators. Cell 2006;127:397–408.

[28] Reznick RM, Shulman GI. The role of AMP-activated protein kinase in
mitochondrial biogenesis. J Physiol 2006;574:33–9.

[29] Nisoli E, Clementi E, Paolucci C, Cozzi V, Tonello C, Sciorati C, et al. Mitochondrial
biogenesis in mammals: the role of endogenous nitric oxide. Science 2003;299:
896–9.

[30] Wu H, Kanatous SB, Thurmond FA, Gallardo T, Isotani E, Bassel-Duby R, et al.
Regulation of mitochondrial biogenesis in skeletal muscle by CaMK. Science 2002;
296:349–52.

[31] Hardie DG. AMP-activated protein kinase: a key system mediating metabolic
responses to exercise. Med Sci Sports Exerc 2004;36:28–34.

[32] Nisoli E, Falcone S, Tonello C, Cozzi V, Palomba L, Fiorani M, et al. Mitochondrial
biogenesis by NO yields functionally active mitochondria in mammals. Proc Natl
Acad Sci U S A 2004;101:16507–12.

[33] Bouillaud F. UCP2, not a physiologically relevant uncoupler but a glucose sparing
switch impacting ROS production and glucose sensing. Biochim Biophys Acta
1787;2009:377–83.

[34] Hanneken A, Lin FF, Johnson J, Maher P. Flavonoids protect human retinal pigment
epithelial cells from oxidative-stress-induced death. Invest Ophthalmol Vis Sci
2006;47:3164–77.

[35] Fahey JW, Stephenson KK, Dinkova-Kostova AT, Egner PA, Kensler TW, Talalay P.
Chlorophyll, chlorophyllin and related tetrapyrroles are significant inducers
of mammalian phase 2 cytoprotective genes. Carcinogenesis 2005;26:
1247–55.

[36] Philp NJ, Wang D, Yoon H, Hjelmeland LM. Polarized expression of monocarbox-
ylate transporters in human retinal pigment epithelium and ARPE-19 cells. Invest
Ophthalmol Vis Sci 2003;44:1716–21.

[37] Jia L, Liu Z, Sun L, Miller SS, Ames BN, Cotman CW, et al. Acrolein, a toxicant in
cigarette smoke, causes oxidative damage and mitochondrial dysfunction in RPE
cells: protection by (R)-alpha-lipoic acid. Invest Ophthalmol Vis Sci 2007;48:
339–48.

[38] Boudina S, Sena S, O'Neill BT, Tathireddy P, Young ME, Abel ED. Reduced
mitochondrial oxidative capacity and increased mitochondrial uncoupling impair
myocardial energetics in obesity. Circulation 2005;112:2686–95.
[39] Schmidt MT, Smith BC, Jackson MD, Denu JM. Coenzyme specificity of Sir2 protein
deacetylases: implications for physiological regulation. J Biol Chem 2004;279:
40122–9.

[40] Benson AM, Hunkeler MJ, Talalay P. Increase of NAD(P)H:quinone reductase by
dietary antioxidants: possible role in protection against carcinogenesis and
toxicity. Proc Natl Acad Sci U S A 1980;77:5216–20.

[41] White CC, Viernes H, Krejsa CM, Botta D, Kavanagh TJ. Fluorescence-based
microtiter plate assay for glutamate-cysteine ligase activity. Anal Biochem 2003;
318:175–80.

[42] Cao Z, Li Y. Chemical induction of cellular antioxidants affords marked protection
against oxidative injury in vascular smooth muscle cells. Biochem Biophys Res
Commun 2002;292:50–7.

[43] Flohe L, Gunzler WA. Assays of glutathione peroxidase. Methods Enzymol 1984;
105:114–21.

[44] Casalino E, Calzaretti G, Sblano C, Landriscina V, Felice Tecce M, Landriscina C.
Antioxidant effect of hydroxytyrosol (DPE) and Mn2+in liver of cadmium-
intoxicated rats. Comp Biochem Physiol C Toxicol Pharmacol 2002;133:625–32.

[45] Gordon MH, Paiva-Martins F, Almeida M. Antioxidant activity of hydroxytyrosol
acetate compared with that of other olive oil polyphenols. J Agric Food Chem
2001;49:2480–5.

[46] Gao X, Dinkova-Kostova AT, Talalay P. Powerful and prolonged protection of
human retinal pigment epithelial cells, keratinocytes, and mouse leukemia cells
against oxidative damage: the indirect antioxidant effects of sulforaphane. Proc
Natl Acad Sci U S A 2001;98:15221–6.

[47] Cao Z, Tsang M, Zhao H, Li Y. Induction of endogenous antioxidants and phase 2
enzymes by alpha-lipoic acid in rat cardiac H9C2 cells: protection against
oxidative injury. Biochem Biophys Res Commun 2003;310:979–85.

[48] Suh JH, Shenvi SV, Dixon BM, Liu H, Jaiswal AK, Liu RM, et al. Decline in
transcriptional activity of Nrf2 causes age-related loss of glutathione synthesis,
which is reversible with lipoic acid. Proc Natl Acad Sci U S A 2004;101:3381–6.

[49] Li X, Liu Z, Luo C, Jia H, Sun L, Hou B, et al. Lipoamide protects retinal pigment
epithelial cells from oxidative stress and mitochondrial dysfunction. Free Radic
Biol Med 2008;44:1465–74.

[50] Ramos-Gomez M, Kwak MK, Dolan PM, Itoh K, Yamamoto M, Talalay P, et al.
Sensitivity to carcinogenesis is increased and chemoprotective efficacy of enzyme
inducers is lost in nrf2 transcription factor-deficient mice. Proc Natl Acad Sci U S A
2001;98:3410–5.

[51] Cui L, Jeong H, Borovecki F, Parkhurst CN, Tanese N, Krainc D. Transcriptional
repression of PGC-1alpha by mutant huntingtin leads to mitochondrial dysfunc-
tion and neurodegeneration. Cell 2006;127:59–69.

[52] Zhang H, Jia H, Liu JH, Ao N, Yan B, Shen W, et al. Combined R-a-lipoic acid and
acetyl-L-carnitine exerts efficient preventative effects in a cellular model of
Parkinson's disease. J Cell Mol Med 2008 [in press].

[53] Shen W, Liu K, Tian C, Yang L, Li X, Ren J, et al. R-alpha-lipoic acid and acetyl-L:-
carnitine complementarily promote mitochondrial biogenesis in murine 3T3-L1
adipocytes. Diabetologia 2008;51:165–74.

[54] Shen W, Hao J, Tian C, Ren J, Yang L, Li X, et al. A combination of nutriments
improves mitochondrial biogenesis and function in skeletal muscle of type 2
diabetic Goto–Kakizaki rats. PLoS ONE 2008.

[55] Esterbauer H, Schaur RJ, Zollner H. Chemistry and biochemistry of 4-hydro-
xynonenal, malonaldehyde and related aldehydes. Free Radic Biol Med 1991;11:
81–128.

[56] Cingolani C, Rogers B, Lu L, Kachi S, Shen J, Campochiaro PA. Retinal degeneration
from oxidative damage. Free Radic Biol Med 2006;40:660–9.

[57] Wood PL, Khan MA, Moskal JR. The concept of “aldehyde load” in neurodegen-
erative mechanisms: cytotoxicity of the polyamine degradation products
hydrogen peroxide, acrolein, 3-aminopropanal, 3-acetamidopropanal and 4-
aminobutanal in a retinal ganglion cell line. Brain Res 2007;1145:150–6.

[58] Shen J, Yang X, Dong A, Petters RM, Peng YW, Wong F, et al. Oxidative damage is a
potential cause of cone cell death in retinitis pigmentosa. J Cell Physiol 2005;203:
457–64.


	Hydroxytyrosol protects against oxidative damage by simultaneous activation of mitochondrial bi.....
	Introduction
	Materials and methods
	Reagents
	Cell culture
	Acrolein exposure and hydroxytyrosol supplementation
	Western blot analysis
	Nuclear Nrf2 analysis
	Enzyme activity measurements
	Quantitative reverse transcriptase-polymerase chain reaction
	Statistical analysis

	Results
	Hydroxytyrosol increases nuclear Nrf2
	Hydroxytyrosol boosts phase II detoxifying enzymes
	Hydroxytyrosol increases antioxidant gene transcription
	Hydroxytyrosol increases PPARGC1α expression
	Hydroxytyrosol prevents acrolein-induced suppression of AMPK �and eNOS
	Hydroxytyrosol increases PPARGC1α-regulated �mitochondrial markers
	Hydroxytyrosol increases catalase

	Discussion
	Phase II enzyme induction by hydroxytyrosol
	Stimulation of mitochondrial biogenesis by hydroxytyrosol

	References


