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Abstract

Inflammation and endoplasmic reticulum (ER) stress are common denominators for vision-threatening diseases such as

diabetic retinopathy and age-related macular degeneration. Based on our previous study, supplementation with

muscadine grape polyphenols (MGPs) alleviated systemic insulin resistance and proinflammatory responses. In this study,

we hypothesized that MGPs would also be effective in attenuating ocular inflammation and ER stress. We tested this

hypothesis using the human retinal pigmented epithelium (ARPE-19) cells and C57BL/6 mice. In ARPE-19 cells, tumor

necrosis factor-a–induced proinflammatory gene expression of interleukin (IL)-1b, IL-6, and monocyte chemotactic

protein-1 was decreased by 35.0%, 68.8%, and 62.5%, respectively, with MGP pretreatment, which was primarily due to

the diminished mitogen-activated protein kinase activation and subsequent reduction of nuclear factor k-B activation.

Consistently, acute ocular inflammation and leukocyte infiltration were almost completely dampened (>95%) by MGP

supplementation (100–200 mg/kg body weight) in C57BL/6 mice. Moreover, MGPs reduced inflammation-mediated loss

of tight junctions and retinal permeability. To further investigate the protective roles of MGPs against ER stress, ARPE-19

cells were stimulated with thapsigargin. Pretreatment with MGPs significantly decreased the following: 1) ER stress-

mediated vascular endothelial growth factor secretion (3.476 0.06 vs. 1.586 0.02 mg/L, P < 0.0001), 2) unfolded protein

response, and 3) early apoptotic cell death (64.4 6 6.85 vs. 33.7 6 4.32%, P = 0.0003). Collectively, we have

demonstrated that MGP is effective in attenuating ocular inflammation and ER stress. Our work also suggests that MGP

may provide a novel dietary strategy to prevent vision-threatening retinal diseases. J. Nutr. 144: 799–806, 2014.

Introduction

Indigenous to the southeastern region of the United States,
muscadine grapes (Vitis rotundifolia) are 1 of the key agricul-
tural products that have been widely cultivated and consumed in
the United States. Muscadine grapes contain an array of health-
promoting phytochemicals that improve symptoms of chronic
diseases, such as insulin resistance (1,2) and inflammation (3,4),
and even cancer (5,6). Recently, our group has also reported that

supplementation with muscadine grape polyphenols (MGPs)7

reduced high-fat diet–mediated metabolic complications and
systemic markers of inflammation in C57BL/6 mice (7). A growing
body of evidence suggests that MGPs exert protective roles against
chronic metabolic diseases. However, few studies have been
conducted to determine if dietary supplementation with MGPs
could provide beneficial effects for vision-related retinal dis-
eases such as diabetic retinopathy (DR) and age-related macular
degeneration (AMD).
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The pathologic development of retinal diseases and vision
impairment is associated with compounding risk factors includ-
ing oxidative stress (8–11) and inflammation (12,13). Recently,
endoplasmic reticulum (ER) stress has been recognized as
another key risk factor that exacerbates pathogenic progression
of DR (14–16) and AMD (17). Because of the asymptomatic and
irreversible nature of these diseases, and their poor prognosis,
there are limitations in drug therapy in treating DR (18) and
AMD (19). Therefore, a nutritional intervention approach could
be a reasonable and preferable strategy to prevent or delay the
progression of these retinal diseases. Unexpectedly, the known
antioxidant vitamins (i.e., vitamins C and E) have not been
successful in preventing DR progression (20,21). Dietary poly-
phenols are alternative candidates because many polyphenolic
compounds possess anti-inflammatory and antioxidative prop-
erties that may provide defensive mechanisms through retinal
microvasculature. Several polyphenols such as resveratrol (22–
24), curcumin (25,26), and ellagic acid (EA) (27,28) have been
investigated as candidates to test their effectiveness in retinal
diseases. However, their efficacy has not been fully validated yet.
This is possibly due to the fact that DR is caused by complex
etiologies, and thus a single phytochemical may not be sufficient
to block multiple risk factors. This led us to hypothesize that
nutritional intervention through combinatory phytochemicals
could be advantageous in preventing vision-threatening retinal
diseases by blocking multiple risk factors simultaneously.

In this study, we investigated the effects of MGPs on the
following: 1) inflammation in human retinal pigmented epithe-
lium (ARPE-19) cells and C57BL/6 mice, and 2) ER stress in
ARPE-19 cells. Here, we demonstrated that MGPs proficiently
attenuate retinal inflammation and ER stress by interrupting the
signal transduction to downstream targets.

Materials and Methods

Chemical reagents. DMEM/F12, HBSS, sodium pyruvate and radio-
immune precipitation assay buffer, NE-PER nuclear and cytoplasmic

extraction reagents, and a human vascular endothelial growth factor

(VEGF)–a ELISA kit were obtained from Thermo Scientific. FBS was

purchased fromMediatech. The TriZol reagent and Fluo-4 NW calcium
assay kit were obtained from Invitrogen. LPS (from Escherichia coli 055:
B5), thapsigargin, ellagic acid (EA), kaempferol, myricetin, and quercetin

were purchased from Sigma-Aldrich. Human recombinant TNF-a
(210-TA-020) was purchased from R&D Systems.

Muscadine grape phytochemicals. Previously, we have described

the preparation of MGPs (the Nobel muscadine grapes were purchased
from a local vineyard) (7). The composition ofMGPs is also found in Table 2

in Gourineni et al. (7). MGP was further fractionated into an anthocyanin

(Acy) fraction and a non-anthocyanin (NAcy) fraction using a published

method (29). The Acy fraction contained anthocyanin 3,5-diflucosides.
The NAcy fraction contained EA, kaempferol, myricetin, and quercetin.

Cell culture and MGP treatment. ARPE-19 (American Type Culture
Collection CRL-2302) cells were cultured in DMEM/F12 containing

10% FBS in 5% CO2 at 37�C. The stock solutions of MGP and

individual phytochemicals were prepared in DMSO, kept at220�C, and
freshly diluted right before treatment.

Endotoxin-induced ocular inflammation. C57BL/6 male mice (8 wk

old) were purchased from the Jackson Laboratory and housed at the

University of Florida Animal Care Services facilities with a 12-h light/
12-h dark cycle. Mice were fed a standard rodent diet (7012 Teklad

LM-485; 19.1% protein, 5.8% fat, 75.1% nitrogen-free extract; Harlan)

without restriction to water. All protocols and procedures were approved

by the University of Florida Institutional Animal Care andUse Committee.

Mice were randomly assigned into 4 groups based on MGP supplemen-

tation and LPS treatment: 1) vehicle control (5% DMSO) with ocular

saline injection (n = 3); 2) vehicle control with ocular LPS injection
(n = 5); 3) 100-mg/kg body weight MGP supplementation with LPS

injection (n = 6); and 4) 200-mg/kg body weight MGP supplementation

with LPS injection (n = 6). The mice were gavaged with either vehicle or

MGPs for 7 d. Both eyes were injected with either saline or 25-ng LPS/eye,
based on treatment group. The mice were killed by intraperitoneal

injection of ketamine (75 mg/kg) and xylazine (5 mg/kg) followed by

cervical dislocation 24 h after LPS (or saline) injection, and both eyes

were enucleated immediately. For each mouse, one eye was processed for
qPCR analysis and the other eye was processed for histologic examination.

Histology and analysis of infiltrated leukocytes into eyes. The

enucleated eyes were fixed in 4% paraformaldehyde overnight at 4�C.
After cutting 500 mm off each eye, 8 serial sections (5-mm each) were
prepared using 80-mm intervals, and then stained with hematoxylin and

eosin (H&E). Using light microscopy (Zeiss Axiovert 200 equipped with

AxioCam MRC5), infiltrated leukocytes were counted based on their

distinguished appearance in H&E-stained slides.

Real-time qPCR. Total RNAwas isolated from the cell cultures or eyes
using TriZol reagent. Reverse transcription was performed using 2-mg

mRNA per sample, per the manufacturer�s protocol (iScript cDNA

synthesis kit; Bio-Rad). Each 20-mL PCR reaction contained cDNA

template, SYBR green PCR master mix (Bio-Rad), and 1-mmol/L gene-
specific primer. Gene expression was determined by real-time qPCR

(CFX96; Bio-Rad), and relative gene expression was normalized by

36B4. See primer sequences in Supplemental Table 1.

Western blot analysis. Total protein lysates from ARPE-19 cells were

obtained using ice-cold radioimmune precipitation assay buffer with

protease inhibitors and phosphatase inhibitors (2-mmol/L Na3VO4,
20-mmol/L b-glycerophosphate, and 10-mmol/L NaF). To determine NF-kB

activation, nuclear and cytosolic cellular fractions were prepared using a

commercial kit. The proteins were separated using 12% or 15% SDS-PAGE,

transferred to polyvinylidene difluoride membranes using a semi-dry
transfer unit (Hoefer), and incubated with relevant primary antibodies.

Using Western Lightning Plus ECL (Perkin Elmer), chemilumines-

cence was detected from solution via a FluorChem E (Cell Biosciences)

imaging system. Polyclonal antibodies targeted to phosphorylated c-Jun
N-terminal kinase (p-JNK) (#2676), phosphorylated p38 MAPK (p-p38)

(#4511), phosphorylated-extracellular-signal-regulated kinases (#4370),

total extracellular-signal-regulated kinases (#4695), NF-kB subunit p65
(p65) (#8242), NF-kB inhibitor a (IkBa) (#4812), Lamin A/C (#4777),

phosphorylated-eukaryotic translation initiation factor 2a (p-eIF2a)

(#9721), activating transcription factor 4 (ATF4) (#11815), CCAAT/

enhancer-binding protein homologous protein (CHOP) (# 2895), and
binding of immunoglobulin protein (BiP) (#3183) were purchased from

Cell Signaling Technology. Mouse monoclonal antibodies targeted to

GAPDH (SC-137179) and b-Actin (A2228) were purchased from Santa

Cruz Biotechnology and Sigma-Aldrich, respectively.

Measurement of transepithelial electrical resistance. Approxi-
mately 0.6 3 105 cells/well of ARPE-19 cells were seeded in the apical

compartment of a 6-well transwell plate (pore size: 0.4 mm) and then

differentiated for 21 d to develop tight junctions. To induce inflamma-

tion, ARPE-19 cells were stimulated with either by TNF-a (0.5 mg/L)
alone or TNF-a plus MGPs. The transepithelial electrical resistance of

the cultures on the transwell plates was measured with a volt-ohm meter

(Millicell ERS-2; EMDMillipore). Final resistance-area products (Ucm2)
were obtained by multiplying the resistance with the surface area of the

apical membrane insert.

VEGFa secretion. For VEGFa protein determination, VEGFa secretion

into culture medium was quantified using a commercial ELISA kit fol-
lowing the manufacturer�s instructions.

Intracellular calcium release. Intracellular calcium ([Ca2+]i) was mea-
sured using a Fluo-4 NW calcium assay kit (F36206) according to the
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manufacturer�s protocol. Briefly, cultures of ARPE-19 cells in 96-well

plates were treated with either vehicle (DMSO) or MGPs (100 mg/mL)

for 12 h. Then, cultures were preloaded with cell-permeable calcium
indicator (Flow-4 AM) for 30 min before injection of either 50 mL of

vehicle (HBSS) or thapsigargin (final concentration: 5 mmol/L). Fluores-

cence intensity (Ex = 485 nm, Em = 528 nm) was monitored over time

using Synergy H1 (BioTek). [Ca2+]i concentrations were monitored by a
preloaded Flow-4 NW calcium indicator using a fluorometer. The ratio

of calcium-specific fluorescence (F/F0) was plotted over time.

Flow cytometric analysis of apoptosis. Retinal apoptosiswas assessed

using an Annexin V-FITC apoptosis detection kit (Bender Med Systems)
following themanufacturer�s instructions andmeasured using the Accuri C6

flow cytometer (BD). ARPE-19 cells were pretreated with either vehicle

(DMSO) or thapsigargin alone, or thapsigargin plus 100 mg/mL of MGPs
before induction of apoptosis by adding 5 mmol/L of thapsigargin for 72 h.

Propidium iodide was used for detecting necrotic cells, and Annexin V was

used for detecting apoptotic cells.

Statistical analysis. Results are presented as means 6 SEMs. The data
were analyzed statistically using 1-factor ANOVA followed by Tukey�s
post hoc analysis. For the analysis of percentage of infiltrated cells (un-

equal sample sizes), a nonparametric 1-factor ANOVA with Kruskal-

Wallis test was conducted (do not assume a normal distribution of
residual, but assume an identically shaped and scaled distribution for

each group). For the measurement TEER value over time, a 1-factor

ANOVAwith repeated measures was conducted. For [Ca2+]i determination,
2-factor ANOVA with repeated measures was used. All statistical analyses

were performed with GraphPad Prism 5 (version 5.04).

Results

MGPs reduced NF-kB activation in ARPE-19 cells. We have
previously reported thatMGP supplementation reduces systemic
inflammation in vivo (7). However, it is unknown whether MGPs
exert an anti-inflammatory role in the eyes. To test the hypothesis
that MGPs will attenuate retinal inflammation, ARPE-19 cells
were stimulated with TNF-a (0.5mg/L) in the presence or absence
of MGPs. TNF-a treatment markedly increased the proinflam-
matory cytokine gene expressions of interleukin (IL)-1b, IL-6,

andmonocyte chemo-attractive protein 1 (MCP-1). As we expected,
pretreatment with MGPs (50–100 mg/mL) significantly reduced
proinflammatory gene expression (Fig. 1A–C).

NF-kB activation plays a pivotal role in retinal dysfunction
(30). Next, we examined whetherMGPs reduceMAPK activation,
the upstream targets of NF-kB activation. Upon TNF-a stimu-
lation, phosphorylation levels of the 3MAPKs (i.e., p-JNK, p-p38,
and phosphorylated-extracellular-signal-regulated kinase 1/2)
were significantly increased compared with the vehicle control,
which was significantly blocked by pretreatment with MGPs
(Fig. 1D). To determine the extent to whichMGPs reduce NF-kB
activation, ARPE-19 cells were pre-exposed to MGPs before
TNF-a stimulation, and then total cell lysates were separated
into nuclear and cytosolic fractions. In response to TNF-a
stimulation, inhibitory IkBa protein is rapidly degraded and NF-
kB p65 is translocated into the nucleus in ARPE-19 cells. In
contrast, the majority of IkBa and NF-kB p65 proteins remained
in the cytosol with the pretreatment of MGPs, which was
comparable with the vehicle control (Fig. 1E). These data
indicate that MGP treatment could effectively attenuate MAPK/
NF-kB axis activation resulting in a decreased expression of its
proinflammatory target genes in ARPE-19 cells.

MGPs attenuated acute ocular inflammation in vivo. Based
on its anti-inflammatory properties on ARPE-19 cells (Fig. 1),
we reasoned that MGP supplementation should be effective in
reducing ocular inflammation in vivo. Similarly, although acute
ocular inflammation was induced in mice by intravitreal injec-
tion of LPS, proinflammatory target genes of Il-1b, Il-6, and
Mcp-1 were remarkably reduced in the eyes of MGP-fed mice
compared with control mice (Fig. 2A). The recruitment of im-
mune cells into inflamed regions is a hallmark of ocular in-
flammation (31,32). The number of infiltrated leukocytes into
eyes was quantified from the H&E-stained serial sections. LPS
injection caused a massive immune cell infiltration, both in the
anterior chamber and posterior chamber compared with vehicle
control (Fig. 2B). In accordance with the reduced chemokine

FIGURE 1 TNF-a–induced proinflamma-

tory gene expression, MAPK, and NF-kB

activation in MGP-treated ARPE-19 cells. The

panels show proinflammatory gene expres-

sion of IL-1b (A), IL-6 (B), and MCP-1(C).

Panel (D) shows phosphorylation of MAPK

JNK, p38, and ERK. Panel (E) shows nuclear

translocation of NF-kB p65 and cytosolic

degradation of IkBa. Values are means 6
SEMs, n = 9 (A–C). Means without a com-

mon letter differ, P , 0.05. In panel (D),

t-ERK and b-actin were used as references.

In panel (E), GAPDH and Lamin A/C were

used to validate cytosolic (C) and nuclear (N)

fractionation. + and 2 indicate the presence or

absence of TNF-a and/or MGP treatment.

ARPE-19, human retinal pigmented epithe-

lium; ERK, extracellular-signal-regulated kinase;

IkBa, nuclear factor k-B inhibitor a; IL-1b,

interleukin-1b; IL-6, interleukin-6; JNK, Jun

N-terminal kinase; MCP-1, monocyte chemo-

tactic protein-1; MGP, muscadine grape poly-

phenol; NF-kB p65, NF-kB p65 subunit; p-ERK,

phosphorylated-extracellular-signal-regulated

kinase; p-JNK, c-Jun N-terminal kinase; p-p38

MAPK, phosphorylated-p38 MAPK; t-ERK, total

extracellular-signal-regulated kinase; Veh, vehicle-

injected eyes without supplementation.
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Mcp-1 expression (Fig. 2A), leukocyte infiltration was signifi-
cantly decreased with MGP supplementation in both the anterior
and posterior chamber (Fig. 2B, C). Notably, there were no ad-
ditional advantages in supplementation of 200-mg/kg versus
100-mg/kg body weight of MGPs in terms of reducing inflam-
mation or immune cell recruitment.

MGPs protected inflammation-induced retinal permeability.
Retinal inflammation and its accompanied loss of tight junc-
tions are key culprits for retinal dysfunction (33–36). To determine
whether MGPs play a protective role in retinal integrity, we
examined the effects of MGPs on tight-junction expression. The
LPS treatment reduced ;50% mRNA expression of occludin
(Ocln), a tight-junction protein, in mice. In contrast, MGP sup-
plementation prior to LPS treatment prevented the loss of Ocln
mRNA (Fig. 3A). To evaluate the protective role ofMGPs on retinal
permeability, we mimicked an epithelium monolayer in ARPE-
19 cells by employing a transwell system. Consistent with the in
vivo experiment, TNF-a treatment decreased ;40% of OCLN
gene expression in ARPE-19 monolayers. However, MGP pretreat-
ment completely blocked the TNF-a–mediated loss ofOCLN gene
expression (Fig. 3B). In addition, the transepithelial electrical
resistance value was significantly higher in MGP-pretreated cells
than cells with TNF-a simulation alone (Fig. 3C). Taken together,
these data suggest that MGP treatment would be effective in
maintaining the integrity of the retinal monolayer by attenu-
ating the inflammation-mediated loss of tight junctions.

MGPs decreased ER stress in ARPE-19 cells. A growing
body of evidence from animal and clinical investigations sug-
gests that ER stress in eyes is involved in various pathologic
conditions such as retinopathy (14–16), AMD (17), and abnor-
mal angiogenesis (37,38). Given the potent anti-inflammatory
properties of MGPs (Figs. 1–3), we raised the question whether
MGPs would be effective in attenuating ER stress and VEGFa

secretion. To address this question, ER stress was induced in
ARPE-19 cells by stimulating with thapsigargin (5 mmol/L) in
the presence or absence of MGPs. Although there was approx-
imately a 5-fold increase of VEGFa gene expression in response
to thapsigargin stimulation, it was significantly reduced in the
presence of 25 to 100 mg/mL of MGP treatment (Fig. 4A). In an
attempt to identify whether any single compound in MGPs was
responsible for antagonizing VEGFa expression, ARPE-19 cells
were treated with either NAcy constituents (i.e., EA, kaempferol,
myricetin, and quercetin) or total Acy fraction. Intriguingly, 10
mmol/L of EA and 3 other flavonols of kaempferol, myricetin,
and quercetin were similarly effective in reducing VEGFa
expression (Fig. 4B). Additionally surprising, 25 mg/mL of the
Acy fraction was effective in reducing VEGFa gene expression
(Fig. 4C). Consistent with VEGFa gene expression, MGPs,
NAcy constituents (i.e., EA, kaempferol, myricetin, and quer-
cetin), and Acy fraction effectively blocked thapsigargin-
inducible VEGFa secretion into the medium (Fig. 4D–F).

It is well understood that thapsigargin causes ER stress by
depleting calcium from ER reservoirs (39). Based on the fact that
MGPs decreased thapsigargin-mediated VEGFa secretion, we
questioned whether MGPs would lower [Ca2+]i concentrations.
Thapsigargin treatment remarkably increased [Ca2+]i in ARPE-19
cells (Fig. 5A). In contrast, MGP treatment attenuated ;50% of
[Ca2+]i release from ARPE-19 cells compared with thapsigargin
stimulation alone (Fig. 5B). Next, we examined the impact of
MGP treatment on ER stress signaling pathways. Thapsigargin
treatment significantly increased p-JNK/p-p38 and p-eIF2a/ATF4
axis activation as well as CHOP and ER chaperone BiP expression.
Intriguingly, MGP treatment attenuated p-JNK/p-p38, p-eIF2a/
ATF4, and BiP/CHOP activation (Fig. 5C).

To determine whether reduction of ER stress byMGPs would
decrease ER stress–mediated retinal apoptosis (40), an early apo-
ptosis marker was assessed in the presence and absence of MGPs
by flow cytometry. After 72 h of thapsigargin treatment, ;64% of

FIGURE 2 Ocular inflammation and

leukocyte infiltration in control and MGP-

supplemented C57BL/6 mice. Panel (A)

shows proinflammatory gene expres-

sion of Il-1b, Il-6, and Mcp-1 from enu-

cleated eyeballs. Leukocyte infiltration

was visualized by hematoxylin and eosin

staining (B). Representative images of

the entire eyeball section (top), anterior

chamber (middle), and posterior cham-

ber (bottom) are shown. Panel (C)

shows the relative leukocyte recruitment

(%) into the inflamed eyeball. Values are

means 6 SEMs (A, C). Values without

a common letter differ, P , 0.05; n = 4

for panel (A), and the number of eyes

for panel (C) is denoted under the figure.

+ and 2 indicate the presence or

absence of LPS and/or MGP treatment.

IL-1b, interleukin-1b; IL-10, interleukin-

10; LPS, LPS-injected eyes without

supplementation; LPS+100MGP, LPS-

injected eyes after 100-mg/kg body

weight muscadine grape polyphenol

supplementation; LPS+200MGP, LPS-

injected eyes after 200-mg/kg body

weight muscadine grape polyphenol

supplementation;Mcp-1,monocyte che-

motactic protein-1; MGP, muscadine

grape polyphenol; Veh, vehicle-injected

eyes without supplementation.
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ARPE-19 cells underwent early apoptosis (analyzed by annexin V
positive live cells). As we expected, 100 mg/mL of MGPs signifi-
cantly reduced apoptotic cell populations to ;35% (Table 1).
Collectively, our data show that MGP supplementation attenuates
ER stress–inducible apoptotic cell death in ARPE-19 cells.

Discussion

Responsible for vision, the eyes are delicate and highly nutrition-
sensitive organs. Chronic stresses in retinal epithelium can cause
irreversible damage mediating aberrant angiogenesis, cell death,
and eventually loss of eyesight (17). The goal of this study was
to investigate the protective effects of MGPs against vision-
threatening risk factors, especially inflammation and ER stress.
In this work, we demonstrated thatMGPs were effective in reducing
inflammation-mediated cytokine expression, leukocyte infiltration,
and retinal vascular leakage, likely because of an attenuation of
NF-kB activation. In addition,MGPs reduced ER stress–mediated
VEGFa secretion, ER stress, and early apoptosis by decreasing
[Ca2+]i and subsequent signal transduction downstream. Based
on these results, we proposed that MGPs might attenuate ocular

inflammation and ER stress by interrupting upstream signaling
pathways (summarized in Fig. 6).

Inflammation is the critical etiology this causally associated
with vision-threatening retinal diseases such as DR (34,41,42),
AMD (43), and uveitis (44). There is evidence that inflammatory
cytokines are elevated in the vitreous humor in proliferative DR
(45), AMD (46), and uveitis (47). Additionally, aberrant expres-
sion of proinflammatory cytokines within the neural retina and
up-regulation of adhesion molecules on the microvasculature
lead to leukostatic responses and vascular leakage; this will
eventually lead to acellular capillary formation and neurovas-
cular dysfunction (48). Key underlining mechanisms that trigger
damages to ocular tissues are likely to include cascades of in-
tracellular signaling for NF-kB activation (49,50). Inhibition of
NF-kB serves as a useful therapeutic target to treat inflammatory
retinal diseases. Indeed, blockage of NF-kB by corticosteroids
has been the most frequently prescribed medication for the treat-
ment of severe uveitis (51). However, considering the limitation
of pharmacologic strategies and the adverse effects of steroidal
anti-inflammatory drugs (52), nutritional intervention for the
treatment and/or prevention of ocular inflammation would be a
safe and effective approach. To investigate the anti-inflammatory
potential ofMGPs in retinal inflammation, we used well-accepted
experimental models: TNF-a–induced acute inflammation in
ARPE-19 cells and an endotoxin (LPS)-induced uveitis model
in mice. MGPs significantly reduced cytokine and chemokine
production in vivo and in vitro (Figs. 1, 2). In parallel, MGPs
were competent to inhibit MAPK and NF-kB activation as well
as endotoxin-mediated leukocyte infiltration (Fig. 2B, C). These
results clearly suggest the likelihood that supplementation with
MGPs could be effective in intervening against the prevalence of
inflammatory diseases in retinal epithelium. Retinal-pigmented
epithelium constitutes the outer blood-retinal barrier, which
plays pivotal roles in the transport of nutrients and water, light
absorption, phagocytosis, and immune responses, and thereby
serves as the gatekeeper for the maintenance of the retina
integrity (53). Escalated concentrations of cytokines are 1 of
the fundamental causes that weaken the retinal epithelium by
disrupting tight junctions (33,35). Shirasawa et al. (54) have
demonstrated that TNF-a treatment increases retinal permea-
bility by losing tight-junction proteins. MGP supplementation
could inhibit the inflammation mediated-mediated loss of tight-
junction expression and sustain epithelium integrity against
inflammation (Fig. 2). This implies thatMGP supplementationmay
be a beneficial and economical source for intervention in the
progression of retinopathy by assisting current pharmaceutical
approaches.

It is important to identify the individual component(s) re-
sponsible for the anti-inflammatory effects of MGPs. The most
well-studied polyphenol in retinal disease is resveratrol (3,5,4-
trihydroxystilbene). Resveratrol is apparently efficacious in sup-
pressing retinal inflammation by reducing leukocyte adhesion to
retinal vessels and retinal neovascularization (22–24). Despite
the proposed potency of resveratrol, we excluded the possibility
that resveratrol is 1 of the active components of MGPs. The
contents of resveratrol were under the lower limit of quantifi-
cation. Primarily, MGPs are composed of Acy and NAcy (7). The
Acy fraction did not exhibit any substantial anti-inflammatory
properties. Among the major NAcy components tested in ARPE-
19 cells, quercetin was most potent (quercetin>>EA>myricetin�KM)
in reducing TNF-a–induced proinflammatory gene expression. More
notably, treatment with individual polyphenols was not as effective as
using combinations ofMGPs. For example, 100 mg/mL ofMGPs,
containing 0.2 mmol/L of quercetin and 6 mmol/L of EA, was

FIGURE 3 Ocular tight junction expression and retinal permeability

in MGP-supplemented C57BL/6 mice and ARPE-19 cells. Panel (A)

shows relative Ocln expression in LPS-injected C57BL/6 mice. Panel

(B) shows relative OCLN expression and panel (C) shows changes in

TEER value analyzed from the ARPE-19 cells grown in transwell. + and2
indicate the presence or absence of prior treatment, either TNF-a or

LPS, in conjunction with given MGP concentration (100- or 200-mg/kg

body weight) (A) or 100-mg/kg body weight MGP (B, C). Values are

means 6 SEMs; n = 6 eyes from different mice (A), and n = 3 (B, C).

Means without a common letter differ, P , 0.05. ARPE-19, human

retinal pigmented epithelium; MGP, muscadine grape polyphenol;

OCLN, occludin; TEER, transepithelial electrical resistance; Veh,

vehicle-injected eyes without supplementation.
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more potent than a single treatment of 10 mmol/L of quercetin or
EA in decreasing proinflammatory cytokine expression. Acy may
provide synergistic roles by facilitating the NAcy uptake,
protecting polyphenols from catabolic degradation, or boosting
cellular defensive enzyme systems. Another important factor in
the cause of retinal diseases, other than inflammation, seems to be
ER stress. Unlike the inflammatory inhibition pattern, total MGP
(>25 mg/mL), the 4 major individual flavonols, and Acy (25 mg/mL)
were similarly effective in decreasing VEGF expression and
secretion (Fig. 4). It is noteworthy that the Acy fraction ofMGPs
contributed to the alleviation of ER stress, although it was not
potent in decreasing inflammation per se. Although mechanistic
uncertainties exist, our data suggest that combinatory polyphe-
nols of MGPs were more effective than individual polyphenolic
compounds in attenuating multiple risk factors in ARPE-19
cells, and probably in vivo as well.

The decrease of VEGFa secretion by MGPs appears to be the
consequence of reduced unfolded protein responses (UPRs)
corresponding to the reduced calcium release from ER (Fig. 5B).

There are at least 3 major UPR pathways (17). In our work, MGP
treatment evidently decreased ER stress–mediated activation
and downstream signaling targets. The MGP supplementation
seems to be effective in attenuating at least 2 other UPR signaling
pathways (i.e., protein kinase R–like ER-localized eIF2a kinase
and inositol-requiring enzyme-1a) that are linked to CHOP
activation (Fig. 5C). In agreement with decreased [Ca2+]i, ER
stress marker proteins, and CHOP activation, MGP treatment
significantly attenuated early apoptosis (Table 1). Based on data,
these results showed that MGPs sufficiently diminish ER stress
signal transduction, UPRs, and apoptosis in human ARPE-19 cells,
and inflammation.

Although our data are promising in that an MGP-containing
diet may prevent or delay retinal vascular leakage and accom-
panying pathologic processes of vision loss, there are some
limitations in our study design for immediate clinical applica-
tion. We used 100 to 200 mg/kg body weight of MGPs, which is
difficult to be achieved by regular dietary interventions. It needs
to be determined whether supplementation with a physiologi-

FIGURE 4 ER stress-induced VEGFa gene

expression and protein secretion in MGP-

treated ARPE-19 cells. The relative gene

expression of VEGFa by qPCR (A-C) and VEGFa

protein secretion into medium by ELISA (D-F)

are shown. ARPE-19 cells were pretreated

with 10 to 100 mg/mL of total MGP (A, D),

10 mg/mL of NAcy components of MGP (B, E),

or 25 mg/mL Acy fraction of MGP (C, F) with (+)

or without (2) the addition of ER stressor Tg.

Values are means 6 SEMs, n = 9. Means

without a common letter differ, P , 0.05. Acy,

anthocyanin; ARPE-19, human retinal pigmented

epithelium; EA, ellagic acid; ER, endoplasmic

reticulum; KF, kaempferol; MGP, muscadine

grape polyphenol; MR, myricetin; NAcy, non-

anthcyanin; QR, quercetin; Tg, thapsigargin;

VEGF, vascular endothelial growth factor;

VEGFa, vascular endothelial growth factor a.

FIGURE 5 Tg-induced [Ca2+]i and

ER stress markers expression in

MGP-treated ARPE-19 cells. Changes

are shown in [Ca2+]i-sensitive flores-

cence concentrations over time in

response to vehicle or Tg alone (A)

and Tg with MGP treatment (B) in

ARPE-19 cells. ER stress-related

protein expression of p-eIF2a,

ATF4, p-JNK, p-p38 MAPK, BiP, and

CHOP by western blot analysis is

shown in panel (C). In panels (A) and

(B), values are means 6 SEMs; n =

5, ****time effect, P , 0.0001;

treatment effect, P , 0.0001. In

panel (C), b-actin was used as a

loading control. + and 2 indicate the

presence or absence of prior treat-

ment of Tg or MGP (100 mg/mL).

ARPE-19, human retinal pigmented

epithelium; ATF4, activating tran-

scription factor 4; BiP, binding of

immunoglobulin protein; CHOP,

CCAAT/enhancer-binding protein ho-

mologous protein; ER, endoplasmic reticulum; F/F0, ratio of calcium-specific fluorescence; MGP, muscadine grape polyphenol; p-eIF2a,

phosphorylated-eukaryotic translation initiation factor 2a; p-JNK, phosphorylated c-Jun N-terminal kinase; p-p38 MAPK, phosphorylated-p38

MAPK; Tg, thapsigargin; Veh, vehicle-injected eyes without supplementation; [Ca2+]i, intracellular calcium.
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cally attainable MGP concentration (probably within the range
of 10–50 mg/kg body weight) would produce the same effect. In
a different approach, a direct delivery system (e.g., eye drops)
could be considered to increase MGP concentration within the
retinal microenvironment. Our current study also lacks infor-
mation regardingMGPmetabolism in vivo. We are now analyzing
the physiologically active forms of MGPs and their metabolites

in plasma. Likewise, additional efforts will be made to define the
compositional variations of polyphenols among different batches
of grapes and cultivars, which will establish the nutritional sig-
nificance of MGPs in ocular health and facilitate the develop-
ment of new intervention strategies using MGPs.

Here we demonstrated that MGPs effectively attenuated at
least 2 important variables related to the development of vision-
threatening retinal diseases: inflammation and ER stress. MGPs
attenuated NF-kB activation, which resulted in reduced proin-
flammatory cytokine expression, leukocyte recruitment, and retinal
leakage.MGPs also effectively reduced ER stress signal transduction
and apoptotic cell death. Additional studies are required to
determine signaling crosstalk among ER stress, inflammation,
and other oxidative insults and to establish optimal concentra-
tion ranges for the translation into humans. In conclusion, this
study provides new insight that supplementation with MGPs
may be beneficial to eye health by protecting retinal epithelium
from inflammation and ER stress.
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