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in vivo via activation of Nrf2/HO-1 pathway and NF-�B
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Scope: Cyanidin-3-glucoside (C3G) is a major anthocyanin in berries and a potential nutritional
supplement for preventing retinal degeneration. However, the protective mechanism of C3G
and its metabolites, protocatechuic acid (PCA) and ferulic acid (FA), remain unclear. The
molecular mechanisms of C3G and its metabolites against retinal photooxidative damage in
vivo are investigated.
Methods and results: Pigmented rabbits were orally administered C3G, PCA, and FA
(0.11 mmol/kg/day) for 3 weeks. Electroretinography, histological analysis, and TUNEL as-
say showed that C3G and its metabolites attenuated retinal cell apoptosis. The expression of
oxidative stress markers were upregulated after light exposure but attenuated by C3G and FA,
which may be attributed to the elevated secretion and expression of heme oxygenase (HO-1) and
nuclear factor erythroid-2 related factor 2 (Nrf2). C3G, PCA, and FA attenuated the secretion
or expression of inflammation-related genes; FA suppressed nuclear factor kappa B (NF-�B)
activation. The treatments attenuated the light-induced changes on certain apoptotic proteins
and angiogenesis-related cytokines.
Conclusion: C3G and FA reduced light-induced retinal oxidative stress by activating the
Nrf2/HO-1 antioxidant pathway. FA attenuated the light-induced retinal inflammation by sup-
pressing NF-�B activation. C3G and its metabolites attenuated the photooxidation-induced
apoptosis and angiogenesis in the retina.
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1 Introduction

Exposure to excessive visible light can induce retinal oxidative
stress and inflammation, which leads to the onset and/or
progression of retinal degeneration [1, 2]. The retina is the
most metabolically active tissue in the body; its high oxygen
tension, high levels of light exposure, and high concentration
of polyunsaturated fatty acids (PUFAs) cause photoreceptors
to be particularly susceptible to light damage [3,4]. Age-related
macular degeneration (AMD) is the most common cause of
irreversible vision loss in the elderly worldwide [4]. Although
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the pathogenesis of AMD is not fully understood, increasing
evidence suggests that oxidative stress and inflammation may
play important roles [2].

Anthocyanins (ACNs) are beneficial for vision because
they promote the reproduction of rhodopsin, increase the
circulation within the retinal capillaries, improve impaired
night vision, and decrease macular degeneration and dia-
betic retinopathy [5–7]. The most abundant ACN in the ed-
ible parts of plants is cyanidin-3-glucoside (C3G) [8]. C3G
facilitates rhodopsin regeneration in rod photoreceptors, in-
teracts directly with the dark and light forms of rhodopsin
and opsin protein, and inhibits the photooxidation of retinal
pigment epithelial (RPE) cells [9–13]. In addition, C3G can
be detected in the eyes by oral administration of blueberry,
thereby suggesting its possible role in protecting against reti-
nal diseases [14]. However, the underlying mechanism of
C3G against light-induced retinal degeneration is still un-
clear. To our knowledge, limited information is available on
the effect of pure C3G on retinal protection in vivo, especially
the visible light-induced retinal degeneration.

A previous study showed that 69% of the ACNs disap-
peared from the gastrointestinal tract within 4 h after food
ingestion [15]. A human study suggested that part of this dis-
appearance can be attributed to the degradation of ACN agly-
cones, thereby leading to the formation of the corresponding
phenolic acids [15]. In particular, protocatechuic acid (PCA)
and ferulic acid (FA) are the major human metabolites of C3G
in plasma after C3G consumption [16]. High concentrations
of PCA and FA may explain the short-term increase in plasma
and retina antioxidant activity observed after eating C3G-rich
food, which can also contribute to visual health.

Epidemiological studies suggest that dietary ACNs atten-
uate retinal degeneration [17]. However, given the biologi-
cal instability and extensive metabolism of ACNs [16], their
degradation products, especially phenolic acids, are probably
responsible for retina protective bioactivity. Phenolic acids
have shown beneficial effects on retinal degeneration in vitro
and in vivo [18–20]. Chlorogenic acid is responsible for reduc-
tion of the apoptosis of retinal cells induced by hypoxia and
NO [18]. Chicoric acid can ameliorate the oxidative stress-
induced degeneration of retinal ganglion cells through its
antioxidative and antiapoptotic effects [19]. Hydrocaffeic acid
protects against ocular inflammation and cell oxidation dam-
age induced by UV-B in vivo [20]. However, whether C3G or
the metabolites of C3G (PCA and FA) are more effective in
protecting the retina from light-induced degeneration has yet
to be elucidated.

In the present study, we investigated C3G and its ma-
jor metabolites PCA and FA (Fig. 1) for the first time in
an in vivo model of visible light-induced retinal degeneration
and demonstrated the related molecular mechanisms. Retinal
function and the histological integrity of the retina were inves-
tigated to compare the protective effects of C3G, PCA, and FA
in this model. This model in pigmented rabbits has been used
to evaluate the retinoprotective effects of molecules in retinal
degeneration, because of its similar mechanisms to human

Figure 1. Chemical structures of C3G, PCA, and FA.

retinal degeneration, such as oxidative stress, inflammation,
apoptosis, and angiogenesis [21]. This study provides insights
into the confirmation of authentic molecules that protect
against light damage when consuming C3G-rich diets.

2 Materials and methods

2.1 Chemicals

C3G (98.4%), PCA (99.9%), and FA (98.8%) were purchased
from Nanjing Jingzhu Bio-technology, Ltd. (Nanjing, Jiangsu,
China). Tropicamide eye drops were purchased from Xingqi
Pharmaceuticals Co., Ltd. (Shenyang, China). Sumianxin
was purchased from Shengda Pharmaceuticals Co., Ltd.
(Dunhua, China). Anti-caspase-3, anti-Ho-1, anti-NF-�B, anti-
caspase-9, and anti-VEGF were purchased from Abcam (Cam-
bridge, UK). Anti-Bcl-2 was purchased from Abnova (Taipei,
Taiwan). Anti-Bax was purchased from Enzo Life Sciences
(New York, NY, USA). Anti-β-actin was purchased from Cell
Signaling Technology (Danvers, MA, USA). The radioim-
munoprecipitation assay (RIPA) buffer and bicinchoninic
acid (BCA) protein assay kit were purchased from Beyotime
Institute of Biotechnology (Shanghai, China). The nuclear
factor erythroid-2 related factor 2 (Nrf2), 4-hydroxynonenal
(HNE), 3-nitrotyrosine, 8-hydroxydeoxyguanosine (8-OHdG),
monocyte chemoattractant protein 1 (MCP-1), interleukin-8
(IL-8), interleukin-1 � (IL-1�), tumor necrosis factor-alpha
(TNF-�), cyclooxygenase 2 (COX-2), and hypoxia-inducible
factor-1� (HIF-1�) assay kits were purchased from Keyingmei
Biotechnology and Science, Inc. (Beijing, China). All other
chemicals and reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

2.2 Animal care

A total of 40 healthy pigmented rabbits weighing 2.5–3.0 kg
were purchased from the Animal Center of Beijing Kaiyuan
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Co. (Beijing, China). All procedures were performed in
accordance with the Association for Research in Vision and
Ophthalmology Statement for Use of Animals in Ophthalmic
and Vision Research. The procedures were approved by the
Ethical Committee for Animal Experimentation of the First
Hospital Affiliated to General Hospital of the Chinese Peo-
ple’s Liberation Army (Permit number AERB20150089). All
rabbits were housed at a 12 h/12 h light/dark cycle for 1 week
at 22–25�C and 55–60% humidity. All rabbits were freely fed
a standard maintenance diet (Beijing KEAO XIELI FEED Co.,
Ltd., China).

2.3 Treatment with C3G, PCA, and FA and exposure

to visible light

After a week-long adaptation period, the rabbits were ran-
domly divided into five groups (n = 8 per group), as
follows: normal group (no light exposure and vehicle ad-
ministration; NG), light-induced retinal damage model group
(18 000 lx light exposure and vehicle administration; MG), the
C3G group (18 000 lx light exposure and administration of
C3G, 50.00 mg/kg/day), the PCA group (18 000 lx light expo-
sure and administration of PCA, 17.15 mg/kg/day), and the
FA group (18 000 lx light exposure and administration of FA,
21.61 mg/kg/day). C3G, PCA, and FA were administered at
the same molar concentration for each group (0.11 mmol/kg
body weight). C3G, PCA, and FA were suspended in PBS
and intragastrically administered to the respective rabbits.
PBS alone was intragastrically administered to the rabbits in
the NG and MG groups. The rabbits were treated with C3G,
PCA, and FA for 2 weeks of pre-illumination and 1 week of
post-illumination until sacrifice.

The light exposure method was adopted from our previous
study [21]. In brief, after dark adaptation (60–100 lx) for 24 h,
the pupils were dilated with tropicamide eye drops at 20 min
before light exposure. The nonanesthetized rabbits were then
exposed to 18 000 ± 1000 lx of four diffused cool-white flu-
orescent lights for 2 h in cages with reflective interiors. The
temperature during light exposure was maintained at 25 ±
1.5�C. After light exposure, the rabbits were placed in the dark
for 24 h before they were returned to the normal light/dark
cycle.

2.4 Electroretinographic analysis

Electroretinograms (ERGs) were recorded by a visual electro-
physiology system (APS-2000AER; Kanghua Rui Ming Tech-
nology Co., Ltd., Chongqing, China) to measure retinal func-
tion at 7 days after light exposure as described in our previous
study [22]. In brief, after dark adaptation for more than 1 h,
the rabbits were anesthetized with an intramuscular injec-
tion of sumianxin (0.2 mL/kg) to reduce discomfort. Pupils
were fully dilated with tropicamide eye drops. The ERGs were
recorded in accordance with the standards set by the Inter-

national Society for Clinical Electrophysiology of Vision. All
procedures were performed in dim red light.

2.5 Hematoxylin and eosin (HE) staining and

measurement of outer nuclear layer (ONL)

thickness

Rabbits were sacrificed after the ERG recording. HE stain-
ing was performed according to the method used in our
previous study [21]. Briefly, the eyeballs were quickly enu-
cleated and immersed for 48 h in a fixative solution contain-
ing 2.5% glutaraldehyde and 2% paraformaldehyde. Samples
were embedded in paraffin while considering sample orienta-
tion, and 4 �m slides were prepared with a microtome. Twelve
paraffin-embedded sections were cut through the optic nerve
head (ONH) of each eye and stained with HE. Micrographs
were photographed by light microscope (Leica, Heidelberg,
Germany), and the ONL thickness was counted within 250–
2750 �m (counted at 500 �m intervals) of the superior and
inferior edges to the ONH based on the photographs of HE-
stained sections by personnel blinded to the study groups.
The mean ONL thickness was calculated from 12 sections for
each retina.

2.6 TUNEL analysis

TUNEL analysis was performed with an apoptosis detection
kit (Roche, Mannheim, Germany) according to the manufac-
turer’s instructions. In brief, paraffin-embedded retinal sec-
tions were deparaffinized, rehydrated, digested with protein
K, and labeled with the TUNEL reaction mixture by incu-
bation for 60 min at 37�C. For each retina, the number of
TUNEL-positive cells in the inner nuclear layer (INL) and
the ganglion cell layer (GCL) were counted according to our
previous study [22]. Data from all fields and all retinas were
pooled to obtain the apoptotic index, which is the percent-
age of TUNEL positive cells in the INL and GCL that were
manually counted in ten randomly selected fields.

2.7 ELISA

Whole retinas were dissected and placed into lysis buffer
with protease inhibitors (Roche, Mannheim, Germany), and
the samples were sonicated for 10 s on ice. After centrifuging
the lysates at 15 000 × g for 30 min at 4�C, and supernatant
was collected. The concentrations of HNE, 3-nitrotyrosine,
8-OHdG, Nrf2, MCP-1, IL-8, IL-1�, and HIF-1� in retinal
tissue supernatants were determined with commercial assay
kits from Keyingmei Biotechnology and Science Inc. (Beijing,
China). The protein concentrations were determined with the
BCA protein assay kit from Beyotime Institute of Biotechnol-
ogy (Shanghai, China).
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Table 1. Primer sequences of genes

Gene GenBank numbers Product length (bp) Primer Primer sequence (5′-3′)

HO-1 XM_002711415 100 Forward CAGGTGACTGCCGAGGGTT
Reverse GACCGGGTTCTCCTTGTTGTG

Nrf2 XM_008258230 148 Forward CTCCATATCCCATTCCCTGTA
Reverse TCTGAGCAGCCACTTTATTCT

MCP-1 NM_001082294 157 Forward CTCATAGCAGTCGCCTTCAGC
Reverse CAGCTTCTTTGGGACACTTGG

IL-8 NM_001082293 122 Forward CCACACCTTTCCATCCCAAAT
Reverse CTTCTGCACCCACTTTTCCTTG

IL-1β NM_001082201 142 Forward CTTGTCAGTCGTTGTGGCTCT
Reverse GTAGTCATCCCAGGTGTTGCA

β-Actin NM_001101683 177 Forward CGTGCGGGACATCAAGGAG
Reverse AGGAAGGAGGGCTGGAAGAG

2.8 Western blot analysis

The retinal protein samples were collected, and the total pro-
tein concentration was determined with the BCA protein as-
say kit. Western blot analysis was performed as previously
described [21]. In brief, equal aliquots (20–30 �g) of protein
samples were applied to 10% sodium dodecyl sulfate poly-
acrylamide gels and electrophoretically separated. Resolved
proteins were electrophoretically transferred to nitrocellu-
lose membranes (Millipore, Bedford, MA, USA) and blocked
with 5% nonfat dry milk. The membranes were incubated
with HO-1 (1:500), NF-�B (1:1000), caspase-9 (1:500), Bax
(1:1000), Bcl-2 (1:20), VEGF (1:500), or �-actin (1:5000) an-
tibodies for 2 h, followed by incubation with the appropri-
ate horseradish peroxidase-conjugated secondary antibody
for 2 h. The signals were visualized by enhanced chemilu-
minescence (Fisher/Pierce, Rockford. IL, USA) and recorded
on X-ray films (Eastman Kodak Company, Rochester, NY,
USA). The intensities of the protein bands were determined
with the ImageJ software (1.32j, National Institutes of Health,
Bethesda, MD, USA). The band densities of each sample were
normalized to the �-actin band.

2.9 Immunohistochemistry

The immunohistological staining was performed according
to our previous study [21]. In brief, 4 �m sections were
placed in an antigen retrieval solution (0.01 mol/L citrate
buffer, pH 6.0) for 15 min in a microwave oven at 100�C
and 600 W. The samples were incubated at 4�C overnight in
a primary antibody solution of anti-caspase-3 (ab2171, 1:50).
After washing, the samples were incubated with horseradish
peroxidase-conjugated secondary antibodies (1:200, Dako,
Glostrup, Denmark) for 60 min at room temperature, de-
veloped with 3,3′-diaminobenzide tetrahydrochloride, coun-
terstained with hematoxylin, dehydrated, and mounted. The
extent and intensity of immunopositivity were both consid-
ered during the scoring of caspase-3 expression. The final
score, which ranged from 0 to 12, was determined by multi-
plying the intensity and quantity scores.

2.10 RNA extraction and quantitative real-time PCR

The total RNA was extracted with Trizol (Invitrogen, Carlsbad,
CA, USA). The isolated RNA sequencing samples were used
to perform real-time quantitative (qRT-PCR) analysis. First-
strand cDNA was synthesized with M-MLV Reverse Tran-
scriptase (NEB, USA). Primer Premier 5.0 (Premier Biosoft
International, Palo Alto, CA, USA) was used to design the
primers, which are shown Table 1. All primers listed in
Table 1 were synthesized by BGI (Beijing, China). Finally, the
expression of these related genes was detected by the ViiA 7
Real-Time PCR System (Applied Biosystems). The method of
operation was according to the manufacturer’s instructions,
and the dye used was SYBR Green (Applied Biosystems, Fos-
ter City, CA, USA). The quantification of gene expression
with real-time PCR data was calculated relative to �-actin.
All reactions were performed in biological (three rabbits) and
technical (three qPCR replicates per biological sample) trip-
licates. The relative expression levels were calculated by the
2−��Ct method [23].

2.11 Statistical analysis

Results were presented as mean ± standard deviation. Dif-
ferences between groups were assessed by one-way ANOVA,
followed by Duncan’s multiple range tests. A normality test
showed that all the raw data had a normal distribution, and
all groups had equal variance by a variance test. Statistical
significance was set at p < 0.05. All statistical analyses were
performed with the SPSS statistical program (version 21 soft-
ware, SPSS Inc. Chicago, USA).

3 Results

3.1 Functional evaluation by ERG

To determine the effects of C3G, PCA, and FA on visual func-
tion, we recorded the amplitudes of the b-wave ERGs at 7 days
after light exposure. In MG rabbits, we observed significant
reductions in scotopic and photopic b-wave amplitudes (35.3
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Figure 2. b-wave amplitudes of (A) scotopic ERG and (B) photopic
ERG from retinas in rabbits in the NG, MG, C3G, PCA, and FA
groups at 7days after light exposure. Data are expressed as the
mean ± standard deviation (n = 8). Bars not sharing a common
letter are significantly different (p<0.05) from each other, assayed
by one-way ANOVA, followed by Duncan’s multiple range test.

and 55.4%, respectively) compared to NG rabbits (p < 0.05;
Fig. 2). After administration of C3G, PCA, and FA, the reduc-
tion in scotopic ERG b-wave amplitudes were significantly
decreased by 92.5, 46.9, and 87.5%, respectively (p < 0.05;
Fig. 2A). C3G, PCA, and FA protected against the reduction
of these amplitudes of photopic ERG by 68.5, 57.6, and 52.1%,
respectively (p < 0.05; Fig. 2B).

3.2 ONL thickness

C3G, PCA, and FA protect against light-induced loss of retinal
function. Thus, we determined whether the retinal structure
was also preserved by their supplementation. At 7 days after

light exposure, a significant decrease in the ONL thickness
was observed in retinas from MG rabbits (p < 0.05; Fig. 3).
After administration of C3G, PCA, and FA, the thinning of
the ONL was significantly reduced by 45.0, 25.5, and 46.6,
respectively (p < 0.05), which implied that these treatments
protected the photoreceptor cells from light-induced damage.

3.3 Retinal cell apoptosis assay

To quantify the difference in cell death, the number of
TUNEL-positive cells in the retina was counted in sagittal sec-
tions throughout the eye separated by intervals of 500 �m.
At 7 days after light exposure, the TUNEL-positive cells ap-
peared primarily in the INL and GCL of retina in MG rabbits
(Fig. 4A). However, the number of apoptotic cells in both lay-
ers was significantly fewer in the retinas of C3G-, PCA-, and
FA-treated rabbits than those in MG (p < 0.05; Fig. 4B).

3.4 HNE, 3-nitrotyrosine, and 8-OHdG levels in the

retina

To evaluate oxidative stress status, the levels of HNE, 3-
nitrotyrosine, and 8-OHdG in the retina were quantified by
ELISA. After light exposure, HNE, 3-nitrotyrosine, and 8-
OHdG levels were significantly increased in MG rabbits com-
pared with those in NG (p < 0.05; Fig. 5A–C). However, the
levels of HNE in C3G, PCA, and FA were significantly de-
creased than those in the MG (p < 0.05). The retinas of C3G
and FA rabbits showed significant reduction in the levels of
3-nitrotyrosine and 8-OHdG compared with those in the MG
(p < 0.05). The 3-nitrotyrosine and 8-OHdG levels were not
significantly different between PCA and MG (p > 0.05).

3.5 Secretion and expression of HO-1 and Nrf2 in

the retina

After light exposure, the HO-1 protein level was significantly
increased as measured by Western blot analysis (p < 0.05;
Figs. 6A and B). Treatment with C3G and FA significantly
increased the expression of HO-1 compared with MG (p <

0.05). Furthermore, significant upregulation of HO-1 mRNA
levels by C3G and FA treatments was confirmed by qPCR
analysis (p < 0.05; Fig. 6C).

Light exposure induced a significant increase of the Nrf2
protein in the retina (p < 0.05; Fig. 7A). C3G, PCA, and FA
treatments enhanced the light-induced increase in Nrf2 pro-
tein, although the difference with MG was not significant (p >

0.05). Consistent with its protein expression, the Nrf2 mRNA
level was also increased by light exposure, although this in-
crease was not statistically significant (p > 0.05; Fig. 7B). The
Nrf2 mRNA levels were significantly increased in C3G and
FA compared with MG (p < 0.05).
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Figure 3. Effect of C3G, PCA, and FA on the reti-
nal ONL thickness in rabbits at 7 days after light
exposure. (A) Representative images of the HE-
stained sections of rabbit retinas. Scale bar: 50 �m.
(B) ONL thicknesses were measured within 250–
2750 �m (counted at 500 �m intervals) of the su-
perior and inferior edges from the ONH based on
photographs of HE-stained sections by personnel
blinded to the study groups. The mean ONL thick-
ness was calculated from 12 sections for each retina.
Data are expressed as mean ± standard deviation
(n = 8). Bars not sharing a common capital letter are
significantly different (p < 0.05) from each other, as-
sayed by one-way ANOVA, followed by Duncan’s
multiple range test. ONL, outer nuclear layer; ONH,
optic nerve head.

3.6 Secretion and expression of inflammatory

related genes

Light exposure increased the secretion and expression of
MCP-1, IL-8, and IL-1� (Fig. 8). Treatment with C3G, PCA,

and FA significantly suppressed the photooxidation-induced
increase in secretion of MCP-1 (p < 0.05; Fig. 8A). The data
showed that treatment with FA significantly blocked the light-
induced increase in IL-8 secretion (p < 0.05; Fig. 8C). C3G,
PCA, and FA significantly reduced the increase in IL-8 mRNA

Figure 4. Effect of C3G, PCA, and FA treatments on
the TUNEL staining of rabbit retinal sections at 7
days after light exposure. (A) Representative im-
ages of the TUNEL-stained sections of rabbit reti-
nas. TUNEL-positive cells were present, with brown-
stained nuclei. Scale bar: 50�m. (B) The number of
TUNEL-positive cells was counted in ten sections
per retina with an interval of 500 �m in the sagittal
plane. Data are expressed as the mean ± standard
deviation (n = 8). Bars not sharing a common cap-
ital letter are significantly different (p < 0.05) from
each other, assayed by one-way ANOVA, followed
by Duncan’s multiple range test. INL, inner nuclear
layer; GCL, ganglion cell layer.
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Figure 5. Effect of C3G, PCA, and FA treatments on the HNE, 3-
nitrotyrosine, and 8-OHdG levels in the whole retina at 7 days
after light exposure. Data are expressed as mean ± standard
deviation (n = 3). Bars not sharing a common capital letter are
significantly different (p < 0.05) from each other, assayed by one-
way ANOVA, followed by Duncan’s multiple range test. HNE: 4-
hydroxynonenal; 8-OHdG: 8-hydroxydeoxyguanosine.

levels (p < 0.05; Fig. 8D). Treatment with C3G, PCA, and
FA also significantly suppressed the photooxidation-induced
increase in secretion and expression of IL-1� (p < 0.05;
Figs. 8E and F).

After light exposure, markedly increased levels of TNF-�
and nuclear factor kappa B (NF-�B) proteins were detected in
the retina, whereas FA administration significantly reduced
the TNF-� and NF-�B protein (p < 0.05; Figs. 9A, C, and
D). COX-2 was also significantly elevated in the retina after
light exposure (p < 0.05; Fig. 9B). However, the COX-2 levels
in the retinas from C3G-, PCA-, and FA-treated rabbits were
significantly lower than those in MG retinas (p < 0.05).

3.7 Expression of apoptosis-related proteins in the

retina

The expression of apoptotic proteins was determined via im-
munohistochemistry or Western blot analysis. Caspase-3 ac-
tivity was not detectable in the retina of NG rabbits (Fig. 10A).
The expression of active caspase-3 was high in the INL and
GCL of the rabbit retinas within the MG. However, treatment
with C3G and its metabolites significantly reduced the upreg-
ulated expression of active caspase-3 in both layers (p < 0.05).
The expression of active caspase-3 by immunohistochemistry
was scored as shown in Fig. 10B. Light exposure significantly
upregulated the pro-apoptotic protein active caspase-9 and
Bax, but downregulated the anti-apoptotic protein Bcl-2 (p <

0.05; Figs. 10C–F). C3G and PCA significantly decreased level
of expression of active caspase-9 protein (p < 0.05). C3G and
its metabolites significantly increased the expression of Bcl-2
and decreased the expression of Bax (p < 0.05).

3.8 Secretion and expression of

angiogenesis-related proteins in the retina

In this study, the effects of C3G and its metabolites on the
vascular endothelial growth factor (VEGF) and HIF-1� ex-
pressions were investigated after light exposure. Light expo-
sure significantly increased VEGF content in the retina of
MG rabbits compared with those in NG (p < 0.05; Figs. 11A
and B). By contrast, C3G and PCA treatment significantly
decreased the level of VEGF in retina compared with those
in MG (p < 0.05). In addition, the HIF-1� level in the retinas
was significantly increased after light exposure, but its levels
in the C3G-, PCA-, and FA-treated rabbits were significantly
lower than those in MG retinas (p < 0.05; Fig. 11C).

4 Discussion

Berries are among the most widely consumed fruits in the
human diet, and ACNs are known to be a major component
of berries [24,25]. A recent human study showed that after the
consumption of ACNs, the maximum concentration of PCA

C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



8 Y. Wang et al. Mol. Nutr. Food Res. 2016, 00, 1–14

Figure 6. (A, C) Effect of C3G, PCA, and FA treat-
ments on HO-1 (A) protein and (C) mRNA levels in
the whole retina at 7 days after light exposure. (B)
Densitometric analysis of HO-1 expression relative
to the loading control (lower panel). Data are ex-
pressed as mean ± standard deviation (n = 3). Bars
not sharing a common capital letter are significantly
different (p < 0.05) from each other, assayed by one-
way ANOVA, followed by Duncan’s multiple range
test. HO-1, heme oxygenase-1.

in the serum (approximately 492 nmol/L) is far higher than
that of C3G (approximately 1.9 nmol/L) [15]. Another recent
human study on the overall plasma bioavailability of C3G
metabolites showed that PCA and FA absorbed in plasma
could be detected at concentrations up to 2.35 and 0.94 �M
for 48 h after consuming 500 mg of C3G, respectively [16].
Based on these findings, we hypothesized whether ACNs ex-
erted their retinal protective effects at least partially through
these important and major metabolites. However, most pre-
vious animal and in vitro studies have focused on the activity
of the parent (un-metabolized) ACNs in models of retinal de-
generation [12, 26]. Thus, the primary purpose of this study
was to determine which metabolites that were produced after
C3G consumption could play a major role in the beneficial
effects on retinal degeneration in vivo.

C3G, PCA, and FA treatments protect the structure and
function of photoreceptor cells from light-induced retinal de-
generation. C3G and FA play a better role than PCA in reduc-
ing the levels of oxidative stress markers (3-nitrotyrosine and
8-OHdG) in the retina. C3G and FA also upregulated expres-
sion of Nrf2 transcription factors and phase II enzymes, such
as HO-1, thereby suggesting that C3G and FA probably medi-
ated the protection of retinal cells from light-induced damage
by regulating the activation of the Nrf2/HO-1 pathway. C3G,
PCA, and FA attenuated the photooxidation-induced changes

in secretion and expression of inflammation-related genes
(MCP-1, IL-8, and IL-1�). However, only FA suppressed NF-
�B activation, which may underlie the mechanism of FA-
mediated protection of retinal cells. Furthermore, C3G and
its metabolites may play an important role in suppressing ac-
tivation of the mitochondrial apoptotic pathways. In addition,
C3G and PCA decreased the induction of VEGF and HIF-1�

by light exposure in the retina. Results suggest that C3G
and FA have better effects on reducing oxidative stress than
PCA, whereas C3G and PCA have better effects on inhibiting
angiogenesis than FA. All three treatments attenuated the
photooxidation-induced inflammation and apoptosis.

The light damage reduces the b-wave amplitude of ERG
and decreases the ONL thickness, which is consistent with
previous reports [27]. Visual function was impaired in ac-
cordance with the photoreceptor cell loss (Fig. 3). However,
treatment with C3G, PCA, and FA protects the structure and
function of photoreceptor cells from light-induced damage.
Furthermore, the protective effects of C3G and FA on the sco-
topic ERG and histological integrity of the retina were more
pronounced than that of PCA, which possessed statistical sig-
nificance (p < 0.05).

The mechanism of retinal light damage involves signif-
icant oxidative stress in pigmented rabbits has been estab-
lished [21]. HNE, a mediator of cellular oxidative stress, is

Figure 7. Effects of C3G, PCA, and FA treatments on
Nrf2 (A) protein and (B) mRNA levels in the whole
retina at 7 days after light exposure. Data are ex-
pressed as mean ± standard deviation (n = 3). Bars
not sharing a common capital letter are significantly
different (p < 0.05) from each other, assayed by one-
way ANOVA, followed by Duncan’s multiple range
test. Nrf2, nuclear factor erythroid-2 related factor 2.
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Figure 8. Effects of C3G, PCA,
and FA treatments on (A, B)
MCP-1, (C, D) IL-8, and (E, F)
IL-1� (A, C, E) protein and
(B, D, F) mRNA levels in the
whole retina at 7 days after light
exposure. Data are expressed
as mean ± standard deviation
(n = 3). Bars not sharing a
common capital letter are sig-
nificantly different (p < 0.05)
from each other, assayed by
one-way ANOVA, followed by
Duncan’s multiple range test.
MCP-1, monocyte chemoattrac-
tant protein 1; IL-8, interleukine-
8; IL-1�, interleukin-1 �.

generated by the nonenzymatic oxidation of n-6 PUFAs [28].
3-Nitrotyrosine is another oxidative marker that is formed
when tyrosine residues are attacked by peroxynitrite [29]. 8-
OHdG is a product of oxidative DNA damage and a sen-
sitive marker of increased oxidative stress [30]. Our data
indicate that C3G and FA play a better role than PCA in
reducing the levels of oxidative stress markers in the retina,
which may be related to the underlying mechanism of C3G-
and FA-mediated protection against photooxidation in the
retina.

C3G and FA treatments simultaneously enhanced Nrf2
activation and increased HO-1 protein expression in the
retina. Accumulating evidence suggests that HO-1 exerts po-
tent endogenous anti-oxidative, anti-inflammatory, and anti-
apoptotic properties [31]. As a stress inducible and redox-

sensitive protein, HO-1 exerts potent indirect anti-oxidative
functions by degrading heme to carbon monoxide, iron, and
biliverdin [31]. Nrf2 is a transcription factor that regulates
the expression of HO-1 [32]. These results suggest that C3G
and FA are potent antioxidants for retinas. The protective
effects of C3G and FA were mediated, at least in part, by the
activation of the Nrf2/HO-1 antioxidant pathway in vivo.

In this retinal damage model, the expression of proin-
flammatory cytokines was increased (Figs. 8 and 9), which is
consistent with previous reports that retinal oxidative stress
activates NF-�B to upregulate the expression of proinflam-
matory cytokines (TNF-�, IL-1�, and MCP-1), chemokines
(IL-8), and COX-2 [33, 34]. The evidence for the involvement
of inflammation in AMD pathogenesis includes accumula-
tion of immunoglobulin and complement components in
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Figure 9. Effects of C3G, PCA,
and FA treatments on (A) TNF-
�, (B) COX-2, and (C) NF-�B pro-
tein levels in the entire retina at
7 days after light exposure. (D)
Densitometric analysis of NF-�B
expression relative to the load-
ing control (lower panel). Data
are expressed as mean ± stan-
dard deviation (n = 3). Bars not
sharing a common letter are sig-
nificantly different (p < 0.05)
from each other, assayed by
one-way ANOVA, followed by
Duncan’s multiple range test.
TNF-�, tumor necrosis factor-
alpha; COX-2, cyclooxygenase
2; NF-�B, nuclear factor kappa B.

drusen [35]. NF-�B is a key transcriptional regulator of sev-
eral genes involved in oxidative stress and inflammatory re-
sponses [36, 37]. TNF-� upregulated the expression of vari-
ous apoptotic factors and increased the secretion of VEGF
in RPE cells in AMD [38, 39]. IL-1� is one of key mediators
in intraocular inflammation that induce the expression of
other cytokines and chemokines such as MCP-1 [40]. IL-8 is
a neutrophil attractant and a strong proangiogenesis factor,
which can promote inflammation and trigger neovasculariza-
tion [41]. COX-2 leads to the synthesis of the proinflammatory
prostaglandin E2 [42].

ACNs have been reported to inhibit the expression of
TNF-�, IL-1�, MCP-1, and COX-2 [43–46], thereby exerting a
significant anti-inflammatory effect. In a recent report, C3G
and its metabolites altered the expression of inflammatory
mediators in vitro; FA had the greatest effect on the reduc-
tion of the production of vascular cell adhesion molecule-1
protein [47]. When Min et al. [44] tested the anti-inflammatory
effect of C3G and its metabolites, PCA exhibited better anti-
inflammatory effect than C3G, but FA was not evaluated in
their study. FA inhibited NF-�B activation in an in vitro
model [48]. The present study provides clear evidence that
FA administration alters the expression of related inflam-
matory genes and inhibits the activation of NF-�B in vivo.
Furthermore, FA was more effective than PCA in suppress-
ing the photooxidation-induced secretion of IL-8, IL-1�, TNF-
�, and COX-2 in this study. These results suggest that the

anti-inflammatory effects of ACNs are not limited to the
parent structures themselves because their phenolic acids
metabolites displayed even greater bioactivity. The reduced
size and altered solubility of the metabolites could influence
membrane penetration and increase access to intracellular
mechanisms [49, 50]. In addition, previous studies indicated
that ACNs inhibited proinflammatory cytokine production by
regulating the activation of the NF-�B or mitogen-activated
protein kinase (MAPK) pathway [51–53]. C3G inhibited proin-
flammatory cytokine production, possibly because it regu-
lated the MAPK signaling pathway rather than inhibited the
activation of NF-�B in this study.

Bcl-2 and Bax are key regulators of the mitochondrial path-
ways of apoptosis. No apoptotic photoreceptors are observed
in retinas of Bax/Bak double knockout mice [54] and their
apoptosis is effectively prevented by Bcl-2 overexpression [55].
In response to apoptotic stimuli, Bcl-2 family proteins medi-
ated the activation of caspase-9, thereby triggering a cascade
of caspase activation [56]. Visible light increased the retinal ex-
pression of Bax but decreased the Bcl-2 expression (Figs. 10C,
E, and F). The data showed that treatment with C3G, PCA, and
FA attenuated the light-induced increase in Bax expression
and promoted Bcl-2 expression. Furthermore, light exposure
led to a greater incidence of caspase-9 and caspase-3 cleav-
age in the retina; these events were attenuated by C3G, PCA,
and FA. Thus, the consistent intake of C3G and its metabo-
lites suppressed the activation of mitochondrial apoptotic
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Figure 10. (A, C) Effects of C3G, PCA, and FA treatments on (A) active caspase-3 expression in the retina and (C) caspase-9, Bax, and Bcl-2
protein expression in the whole retina at 7 days after light exposure. Active caspase-3 cells were present, with brown-stained nuclei. Scale
bar: 50 �m. (B) Scores were determined by evaluating the extent and intensity of immunopositivity. (D–F) Densitometric analysis of (D)
caspase-9, (E) Bax, and (F) Bcl-2 expressions relative to the loading control (lower panel). Data are expressed as mean ± standard deviation
(n = 3). Bars not sharing a common letter are significantly different (p < 0.05) from each other, assayed by one-way ANOVA, followed by
Duncan’s multiple range test. INL, inner nuclear layer; GCL, ganglion cell layer.

pathways and eventually attenuated the extent of light-
induced apoptosis of retinal cells.

ACNs may act to prevent angiogenesis, such that the ACN-
rich extract alleviated the induction of VEGF and HIF-1� in
vivo and in vitro [57]. Similar anti-angiogenic effects of ACN-
rich extracts have been reported by other authors [58, 59].
Proangiogenic cytokines have been shown to be involved in
the onset and/or development of AMD, with VEGF playing
the most important role of neovascularizaton and increasing
permeability [60]. HIF-1� is the major hypoxia sensor and
plays a central role in controlling the expression of genes
involved in angiogenesis [61]. Our findings are in agreement
with this previous work and provide additional evidence that
C3G and its metabolites suppress angiogenesis.

The present study provides novel insights into the reti-
nal protective activity of C3G and its metabolites but this

experimental approach has several limitations. The most im-
portant potential limitation of our experimental study is that
we chose a dose of C3G, PCA, and FA, which may repre-
sent reasonable dietary intake; all treatments are given via
gavage at the same concentration. This approach may not
reflect the different dietary abundance of these compounds
or the different bioavailability among the compounds. Fu-
ture studies are required to explore a greater range of phys-
iologically appropriate concentrations for these compounds.
In addition, future studies need to investigate whether C3G
inhibited proinflammatory cytokine production by regulat-
ing the MAPK signaling pathway at the same dose in this
study.

To the best of our knowledge, this work is the first in
vivo study to demonstrate that C3G and its metabolites pos-
sess a combination of retinal protective effects, including the
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Figure 11. (A) Effects of C3G, PCA, and FA treatments on VEGF protein levels in the whole retina at 7 days after light exposure. (B)
Densitometric analysis of VEGF expression relative to the loading control (lower panel). (C) Effects of C3G, PCA, and FA treatments on
HIF-1� protein levels in the whole retina at 7 days after light exposure. Data are expressed as mean ± standard deviation (n = 3). Bars not
sharing a common capital letter are significantly different (p < 0.05) from each other, assayed by one-way ANOVA, followed by Duncan’s
multiple range test. VEGF, vascular endothelial growth factor; HIF-1�, hypoxia-inducible factor-1�.

activation of Nrf2/HO-1 pathway, the inhibition of NF-�B
activation, and the anti-angiogenesis against visible light-
induced retinal degeneration. The roles of C3G and its
metabolites in modulating oxidative stress and inflammation-
related genes may be the mechanisms by which dietary C3G
can reduce the risk of AMD. This finding also suggests
that the metabolism of ACNs, such as PCA and FA, does
not reduce their bioactivity and may enhance it in some
instances.
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