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Zeaxanthin induces Nrf2-mediated phase II enzymes
in protection of cell death

X Zou1,2,5, J Gao1,3,5, Y Zheng4, X Wang1,3, C Chen1,3, K Cao1,3, J Xu1,3, Y Li1,3, W Lu1,2, J Liu1,3 and Z Feng*,1,3

Zeaxanthin (Zea) is a major carotenoid pigment contained in human retina, and its daily supplementation associated with lower
risk of age-related macular degeneration. Despite known property of Zea as an antioxidant, its underlying molecular mechanisms
of action remain poorly understood. In this study, we aim to study the regulation mechanism of Zea on phase II detoxification
enzymes. In normal human retinal pigment epithelium cells, Zea promoted the nuclear translocation of NF-E2-related factor 2
(Nrf2) and induced mRNA and protein expression of phase II enzymes, the induction was suppressed by specific knockdown of
Nrf2. Zea also effectively protected against tert-butyl hydroperoxide-induced mitochondrial dysfunction and apoptosis.
Glutathione (GSH) as the most important antioxidant was also induced by Zea through Nrf2 activation in a time- and dose-
dependent manner, whereas the protective effects of Zea were decimated by inhibition of GSH synthesis. Finally, Zea activated
the PI3K/Akt and MAPK/ERK pathway, whereas only PI3K/Akt activation correlated with phase II enzymes induction and Zea
protection. In further in vivo analyses, Zea showed effects of inducing phase II enzymes and increased GSH content, which
contributed to the reduced lipid and protein peroxidation in the retina as well as the liver, heart, and serum of the Sprague–
Dawley rats. For the first time, Zea is presented as a phase II enzymes inducer instead of being an antioxidant. By activating Nrf2-
mediated phase II enzymes, Zea could enhance anti-oxidative capacity and prevent cell death both in vivo and in vitro.
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Nuclear factor (erythroid-derived-2)-like 2, also known as Nrf2,
is a member of the Cap ‘n’ Collar family of transcription factors
that bind to antioxidant response elements and regulate the
antioxidant response.1,2 Nrf2 is tethered in the cytoplasm by the
Keap1 protein under normal or unstressed conditions,3 and
Keap1 can target Nrf2 for ubiquitination by CUL3-ROC1 ligase
and subsequent degradation by the proteasome.4 Following
activation, Nrf2 can translocate to the nucleus, where it binds to
a small Maf protein and activates the transcription of target
genes known as phase II enzymes, such as heme oxygenease-1
(HO-1),5 NAD(P)H:quinone oxidoreductase (NQO-1),6 and
g-glutamyl-cysteine ligase (GCL).7 GCL is the rate-limiting
enzyme regulating the synthesis of glutathione (GSH), which
is one of the most important antioxidants in vivo,8 and Nrf2 can
influence GSH synthesis through regulating the expression of
GCL catalytic (GCLc) modifier (GCLm) subunits. Reduced
GSH in cells serves to maintain a reduced cellular environ-
ment and may also act as an important post-translational
modification in a number of cellular proteins.9 Therefore, an
imbalance in GSH production has been implicated in the
progression of various diseases, such as cancer,10 obesity,11

diabetes,12 neurodegenerative disease,13 and age-related
macular degeneration (AMD).14

AMD is characterized by a progressive loss of central vision
attributable to degenerative and neovascular changes at the
ocular interface between the neural retina and the underlying
choroid. AMD has been recognized as a threatening eye
disease that affects millions of humans over the age of 65
years, especially in Europe and the United States.15 Previous
studies have indicated that the pathogenesis of AMD is
strongly associated with chronic oxidative stress and inflam-
mation, which ultimately lead to protein damage and
aggregation and to degeneration of the retinal pigment
epithelium (RPE).16 As the major component of the anti-
oxidant defense system, Nrf2 signaling in the RPE regulates
GSH synthesis and protects against phtoto-oxidation.17 In
previous studies, we identified several Nrf2 activators,
including alpha-tocopherol,18 lipioc acid,19 and hydrox-
tyrosol,20 which all protect RPE cells from oxidative stress-
induced cell death through Nrf2 activation, suggesting Nrf2
activation as a possible therapeutic target for treating
oxidative diseases such as AMD.
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Zeaxanthin (Zea) is a well-known pigment that is commonly
found in corn, carrots orange/yellow peppers, salmon, and egg
yolks. The available evidence indicates a wide distribution of Zea
in a number of body tissues, including the retina, where a high
concentration is found.21 The level of Zea in the retina declines
significantly with increasing age in normal eyes,22 and previous
findings indicated that a lower concentration of Zea is associated
with an increased risk of AMD.23 However, daily supplements
predominantly containing Zea are generally effective in increas-
ing the macular pigment density and protecting against light-
induced photoreceptor apoptosis.24,25 Despite numerous in vivo
and in vitro studies, our understanding of the mechanisms
underlying the benefits of Zea in relation to AMD is still limited.
Previous research has indicated that Zea functions as
antioxidant to protect the lipid membrane and proteins through
quenching singlet oxygen and scavenging reactive oxygen
radicals.26–28 In the present study, we aimed to investigate
whether Zea can activate the Nrf2/keap1 pathway, which would,
in turn, enhance the antioxidative capacity both in vitro and
in vivo. We also investigated the potential mechanism under-
lying Zea activation of the Nrf2/keap1 pathway.

Results

Zea induces phase II enzyme expression. To investigate
the effect of Zea on phase II enzymes, retinal pigmented
epithelium cell line (ARPE-19) was used in current study.
Cells were treated with Zea at 1, 10, 50 mM for 6 or 24 h.
Real-time PCR analysis indicated a dose-dependent
increase in the mRNA expression of HO-1, NQO-1, GCLc,
and GCLm (Figures 1a–d). The protein levels of HO-1 and
NQO-1 were further confirmed by western blot analysis
(Figure 1e). In addition, a continuous time-dependent
increase in NQO-1 protein contents was observed after
treatment with 10 mM Zea for 6, 24, and 48 h, whereas the

highest level of HO-1 protein was found in the 6 h treatment
(Figure 1f). These data suggested that Zea might activate
phase II enzymes through increasing their expression at both
the mRNA and protein levels.

Zea activates phase II enzymes through Nrf2 nuclear
translocation. Nrf2 has been reported to be a key factor
inducing phase II enzymes. To confirm that Zea activates
these phase II enzymes through Nrf2, a specific Nrf2 siRNA
was transfected into cells before Zea treatment. The siRNA
caused significant inhibition of Nrf2 mRNA levels, which was
not affected by the addition of Zea (Figure 2a). In addition,
the induction of HO-1 and NQO-1 by Zea was efficiently
abolished as a result of Nrf2 knockdown (Figures 2b and c).
Similar results were obtained regarding protein contents
(Figure 2d). Under normal conditions, Nrf2 is generally
tethered in the cytoplasm by the Keap1 protein, and the
activation of phase II enzymes can be achieved when Nrf2 is
set free and translocates to the nucleus. We therefore sought
to clarify the mechanism of Nrf2 activation by Zea. We found
that neither dose-dependent (Figure 2e) nor time-dependent
(Figure 2f) treatment with Zea had any effect on Nrf2 or
Keap1 expression. However, the nuclear Nrf2 content was
markedly increased in association with decreased cyto-Nrf2
levels after 6 h of Zea treatment (Figure 2g). Furthermore, an
immunoprecipitation assay revealed that the 6 h Zea treat-
ment greatly decreased the binding activity of Nrf2 to Keap1
(Figures 2h and i). Based on these observations, we inferred
that Zea might disrupt the binding of Nrf2 with Keap1, freeing
Nrf2 to undergo nuclear translocation.

Effects of Zea on tert-Butyl hydroperoxide (t-BHP)-
induced oxidative stress and mitochondrial dysfunction.
Although Zea has been tested in various models regarding its
antioxidant activity, limited research has been performed in the

Figure 1 Effects of Zea on phase II enzyme expression. ARPE-19 cells were treated with Zea at the indicated concentrations (1, 10, 50 mM) for 6 or 24 h. The mRNA levels
of the phase II enzymes HO-1 (a), NQO-1 (b), GCLc (c), and GCLm (d) were analyzed. The protein levels of HO-1 and NQO-1 were analyzed by western blotting, both after
24 h of treatment with Zea at different doses (e, left: western blot image, right: statistical analysis) and after treatment with 10 mM Zea for different time (f, left: western blot
image, right: statistical analysis). All data are shown as mean±S.E.M. The symbol ‘*’ indicates statistical significance, as determined by one-way ANOVA (*Po0.05,
**Po0.01, n¼ 3)
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ARPE-19 cell t-BHP-induced oxidative stress model that we
developed in the previous study.29 Treatment with 300mM
t-BHP for 6 h was shown to induce significant oxidative
damage. Pretreatment with Zea resulted in efficient protection
against Cu-Zn SOD activity (Figure 3a), GPx activity
(Figure 3b), and glutathione S-transferase (GST) activity
(Figure 3c). Mitochondria are the predominant source of cellular
energy and have a major part in t-BHP-induced cell toxicity. Our
data showed that t-BHP challenge reduced the mitochondrial
membrane potential (MMP), cell viability, and cellular ATP
levels, which were all efficiently restored by pretreatment with
Zea (Figures 3d–f). We therefore conclude that Zea conferred
sufficient protection against t-BHP oxidative stress.

Effects of Zea on the t-BHP-induced activation of
apoptosis. As a result of oxidative stress induced by
t-BHP, ARPE-19 cells undergo apoptosis activation. Hence,
we further investigated the effects of Zea on the activation of
apoptosis. Hoechst staining revealed obvious apoptotic cells
following t-BHP challenge, whereas Zea pretreatment
resulted in efficient protection, inhibiting the activation of
apoptosis (Figure 4a). It has been well documented that
cleavage of poly (ADP-ribose) polymerase (PARP) and
activation of caspases are important markers of apoptosis
activation.30,31 Here, PARP cleavage and caspase 9

activation were both observed under t-BHP challenge, and
these changes were efficiently inhibited by Zea, indicating
the sufficient inhibition of oxidative stress-induced cell
apoptosis by Zea (Figures 4b and c).

GSH is the critical effector of the protective effect of
Zea. As one of the most powerful antioxidants in living
organisms, GSH was considered here because it is also a
product of phase II enzymes. Zea treatment clearly increased
the GSH content after 24 h (Figure 5a), with this increase
beginning after 12 h of Zea exposure (Figure 5b). In contrast,
Nrf2 knockdown apparently inhibited the induction of GSH by
Zea treatment (Figure 5c). Zea pretreatment also resulted in
significant protection of the t-BHP-induced GSH loss
(Figure 5d), and this protection was abolished when cells
were exposed to both Zea and BSO, a specific inhibitor of
GSH synthesis (data not shown). Furthermore, the protective
effects of Zea on cell viability and the MMP were abolished in
the presence of BSO (Figures 5e and f). A similar result was
obtained regarding the t-BHP-induced activation of cell
apoptosis (Figure 5g). Thus, we concluded that GSH was
the major effector in the protective effect of Zea.

Zea activates the Nrf2/Keap1 pathway through PI3/Akt
activation. To investigate the pathways involved in the

Figure 2 Zea activates phase II enzymes through Nrf2 nuclear translocation. ARPE-19 cells were transiently transfected with Nrf2 siRNA at 100 pmol per well in six-well
plates for 24 h, followed by treatment with 10 mM Zea for 6 or 24 h. The mRNA levels of Nrf2 (a), HO-1 (b), and NQO-1 (c) were analyzed after 6 h of Zea treatment, and the
protein levels of HO-1 and NQO-1 were analyzed after 24 h of Zea treatment (d). Protein levels of Nrf2 and Keap1 response to Zea dose-dependent and time-dependent
effects were analyzed by western blot (e and f). Cyto- and nuclear Nrf2 levels after treatment with 10 mM Zea for 0.5, 2, or 6 h (g). Co-immunoprecipitation assays after
6 h of treatment with 10mM Zea, antibodies against Nrf2 (h) and Keap1 (i) were used for immunoprecipitation, and the antibodies employed in the western blot analysis
are indicated on the left side of the panel. All data are shown as mean±S.E.M. The symbol ‘*’ indicates statistical significance, as determined by one-way ANOVA
(*Po0.05, **Po0.01, n¼ 3)
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activation of the Nrf2/Keap1 system, cells were treated with
Zea for 5, 15, 30, or 120 min, and the phosphorylation of Akt,
JNK, Erk1/2, and p38 was assessed via western blotting. As
shown in Figure 6a, p-Akt and p-Erk1/2 showed obvious
increases after 15 and 30 min of Zea treatment. Therefore,
the specific inhibitors, such as LY294002 and U0126, were
applied to cells treated with Zea. The induction of the Nrf2

targets HO-1 and NQO-1 by Zea was found to be
significantly inhibited in the presence of LY294002, whereas
no inhibitory effects were observed in the presence of U0126
(Figures 6b–d). Zea-induced GSH production was also
decreased when Akt was inhibited using LY294002, whereas
the inhibition of Erk1/2 using U0126 had no effect
(Figure 6e). Furthermore, the protective effects of Zea on

Figure 3 Zea confers protection against t-BHP-induced oxidative stress and mitochondrial dysfunction. ARPE-19 cells were treated with 10 mM Zea for 24 h, followed by
6 h of treatment with 300 mM t-BHP. Cu-Zn SOD activity (a), GPx activity (b), GST activity (c), the mitochondrial membrane potential (d), cell viability (e), and cellular ATP levels
(f) were analyzed. All data are shown as mean±S.E.M. The symbol ‘*’ indicates statistical significance, as determined by one-way ANOVA (*Po0.05, **Po0.01, n¼ 3)

Figure 4 Zea inhibits the t-BHP-induced activation of apoptosis. ARPE-19 cells were treated with 10 mM Zea for 24 h, followed by 6 h of treatment with 300mM t-BHP.
Hoechst 33342 staining was performed to observe apoptotic cells (a). PARP cleavage was detected by western blotting (c), and caspase 9 activity was analyzed in
live cells (b). All data are shown as mean±S.E.M. The symbol ‘*’ indicates statistical significance, as determined by one-way ANOVA (*Po0.05, **Po0.01, n¼ 3)
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cell viability and the MMP were abolished when Akt was
inhibited, whereas Erk1/2 inhibition had no obvious effect
(Figures 6f and g). We therefore concluded that the activation
of the Nrf2/Keap1 system by Zea was dependent on the
PI3K/Akt pathway, although Zea could potentially activate
both Akt and Erk1/2.

Effects of Zea supplementation on the rat retina.
Because Zea was found to activate phase II enzymes and
to increase the antioxidative capacity in RPE cells, we further
investigated the in vivo effects of Zea in the rat retina.
As shown in Figure 7, the expression of Nrf2 target genes,
such as HO-1 and NQO-1, was significantly increased by
Zea supplementation in the rat retina (Figures 7a and b).
The GSH content was also increased following Zea

supplementation (Figure 7c), whereas total Nrf2 expression
was not affected. Similar to the in vitro results, Zea was found
to significantly enhance Akt phosphorylation (Figures 7d and e),
which might contribute to activation of the Nrf2/Keap1
pathway. Meanwhile, the contents of markers of lipid and
protein peroxidation, 4-HNE (Figure 7f) and the carbonyl
protein (Figures 7g and h), were significantly decreased by
Zea treatment.

Effects of Zea supplementation on the rat liver and
heart. To determine whether the retina was the only tissue
affected by Zea, we tested rat liver and heart tissues and
found increased levels of GSH (Figure 8a) and decreased
levels of 4-HNE (Figure 8b) in the liver after Zea supple-
mentation. Similar changes in the heart levels of GSH

Figure 5 GSH is the critical effector of the protective effects of Zea. Total GSH levels were measured following the Zea treatment of ARPE-19 cells: (a) dose response—
cells were treated with 1, 10, or 50 mM Zea for 24 h; (b) time response—cells were treated with 10 mM Zea for 6, 12, 24 or 48 h; (c) Nrf2 knockdown response—cells were
transfected with Nrf2 siRNA for 24 h, followed by treatment with 10 mM Zea for an additional 24 h; (d) t-BHP response—cells were treated with 10 mM Zea for 24 h, followed by
challenge with 300mM t-BHP for an additional 6 h. In the presence of 50 mM BSO, cells were treated with 10 mM Zea for 24 h and then challenged with 300mM t-BHP for an
additional 6 h, after which cell viability (e), the mitochondrial membrane potential (f), and apoptosis activation (g) were analyzed. All data are shown as mean±S.E.M. The
symbol ‘*’ indicates statistical significance, as determined by one-way ANOVA (*Po0.05, **Po0.01, n¼ 3)
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(Figure 8c) and 4-HNE (Figure 8d) were also observed.
Moreover, the changes observed after Zea supplementation
included increased GSH (Figure 8e), decreased 4-HEN
(Figure 8f), and decreased carbonyl protein (Figures 8g
and h) levels in rat serum, suggesting that Zea was able to
efficiently reduce oxidative stress in vivo. Taken together, the
GSH was suggested as the major effector of Zea for its
protein against oxidative stress, and as shown in Figure 9,
the induction of GSH increase was through activating
PI3K/Akt pathway and promoting Nrf2 nuclear translocation.

Discussion

Zea and Lutein are well-known carotenoids that accumulate in
the central retina, where they are collectively known as
macular pigments. Increasing evidence indicates that these
pigments are important for optimal visual performance
because of their blue light-filtering properties.32 It has also
been suggested that supplementation of these pigments may
provide benefits related to AMD because of their antioxidant
capacity.33,34 Although Zea and Lutein can be absorbed from
daily supplementation, their concentrations in the retina

remain limited, and it remains a challenge to achieve good
protection through direct reactions with oxidants alone.
Therefore, we assumed that these pigments might activate
another system, such as the phase II enzymes, to enhance
the cellular antioxidative capacity, and we used Zea in the
current study because it is more readily accessible in the
market.

Following the treatment of ARPE-19 cells with Zea for
various times and with various doses, we observed significant
increases in phase II enzymes at both the mRNA and protein
levels. We tested four phase II genes, GCLc, GCLm, HO-1,
and NQO-1, in this study. GCLc and GCLm are the main
enzymes that catalyze GSH synthesis, which has been
indicated to decline with the progression of AMD.14 HO-1,
encoded by the HMOX1 gene, can convert heme into the
powerful pro-oxidant biliverdin, which is then transformed into
bilirubin, a strong antioxidant,35 and HO-1 levels have been
found to decrease with age in RPE cells from eyes that show
evidence of AMD.36 Several nutrients with benefits related to
AMD, such as curcumin and hydroxytyrosol, have been
reported to induce HO-1 expression.29,37 One report also
showed that polymorphisms in NQO-1 are closely associated

Figure 6 Zea activates the Nrf2/Keap1 pathway through PI3/Akt activation. ARPE-19 cells were treated with 10 mM Zea for the indicated time, and kinase activation was
analyzed by western blotting (a). Cells were treated with 10mM Zea in the presence of LY294002 or U0126 for 24 h, and the protein levels of HO-1 and NQO-1 were analyzed
(b: western blot image; c: statistical analysis of HO-1 expression; d: statistical analysis of NQO-1 expression), GSH levels were also determined (e). Following co-treatment
with Zea, LY294002, and U0126 for 24 h, cells were challenged with t-BHP for an additional 6 h, after which cell viability (f) and the mitochondrial membrane potential (g) were
analyzed. All data are shown as mean±S.E.M. The symbol ‘*’ indicates statistical significance, as determined by one-way ANOVA (*Po0.05, **Po0.01, n¼ 3)
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with AMD risk.38 Therefore, we assumed that the induction of
phase II enzymes might be another mechanism accounting
for the benefits of Zea against AMD. To further investigate this
mechanism in detail, we first tested the Nrf2 protein, the key
regulator of phase II enzyme activation. Nrf2 has been
suggested to be released from Keap1, then translocate into
the nucleus and bind to antioxidant response element to
activate transcription. Therefore, we knocked down Nrf2 using
a specific siRNA and found that the induction of HO-1 and
NQO-1 by Zea was inhibited; this result confirmed previous
conclusions regarding the regulation of phase II enzymes by
Nrf2. In the present study, neither Nrf2 nor Keap1 protein
levels were affected by Zea treatment. However, after 6 h, Zea
treatment promoted Nrf2 nuclear translocation, accompanied
by decreased cyto-Nrf2 contents. And the results of an
immunoprecipitation assay indicated that the binding activity
of Nrf2 to Keap1 was decreased. We therefore concluded that
Zea could activate phase II enzyme activation through
disruption of the binding of Nrf2 to Keap1.

It was previously reported that Zea supplementation could
prevent photo-oxidative damage and modulate inflammatory
responses in cultured ARPE-19 cells.39 However, the effects
of Zea on oxidative stress-induced mitochondrial dysfunction
and the activation of apoptosis are poorly understood. As an
important organelle in the cell, mitochondria are both the
major source and a direct target of ROS. It has been

suggested that ROS-induced mitochondrial dysfunction has
a critical role in blue light-induced retina cell apoptosis and
AMD progression.40,41 Therefore, treatment with 300 mM
t-BHP for 6 h was used as a challenge to induce oxidative
stress in ARPE-19 cells. As expected, the cellular anti-
oxidative capacity, including the activities of Cu-Zn SOD,
GPx, and GST, was decreased by t-BHP treatment, followed
by impaired mitochondrial function, including decreases in the
MMP, cell viability, and ATP contents. Zea treatment
successfully restored these changes to normal levels.
Furthermore, the cleavage of PARP was inhibited, and the
activity of caspase 9 activity was normalized by Zea, and the
activation of apoptosis was ultimately efficiently inhibited.

GSH is a well-known antioxidant that is synthesized by
the phase II enzymes, GCLc and GCLm. Previous studies
have indicated that MMP loss occurs downstream of GSH
depletion, and GSH depletion may decrease MMP and
increase the vulnerability of cells to apoptosis.42,43 In the
current study, we found that Zea could confer protection
against both the MMP and GSH losses induced by t-BHP and
further showed that Zea could induce GSH production through
Nrf2 activation in a time- and dose-dependent manner. When
GSH synthesis was inhibited by BSO, Zea failed to protect cell
viability and the MMP. According to our flow cytometry
analysis, t-BHP challenge triggered apoptosis in nearly 85%
of cells. Treatment with Zea restored the level of cell apoptosis

Figure 7 Zea activates phase II enzymes in the rat retina. SD rats were supplemented with Zea for 4 weeks, and their retinas were then isolated. Phase II enzyme protein
expression (a: western blot image, b: statistical analysis), retina GSH contents (c), Akt activation (d: western blot image, e: statistical analysis), retina 4-HNE contents (f), and
carbonyl protein levels (g: western blot image, h: statistical analysis) were analyzed. All data are shown as mean±S.E.M. The symbol ‘*’ indicates statistical significance, as
determined by one-way ANOVA (*Po0.05, **Po0.01, n¼ 8)
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to approximately 0.4%, which is quite similar to the level in
normal cells. However, the percentage of apoptotic cells
reached nearly 86% in the presence of BSO. We therefore
concluded that Zea-induced GSH production was the major
effector involved in the protection of mitochondrial function
and inhibition of the activation of cell apoptosis.

The PI3K/Akt and MAPK pathways, including JNK, Erk, and
p38 activation, have both been suggested as upstream

regulators of Nrf2.44–46 In the current study, we observed
activation of the PI3K/Akt and Erk pathways by Zea over time
periods ranging from 5 to 120 min. To our surprise, the PI3K
inhibitor LY294002 efficiently blocked the expression of HO-1
and NQO-1 induced by Zea, whereas the Erk inhibitor U0126
did not. Therefore, we inferred that the Nrf2 activation induced
by Zea depends only on PI3K/Akt pathway. Accordingly, the
Zea-induced increase in GSH was abolished by LY294002,
but not U0126, and similar effects were found regarding the
protective effects of Zea on cell viability and the MMP.

To further investigate the effects of Zea on phase II enzyme
activation in vivo, SD rats were supplemented with Zea for
4 weeks. It was observed that Zea was able to induce Akt
phosphorylation and increase antioxidant enzyme levels and
GSH content in the retina, and lipid and protein peroxidation
products including 4-HNE and carbonyl protein were therefore
significantly reduced. It was interesting to find that the retina
was not the only tissue affected by Zea, as an increased
antioxidative capacity and decreased oxidative stress were
also detected in the liver, heart, and serum of the rats.
Between two tested Zea dosages, the higher dosage showed
more significant effects. These data indicated that Zea can
activate phase II enzymes in vivo and that the retina is not the
only tissue that benefits from Zea treatment. However,
whether the reduced oxidative stress was dependent on
phase II enzymes induction requires further investigation, the
application of Nrf2 knockout mice would be necessary, which
is a limitation of the current study.

Figure 8 Effects of Zea in the rat liver, heart, and serum. SD rats were supplemented with Zea for 4 weeks, and their liver, heart, and serum were then collected. Liver GSH
(a), liver 4-HNE (b), heart GSH (c), heart 4-HNE (d), serum GSH (e), serum 4-HNE (f), and serum carbonyl levels (g: Western blot image, h: statistical analysis) were analyzed.
All data are shown as mean±S.E.M. The symbol ‘*’ indicates statistical significance, as determined by one-way ANOVA (*Po0.05, **Po0.01, n¼ 8)

Figure 9 Possible mechanism of Zea protection against t-BHP-induced cell
apoptosis. Zea could time and dose dependently induce expression of phase II
enzymes through promoting Nrf2 nuclear translocation. GSH, the production of
g-GCL, was thereby increased, and accounted for anti-apoptotic effect of Zea.
Meanwhile, the activation of PI3K/Akt pathway was found to work as upstream
kinase regulating phase II enzymes expression and GSH production

Zeaxanthin activates phase II enzymes
X Zou et al

8

Cell Death and Disease



In conclusion, as shown in Figure 9, our results strongly
suggest that Zea can activate the PI3K/Akt pathway and
induce phase II enzyme expression through Nrf2 nuclear
translocation, thereby protecting cells from oxidative stress-
induced oxidative damage, mitochondrial dysfunction, and
apoptosis. In addition, GSH, which is a critical antioxidant
in vivo, was found to be the major effector involved in the
protective effect of Zea. The in vivo effects of Zea regarding
enhancement of the antioxidative capacity and reduction of
oxidative stress were also confirmed. In addition to the retina,
other tissues, including the liver and heart, were shown to
benefit from Zea supplementation. Hence, we consider Zea to
be an activator of the Nrf2/Keap1 pathway for the first time in
the present work, which will potentially reveal further possible
benefits of Zea related to the therapeutic treatment of
diseases other than AMD.

Materials and Methods
Chemicals. Zea was purchased from Sigma (St. Louis, MO, USA); LY294002.
U0126, an antibody against NQO-1, and anti-PARP were purchased from
Cell Signaling Technology (Danvers, MA, USA). Anti-Keap1, anti-B23, anti-Akt,
anti-p-Akt, anti-JNK, anti-p-JNK, anti-Erk1/2, anti-p-Erk1/2, anti-p38, anti-p-p38,
anti-Nrf2, anti-heme oxygenase 1 (HO-1), and anti-b-actin were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Other chemicals and reagents
were purchased from Sigma if not otherwise indicated.

Cell culture. The human ARPE-19 cell line was obtained from ATCC and was
cultured in DMEM-F12 supplemented with 10% fetal bovine serum, 0.348%
sodium bicarbonate, 2 mM L-glutamine, 100 U/ml penicillin, and 100mg/ml
streptomycin. Cell cultures were maintained at 37 1C in a humidified atmosphere
of 95% air and 5% CO2. The medium was changed every 2 days. ARPE-19 cells
were used within 10 passages.

MTT assay for cell viability. ARPE-19 cells were seeded in 96-well plates
at a density of 4� 104 cells per well for 24 h. After treatment with Zea, BSO,
LY294002, and U0126, with or without t-BHP challenge, cell viability was
determined by the addition of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium bromide), the Zea concentration zero contain the vehicle. Optical
densities were read at 555 nm using a microplate spectrophotometer (Multiskan
Ascent, Thermo Fisher Scientific Inc., Waltham, MA, USA).

JC-1 assay for the MMP. The MMP (DC) was assessed in live ARPE-19
cells using the lipophilic cationic probe 5,50,6,60-tetrachloro-1,10,3,30-tetraethyl-
benzimidazolyl-carbocyanine iodide (JC-1). To perform quantitative fluorescence
measurements, cells were rinsed once after JC-1 staining and scanned using a
microplate fluorometer (Fluoroskan Ascent, Thermo Fisher Scientific Inc.) at a
488 nm excitation wavelength and 535 nm and 590 nm emission wavelengths to
measure green and red JC-1 fluorescence, respectively. Each well was analyzed
by measuring the intensity of 25 squares (1 mm2 area each) arranged in a 5� 5
rectangular array.

Enzyme activity assays. Cells were cultured in six-well plates. After
treatment, the cells were ultrasonically lysed in 10 mM sodium phosphate buffer,
pH 6.5. The total protein content of the cell lysates was quantified via the BCA
method. GST activity was measured using 5 mg of protein, 1 mM GSH, 1 mM
chloro-2,4-dinitrobenzene, and 3 mg/ml bovine serum albumin in 10 mM sodium
phosphate buffer. The mixture was scanned at a wavelength of 340 nm for 5 min
at 25 1C, as previously described.18 The activities of Cu-Zn SOD and glutathione
peroxidase (PGx) were analyzed using a commercial kit, following the
manufacturer’s protocol (Jiancheng Biochemical, Nanjing, China).

Measurement of intracellular ATP levels. Cells were cultured in
six-well plates. After treatment, the cells were lysed using 0.5% Triton X-100 in
100 mM glycine buffer, pH 7.4. Assays to determine intracellular ATP levels were
performed using an ATP bioluminescent assay kit (Sigma). ATP is consumed, and
light is emitted when firefly luciferase catalyzes the oxidation of D-luciferin.47

Measurement of intracellular GSH levels. GSH levels were measured
using 2,3-naphthalenedicarboxyaldehyde (NDA) as previously described.48 A 20ml
sample plus 180ml of NDA derivatization solution (50 mM Tris (pH 10), 0.5 N
NaOH, and 10 mM NDA in Me2SO; v/v/v, 1.4/0.2/0.2) was added to each well of a
96-well plate. The plate was covered to protect the wells from light and allowed to
incubate at room temperature for 30 min. The NDA-GSH fluorescence intensity
was measured (472 excitation/528 emission) using a microplate fluorometer
(Fluoroskan Ascent, Thermo Fisher Scientific Inc.).

Flow cytometric analysis. Apoptosis was determined using the Annexin
V-FITC apoptosis kit (Beyotime, Jiangsu, China), which detects cell surface changes
that occur early in the apoptotic process. The assay was performed according to the
manufacturer’s instructions. Following growth and treatment, cells were collected and
washed with PBS, and 1� 105 cells were then incubated with 200ml of the Annexin
V-FITC solution for 10 min at room temperature, followed by 200ml of a propidium
iodide (PI) solution for another 10 min. The samples were subsequently analyzed
using a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

Caspase 9 activity assay. ARPE-19 cells were cultured in 96-well plates
and allowed to reach 60–70% confluence. Then, the cells were treated with 10 mM
Zea for 24 h, followed by t-BHP for an additional 6 h. Caspase 9 activity was
analyzed with a commercial assay kit (Promega, Madison, WI, USA), following the
manufacturer’s protocol.

siRNA transfection. Transfection with an siRNA targeting Nrf2 was
performed using a target sequence from human Nrf2, and control siRNA was
used as a negative control. ARPE-19 cells were seeded at a density of 1.5� 105

cells per well in six-well plates for transfection, western blot analysis, and real-time
PCR assays. Transfection was performed using Lipofectamine 2000, as described
in the supplier’s manual. Briefly, appropriate amounts of Nrf2 siRNA and 5 ml of
Lipofectamine 2000 in 250ml of serum-free DMEM/F12 were prepared in separate
RNase-free tubes. After a 5-min incubation, the siRNA and Lipofectamine were
mixed, then incubated for an additional 20 min, and added to each well. A total of
100 pmol of siRNA was incubated per well for 24 h, and the cells were then treated
with various compounds for the indicated analyses.

Real-time PCR. Total RNA was extracted from the cells using the TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s protocol.
Reverse transcription was performed using the PrimeScript RT-PCR Kit (TaKaRa,
DaLian, China), followed by semiquantitative real-time PCR using specific primers.
The primer sequences were as follows: Nrf2, 50-TTCAGCAGCATCCTCTCCA
CAG-30 (forward) and 50-GCATGCTGTTGCTGATACTGG-30 (reverse); GCLc,
50-GGCGATGAGGTGGAATAC-30 (forward) and 50-AAAGGGTAGGATGGTTTGG-30

(reverse); GCLm, 50-ATCAAACTCTTCATCATCAAC-30 (forward) and 50-GATTAA
CTCCATCTTCAATAGG-30 (reverse); NQO-1, 50-TGGCTAGGTATCATTCAACTC-30

(forward) and 50-CCTTAGGGCAGGTAGATTCAG-30 (reverse); HO-1, 50-GCCAG
CAACAAAGTGCAAGAT-30 (forward) and 50-GGTAAGGAAGCCAGCCAAGAG-30

(reverse); b-actin, 5-0CCACACCTTCTACAATGAGC-30 (forward) and 50-GGTCTC
AAACATGATCTGGG-30 (reverse).

Immunoprecipitation. Cells were grown to 80–90% confluence in 10 cm
dishes and treated with Zea for 6 h. Total protein was collected using Western and
IP lysis buffer (Beyotime). To avoid nonspecific binding, the lysates were
precleared with protein G Sepharose (GE Healthcare, Piscataway, NJ, USA). The
protein G Sepharose was subsequently removed via centrifugation at 4 1C
for 10 min, and the supernatant was incubated with appropriate antibodies at 4 1C
for 1 h and then with fresh protein G Sepharose at 4 1C overnight with gentle
rotation. The samples were finally washed three times with IP lysis buffer,
resuspended in SDS sample buffer, boiled, and centrifuged for 5 min. The
supernatant was further analyzed by western blotting.

Western blot analyses. Samples were lysed with Western and IP lysis
buffer (Beyotime). The lysates were then homogenized, and the homogenates
were centrifuged at 13 000� g for 15 min at 4 1C. Next, the supernatants were
collected, and their protein concentrations were determined using the BCA Protein
Assay kit (Pierce, Rockford, IL, USA, 23225). Equal amounts (20 mg) of each
protein sample were applied to 10% SDS-PAGE gels, transferred to pure
nitrocellulose membranes (Perkin-Elmer Life Sciences, Boston, MA, USA), and
blocked with 5% non-fat milk. The membranes were incubated with anti-Keap1
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(1 : 1000), anti-B23 (1 : 1000), anti-Akt (1 : 1000), anti-p-Akt (1 : 1000), anti-JNK
(1 : 1000), anti-p-JNK (1 : 1000), anti-Erk1/2 (1 : 1000), anti-p-Erk1/2 (1 : 1000),
anti-p38 (1 : 1000), anti-p-p38 (1 : 1000), anti-Nrf2 (1 : 1000), anti-HO-1 (1 : 1000),
anti-histone H1 (1 : 1000), anti-NQO1 (1 : 1000), or anti-b-actin (1 : 10 000) at 4 1C
overnight, followed by incubation with anti-rabbit or anti-mouse secondary
antibodies at room temperature for 1 h. Chemiluminescent detection was
performed using an ECL Western blotting detection kit (Pierce). Nuclear and
cytoplasmic protein extracts were prepared with a Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime Institute of Biotechnology), and Nrf2 was
analyzed by western blotting. The results were analyzed using Quantity One
software (Bio-Rad Life Science, Shanghai, China) to obtain the ratio of the optical
density of the target protein to that of b-actin.

Animals and treatments. Four-week-old male SD rats were purchased
from the SLAC Laboratory Animal Co. Ltd. (Shanghai, China). After 1 week of
acclimatization, the rats were randomly divided into three groups (n¼ 8 in each
group): rats fed a normal diet (control); rats fed a normal diet with daily oral
gavage of a low dose of Zea (8 mg/kg/day); and rats fed a normal diet with daily
oral gavage of a high dose of Zea (24 mg/kg/day). After 4 weeks of feeding, the
rats were killed, and their serum and tissues including the retina, liver, and heart
were isolated for analysis. All animals were housed in a temperature (22–28 1C)-
controlled and humidity (60%)-controlled animal room and maintained under a
12 h light/12 h dark cycle (light from 0800 to 2000), with food and water provided
during the experiments. All of the procedures were performed in accordance with
the United States Public Health Services Guide for the Care and Use of
Laboratory Animals, and all efforts were made to minimize the suffering and the
number of animals used in this study.

Protein carbonylation assay. Protein carbonyls were assayed in soluble
proteins using the Oxyblot protein oxidation detection kit (Cell Biolabs, San Diego,
CA, USA). Protein carbonyls were labeled with 2,4-dinitrophenylhydrazine and
detected by western blotting. As a negative loading control, equal amounts of the
samples were subjected to 10% SDS-PAGE and stained with Coomassie brilliant
blue.

Statistical analysis. Data are presented as the means±S.E.M. Statistical
significance was evaluated using a one-way ANOVA followed by LSD post-hoc
analysis. For all comparisons, the level of significance was set at Po0.05.
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