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ABSTRACT: This study explored whether chlorogenic acid (CGA) and coffee have protective effects against retinal
degeneration. Under hypoxic conditions, the viability of transformed retinal ganglion (RGC-S) cells was significantly reduced by
treatment with the nitric oxide (NO) donor S-nitroso-N-acetylpenicillamine (SNAP). However, pretreatment with CGA
attenuated cell death in a concentration-dependent manner. In addition, CGA prevented the up-regulation of apoptotic proteins
such as Bad and cleaved caspase-3. Similar beneficial effects of both CGA and coffee extracts were observed in mice that had
undergone an optic nerve crush (ONC) procedure. CGA and coffee extract reduced cell death by preventing the down-
regulation of Thy-1. Our in vitro and in vivo studies demonstrated that coffee and its major component, CGA, significantly reduce
apoptosis of retinal cells induced by hypoxia and NO, and that coffee consumption may help in preventing retinal degeneration.
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B INTRODUCTION

The retina, a thin layer of tissue on the inside back wall of the
eye, contains millions of light-sensitive cells and other nerve
cells that receive and organize visual information. Collectively,
these cells send visual information to the brain through the
optic nerve. The retina is one of the most metabolically active
tissues in the body, consuming oxygen more rapidly than any
other tissues, including the brain. Therefore, it is susceptible to
a variety of diseases caused by oxidative stress, including age-
related macular degeneration, diabetic retinopathy, and
glaucoma—all of which can lead to partial or complete
blindness."

One mechanism of retinal degeneration is hypoxia, a
reduction in retinal oxygen supply caused by pathologies such
as central retinal artery occlusion, ischemic central retinal vein
thrombosis, complications of diabetic eye disease, and some
types of glaucoma that cause vascular eye diseases.”> Retinal
hypoxia can negatively impact both tissue function and cell
viability, and is a potential risk factor for sight-threatening
disorders.*

Unsurprisingly, there has been great interest in identifying
neuroprotective compounds that inhibit hypoxia. Particularly
promising in this capacity are natural products and
phytochemicals that act as antioxidants and can be taken
regularly without causing significant side effects.>~”

One important group of neuroprotectants comprises
derivatives of chlorogenic acid (CGA). Collectively, these
phenolic phytochemicals are known to have hepatoprotective,
antibacterial, anti-inflammatory, DNA protective, and anti-
cancer activities, among others.®**® Several studies have also
suggested that the antioxidant properties of CGA make it a
powerful neuroprotectant.l“_16
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CGA derivatives are found in a variety of edible plants,
including tea, fruits, and vegetables. However, the major source
of CGA intake in humans is coffee.'” CGA is 4—12% of raw
coffee, while a 200 mL cup of prepared coffee contains 200 mg
of total CGA.'®" It has also been reported that part of CGA
from foods enters into the blood circulation with relatively high
absorption rate (33%) in the small intestine of humans.”® There
are also many reports for the bioavailability and pharmacoki-
netic profile of CGA after coffee consumption.”' > Previous
studies by Farah et al. showed that major CGA compounds
from green coffee are highly absorbed and metabolized in
humans by a different manner throughout the whole gastro-
intestinal tract.””

Coffee consumption appears to decrease the risk of
developing chronic diseases such as Parkinson’s, prostate
cancer, and diabetes.* ™" It also reduces the extent of cognitive
declines associated with aging”*™>° The latter pattern, in
particular, supports the idea that the neuroprotective effects of
CGA derivatives stem from their antioxidant activities.

Despite these generally positive results, the effects of coffee
consumption on ocular health are not yet clear. In particular,
clinical studies on the relationship between coffee consumption
and risk of glaucoma have yielded conflicting results.*"** Thus,
we designed the current study to investigate whether coffee
and, in particular, its main polyphenol, CGA has protective
effects against the degeneration of retinal ganglion cells (RGC-
5), both in vitro and in vivo.
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B MATERIALS AND METHODS

Chemicals. Hoechst 33342 and propidium iodide (PI) were
purchased from Molecular Probes (Eugene, OR, USA). Fluorogold
was purchased from Invitrogen (Carlsbad, CA, USA). Anticleaved
caspase-3, anti-Bad, and anti-Thy-1 were purchased from Cell
Signaling Technology (Danvers, MA, USA). Anti-f-actin and
secondary antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

The VECTASHIELD Mounting Medium was purchased from
Vector Laboratories (Burlingame, CA, USA). Zoletil and Rumpun
were used as anesthesia and purchased from Virbac Laboratories (Fort
Worth, TX, USA) and Bayer (Newbury, UK), respectively.

Chlorogenic acid (C3878) and all other chemicals and reagents
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Animals. All animal studies were carried out in a pathogen-free
barrier zone at the KIST Gangneung Institute and were done in
accordance with the procedure outlined in the Association for
Research in Vision and Ophthalmology (ARVO) Statement for the
Use of Animals in Ophthalmic and Vision Research. Procedures used
in this study were approved by the Animal Care and Use Committee
of KIST.

Male ICR mice weighing between 30 and 35 g (S weeks of age)
were used in the present study and were acclimated for at least one
week, were caged in groups of five or less, and were fed with a diet of
animal chow and water ad lib. They were housed at 23 + 0.5 °C and
10% humidity with a 12 h light-dark cycle.

Preparation of the Crude Extract from Coffee Powder. The
coffee sample was obtained from a local supermarket (Colombian
roast and ground coffee, Tesco, U.K.). Ground coffee (30.0 g) was
refluxed with 70% EtOH (600 mL) three times each for 3 h, and the
combined solution was filtered and evaporated under vacuum to give a
70% EtOH extract (9.76 g).

HPLC Analysis. Coffee extract (CE) was analyzed by HPLC to
quantify CGA using an Agilent 1200 series system, equipped with a
G1379B vacuum degasser, a G1312A binary pump, a G1329A
autosampler, a G1316A column oven, and a G1315B DAD detector
(Agilent, Palo Alto, CA, USA). The separation was carried out on a
Shiseido MGII C-18 column (250 mm X 4.6 mm id., S yum particle
size). The mobile phase consisted of 0.1% TFA in water and
acetonitrile (93:7) with a flow rate of 1.0 mL/min during 45 min. The
UV detector was set at 330 nm with full spectral scanning from 200 to
400 nm, and the sample injection volume was 10 uL.

A standard solution of CGA (31.25—1000 pg/mL) was prepared in
methanol, and 10 uL of each was injected into the HPLC column via
the autoinjector. The linearity was evaluated by linear regression
analysis, which was calculated by the least-squares regression method.
The limit of detection (LOD) and the lower limit of quantification
(LOQ) were defined as the minimum concentration at the signal-to-
noise ratio (S/N), equal to 3.3 and 10, respectively. The precision,
accuracy, and recovery were evaluated by analyzing three different
concentrations on the same day and on three different days. All the
experiments were carried out in triplicate.

Culture of RGC-5 Cells. RGC-5 cells that are proven to be of mice
origin are highly relevant to the study of glaucomatous neuro-
degeneration and have been previously shown to express ganglion cell
markers and ganglion cell-like behavior in culture.****

To mimic physiological hypoxic stress, RGC-5 cultures were
transferred into a closed hypoxic chamber (Billups-Rothenberg Inc.,
Del Mar, CA, USA) in which the gas levels (1% O,, 5.13% CO,, and
93.87% N,) and temperature (37 °C) were automatically controlled,
and they were incubated for 24 h. Under hypoxic conditions, cells were
cotreated with S-nitroso-N-acetylpenicillamine (SNAP), a nitric oxide
(NO) donor, with low glucose (5.5 mM) Dulbecco’s modified Eagles’s
medium (DMEM; Gibco, Carlsbad, CA), which mimics physiological
normal blood sugar levels in vivo. Culture of RGC-5 cells in 96-well
plates was analyzed 24 h later for cell viability, and the cells in a 60
mm? dish were analyzed 24 h later for Western blot analysis.
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Cell Viability. To measure the relative number of living cells, an EZ
cytox cell viability assay kit (Daeil Labservice, Seoul, Korea) for a
WST-1 assay was used.

The number of living cells in each well was determined by
measuring the optical density (OD) at 460 nm with a microplate
reader (BioTek Instruments, Winooski, VT, USA). This quantity was
expressed relative to the control value.

Microscopic Analysis of Cell Viability by Hoechst 33342 and
Pl Double Staining. The Hoechst 33342 and PI double staining
method was used to determine whether cell death occurred as a result
of apoptosis or necrosis.>® The cells were stained with 8 uM Hoechst
33342 and 1.5 M PI for 30 min at 37 °C. After being washed twice
with serum free media, the cells were imaged using a fluorescence
microscope (Olympus, Tokyo, Japan).

Protein Extraction and Western Blot Analysis. The cells were
scraped using a cell scraper and centrifuged at 14,000g for 10 min. The
cell pellets were resuspended in cell lysis buffer [1 M Tris pH 7.4, 2 M
NaCl, 1 M EDTA, 10% NP40, 1 X protease inhibitors, I mM PMSF]
and then incubated on ice for 10 min. The extracted cells were
centrifuged at 14,000g for 30 min at 4 °C. The supernatant was
sonicated, and the total protein concentration was determined using a
Bio-Rad Protein Assay kit (Bio-Rad Laboratories, Hercules, CA, USA).

Western blot analysis was performed with the primary antibodies,
including anticleaved caspase-3, anti-Bad, anti-Thy-1 (1:1000, Cell
Signaling Technology, Beverly, MA, USA), and f-actin (1:3000, Santa
Cruz Biotechnology, CA, USA). Secondary antibodies were purchased
from Santa Cruz Biotechnology Co. Ltd. (1:3000, Santa Cruz
Biotechnology, CA, USA). Immunoreactive bands were detected
using enhanced chemiluminescence reagents (Amsersham Bioscience,
GE Healthcare, UK.) and were measured via densitometry using a
LAS-4000 image reader and Multi Gauge 3.1 software (Fuji Photo
Film, Japan).

Histological Analysis. For Hematoxilin and Eosin staining, the
enucleated eyes were fixed in 10% formalin for 24 h, embedded in
paraffin, and sectioned through an equatorial plane at 4 ym thickness
using a HM340E microtome (Walldof, Germany). Four sections (n =
4) were used for analysis.

Hematoxylin solution was added to the retina section (0.1%
hematoxylin, 10% ammonium) for 8 min. The sections were then
washed three times with distilled water. Bluing reagent (0.2% lithium
carbonate solution) was added to the section for 1 min. The sections
were quickly rinsed in 95% alcohol, and 1% Eosin Y solution was
added to the sections for 1 min. Eosin Y was washed off with 95%
alcohol three times, and the sections were cover-slipped with a
mounting medium and observed under a light microscope (Olympus,
Tokyo, Japan).*®

For TUNEL staining, the sections were submitted to enzymatic
digested with 20 pg/mL of proteinase K for 15 min and then washed
with PBS and incubated with 3% hydrogen peroxide in PBS for S min
at room temperature and twice rinsed in PBS. They were then
immersed, incubated with a stock solution of terminal deoxynucleo-
tidyl transferase (TdT) reaction enzyme in a humidified chamber at 37
°C for 1 h, and then washed three times in PBS for 1 min. The
sections were subsequently incubated with antidigoxygenin peroxidase
conjugate and peroxidase substrate. Histological analysis was
performed with a light microscope (Olympus, Tokyo, Japan), allowing
us to look for signs of apoptosis (brown staining).

Optic Nerve Crush. Five-week-old ICR mice with a body weight
of 30—35 g were used in the study.

Animals were anaesthetized by intraperitoneal injection with a
mixture of Zoletil (1.6 ug/g, Verbac Laboratories 06515, France) and
Rompun (0.05 uL/g, Bayer), and retinal damage was induced using
optic nerve crush (ONC).>” The optic nerve of the left eye in all
treatment groups was exposed by opening the meninges of the optic
nerve with the sharp tips of a forceps, followed by blunt dissection.
Then the exposed optic nerve was partially crushed 2 mm behind the
globe for 10 s with a cross-action calibrated forceps. In each case, a
“sham” operation was performed in the same way on the partner eye,
but without closing the forceps, to check for any falsifying influence of
surgery on the treatment effects. In all cases the retinal blood supply
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remained grossly intact, as judged on the basis of a direct
ophthalmoscopic inspection. After ONC in mice, CGA or CE was
dissolved in PBS, and administered orally at a dose of 10 mg/kg and
30 mg/kg for 2 weeks once a day.

All eyeballs were enucleated immediately after mice were sacrificed,
and then fixed for retrograde labeling of retinal ganglion cells (RGCs).

RGC Labeling and Retinal Flat Mount Preparation. Mice were
anesthetized by intraperitoneal or intramuscular administration of a
mixture of Zoletil (1.6 pug/g, Verbac Laboratories 06515, France) and
Rompun (0.05 uL/g, Bayer) 9 days after CGA or CE treatment. The
skin over the cranium was incised, and the scalp was exposed. Holes
approximately 2 mm in diameter were drilled in the skull 4 mm
posterior to the bregma, 1 mm lateral to the midline, with a dentist’s
drill on both sides of the midline raphe. These positions correspond to
the superior colliculi as determined from a stereotactic mouse brain
atlas.

The superior colliculi were exposed by gentle aspiration of the
overlying occipital cortex. A piece of Gelfoam soaked in a 5% solution
of the neurotracer dye Fluorogold (Invitrogen, NY, USA) was directly
applied to each superior colliculus. Skull openings were then sealed
with a petrolatum-based antibiotic ointment. The overlying skin was
sutured and antibiotic ointment applied externally.

Five days after the application of Fluorogold (enough time to allow
retrograde uptake of the dye and labeling of the RGC somata), mice
were sacrificed by transcardial perfusion with 4% buffered
paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) while under
the same anesthesia as that used for RGC labeling. Eyes were
immediately enucleated, and the retinas were detached at the ora
serrata and cut with a trephine around the optic nerve head. Four
radial relaxing incisions were made and the retinas pregared as
flattened whole mounts on silane-coated microscope slides.’

Statistical Analysis. The data are expressed as a mean percentage
of the control value plus standard error of the mean (SEM). Statistical
comparisons were made using a one-way ANOVA followed by a
Dunnett’s test. Statistical analyses were conducted using GraphPad
Prism (version 4.0) (GraphPad, San Diego, CA, USA). Significance
was defined as p < 0.05.

B RESULTS AND DISCUSSION
Cell Viability Following Treatment with SNAP and/or

Hypoxia. Under normoxic conditions, we observed no changes
in cell viability when RGC-S cells were treated with SNAP
(data not shown). Likewise, the two lowest concentrations of
SNAP did not have any noticeable effects on the viability of
RGC-5 cells exposed to hypoxic conditions (Figure 1).
However, both the 50 and 100 M treatments resulted in
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Figure 1. Effects of S-nitroso-N-acetylpenicillamine (SNAP) on the
viability of retinal ganglion (RGC-S) cells cultured under hypoxic
conditions for 24 h. Values are presented as means (1 = 6 independent
experiments per treatment); error bars indicate SEM. Triple asterisks
(**#*) indicate p < 0.001.
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highly significant reductions in viability (p < 0.001). The 100
UM treatment had a particularly noticeable effect, causing a 41%
reduction of viability. Thus, this is the concentration that was
used in the in vitro experiments (Figure 1).

The negative effects of SNAP observed here are similar to
those previously reported by Sato et al. (2010).** They found
that treatment with SNAP under hypoxic conditions resulted
from activation of caspase and the formation of superoxide
anjons and peroxynitrite.39

Cell Viability Following Treatment with SNAP and
CGA. CGA significantly blunted the negative effect of SNAP on
RGC-S cells (Figure 2). This effect was dose-dependent, with
cell viability increased by 72.6%, 92.7%, and 101.6% in response
to 25, 50, and 100 #M CGA pretreatments, respectively (all p <
0.001 in comparison with the control; Figure 2A).

The antioxidant N-acetylcysteine (NAC) and the NO
scavenger 2,4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide (CPTIO) were used as positive controls. Both
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(B) Normoxia Hypoxia Hypoxia + 100uM SNAP
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2;

Figure 2. Effects of the chlorogenic acid (CGA) treatment on retinal
ganglion (RGC-S) cells exposed to S-nitroso-N-acetyl-penicillamine
(SNAP) under hypoxic conditions. (A) Results of the WST-1 assay.
Values are presented as means (n = 6 independent experiments per
treatment); error bars indicate SEM. Single asterisks (*) indicate p <
0.0S; triple asterisks (***) indicate p < 0.001. (B) Representative
fluorescence microscopy of PI (red) and Hoechst 33342 (blue)
staining. (a) Control RGC-S cells under normoxic conditions. (b)
RGC-$ cells under hypoxic conditions. (c) RGC-S cells treated with
100 uM SNAP under hypoxic conditions. (d—f) RGC-S cells
pretreated with CGA (2S5, 50, and 100 xM concentrations,
respectively) prior to being exposed to 100 uM SNAP under hypoxic
conditions. Scale bar =50 ym.

Hypoxia+ 100uM SNAP
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treatments also significantly reduced the negative impacts of
SNAP observed in the untreated controls (p < 0.05 for the 2
mM NAC treatment, and p < 0.001 for the 100 uM CPTIO
treatment; Figure 2A). Previous work has shown that the
benefits of CPTIO stem from its suppression of both caspase
activation and NO production.” CGA has been considered an
antioxidant agent; moreover, CGA is a potent inhibitor of NO
production by the inhibition of the expression of inflammatory
proteins such as COX-2 and iNOS, without cytotoxic
effects.**!

The similar viabilities observed in cells treated with CPTIO
and CGA treatments suggest that CGA may protect cells by
scavenging NO that might otherwise lead to neurodegeneration
of RGC-5 cells under hypoxic conditions.

Fluorescence microscopy of Hoechst 33342- and Pl-stained
cells revealed similar patterns to those produced by the WST-1
assay (Figure 2B). More apoptotic/necrotic cells were observed
in cultures treated with SNAP than in control cultures.
However, lower levels of cell death were observed in cultures
that had been pretreated with CGA; this was particularly
noticeable in response to the 100 yM CGA treatment.

Our Western blot analysis showed up-regulation of Bad and
cleaved caspase-3 in cells that had been exposed to SNAP
under hypoxic conditions, in relation to f-actin of the control
(Figure 3). However, this response was noticeably suppressed
in cells given a 100 uM CGA pretreatment. A similar pattern
was observed in cells treated with CPTIO as a positive control.

Hypoxia - + + + +
SNAP (100 pM) - - + + =+
Pretreatment (100 pM) - - - CGA CPTIO

Bad | R R 23 KDa
cleaved caspase-3 | W - . - }3 tl];:

p-actin

-- -.q 43kDa

Figure 3. Western blot of apoptotic proteins in RGC-5 cells subjected
to 100 uM SNAP for 24 h under hypoxic conditions. The nitric oxide
(NO) scavenger 2,4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide (CPTIO) was used as a positive control. Pretreatment
with CGA appeared to have antiapoptotic effects on hypoxia and NO-
induced down-regulation of both Bad and cleaved caspase-3.

Bad (BCL-2 antagonist of cell death), a pro-apoptotic
protein in the BH3 domain-only group,*” is the key regulator of
apoptosis and is, itself, regulated primarily by phosphoryla-
tion.*>** Bad can be cleaved into a shortened form by caspases,
which are cysteine proteases that play an important role in
apoptosis.”*~* When this cleavage occurs, Bad can be a more
potent inducer of apoptosis.***” Apoptosis is also facilitated by
the activity of caspase-3, which is known to promote neuronal
apOptOSiS.48’49

Effects of CGA on Optic Nerve Crush-Induced Retinal
Damage in Mouse. ONC is a well-known experimental
model for chronic glaucoma. During the procedure, the
surgically exposed optic nerve is clamped for several seconds,
resulting in both primary RGC death due to the optic nerve
injury and secondary death of surrounding, uninjured RGCs.>

Results from our histological hematoxylin and eosin staining
assay can be seen in Figure 4A. Relative to tissues that
underwent no ONC (Figure 44, a), those that were crushed
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but received no chemical treatment exhibited a clear thinning of
the inner plexiform layer (IPL) (Figure 44, b). However, this
thinning appears to have been inhibited in tissues treated with
CGA (Figure 4A, c and d).

In addition to investigating these morphological patterns, we
also used TUNEL staining to explore whether CGA could also
reduce ganglion cell apoptosis associated with ONC (Figure
4B). Control tissues (Figure 4B, a) had fewer TUNEL-positive
cells than those subjected to ONC (Figure 4B, b). As with the
hematoxylin and eosin assay, however, we found that the
negative effects of ONC were mitigated by treatment with
CGA; in this case, there were notably fewer TUNEL-positive
cells in the ganglion cell layer (GCL) of tissues treated with
CGA (Figure 4B, c and d).

RGC survival was much lower in tissues that had undergone
optic nerve crush (ONC) than in controls (Figure 4C, a—d). In
tissues that had been treated with CGA, however, RGC survival
was markedly higher (Figure 4C, e—h). This was particularly
true in tissues that had been dosed with 30 mg/kg of CGA
(Figure 4C, g and h). Further, both CGA treatments appeared
to prevent the dramatic decrease (52.7%) in Thy-1 protein that
occurred in tissues that had undergone ONC (Figure 4D).
Thy-1 is a surface glycoprotein expressed uniquely in RGCs; it
serves as an early marker of RGC loss in models of retinal
damage.”'

Indeed, 30 mg/kg CGA was similar or more effective for the
neuroprotective effects on retinal degeneration than the same
concentration of epigallocatechin gallate (EGCG) used as
positive control; thus, the patterns reported here strongly
suggest that CGA is a powerful neuroprotectant that can
prevent retinal cell death.

Previously reported mechanisms for the degeneration by
ONC include blockade of axonal transport resulting in
inadequate supply of neurotrophic factors, disturbances of
intracellular calcium homeostasis, activation of cell death genes,
and local excitotoxicity due to uncontrolled activation of
NMDA receptors.sz'53 ONC induces apoptotic cascades during
which cytochrome c is released and both caspases-9 and -3 are
subsequently activated.>***

Injury of the optic nerve also causes an inflammatory
response involving the release of <:6ytot0xic compounds such as
free radicals, NO, and glutamate.5

Administration of SNAP under hypoxic conditions has been
associated with NO release, causing RGC-5 cell death by
decreasing mitochondrial membrane potential, increasing the
formation of superoxides, and activating caspases.”® Thus, our
current data suggest that the beneficial effects of CGA on
retinal cells, both in vitro and in vivo, are partly due to its NO
scavenging activity.

HPLC Chromatograms of CE and Standardization of
CGA in CE. HPLC chromatograms of CE showed a CGA peak
retention time at 28.5 min (Figure S). We observed no
interference from other materials in the extract, indicating that
the specificity of the method was reliable. The limits of
detection (LOD) and limits of quantification (LOQ) for CGA
were 7.67 pg/mL and 23.26 pug/mL, respectively (Table 1).
Precision is the measure of how close the data values are to
each other for a number of measurements under the same
analytical conditions and expressed as the % relative standard
deviation (%RSD) of each analyte concentration. Our analyses
were associated with very low levels of relative standard
deviation (RSD: intraday, >2.57%; interday, >2.60%), indicat-
ing that our CGA measurements were highly precise (Table 2).
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Figure 4. continued
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Figure 4. Optic nerve crush (ONC) experiments on the impacts of a CGA treatment on retinal tissues of mice. (A) Representative
photomicrographs of tissues stained with hematoxylin and eosin. Tissues from (a) a control, (b) a mouse that underwent ONC only, (c) a mouse
that underwent ONC and was treated with 10 mg/kg of CGA, (d) a mouse that underwent ONC and was treated with 30 mg/kg, and (e) a mouse
that underwent ONC and was treated with 30 mg/kg of epigallocatechin gallate (EGCG). The thickness of IPL (f). Results are mean values, with
error bar indicating mean SEM. Triple asterisks (***) indicate p < 0.001. (B) Representative photomicrographs of TUNEL-stained cells. Arrows
indicate TUNEL-positive cells (brown stain). Scale bar = 50 ym. The quantification of TUNEL positive cells (f). Results are mean values with error
bar indicating mean SEM. Single asterisk (*) indicates p < 0.0S. (C) Representative micrographs showing Fluorogold-labeled retinal ganglion cells
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Figure 4. continued

(RGCs) harvested from mice 14 days after optic nerve crush (ONC). Retina from (a) an untreated control mouse, (c) a mouse that underwent
ONC only, (e) a mouse that underwent ONC and was treated with 10 mg/kg of CGA, (g) a mouse that underwent ONC and was treated with 30
mg/kg of CGA, and (i) a mouse that underwent ONC and was treated with 30 mg/kg EGCG. Images in the lower row are 100X magnifications of
the images above them; scale bars in the upper row represent 500 #m, while scale bars in the lower row represent 100 ym. (k) Quantitative analysis
of the survival (%) rate of RGCs 14 days after ONC. Experimental values are expressed as mean SEM. Single asterisks (*) indicate p < 0.05; double
asterisks (**) indicate p < 0.01; triple asterisks (***) indicate p < 0.001. (D) Results of Western blot analysis investigating Thy-1 expression in
RGCs 14 days after the ONC procedure. Densitometric analysis of Thy-1 levels; data are shown as mean SEM. Single asterisks (*) indicate p < 0.0S.
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Figure S. High-performance liquid chromatography analysis of coffee extract (prepared in 70% EtOH); ultraviolet detection was performed at 330

nm. The arrow indicates the peak corresponding to CGA.

Table 1. Calibration Curve, Correlation Coefficients, Limits of Detection (LOD), and Limits of Quantification (LOQ) of CGA

slope
24.226

range (ug/mL)
31.25—-1000

standard sample
CGA

“n = 3 replicates.

intercept

167.56

R?
1.0

LOD* (ug/mL)
7.67

LOQ" (ug/mL)
23.26

Table 2. Intra- and Interday Precision and Accuracy for the Determination of CGA

intraday (n = 3)

interday (n = 3)

found conc (ug/mL) + SD

stand sample conc (pug/mL)

recovery (%)

CGA 61.25 64.42 + 0.94 103.07
125 126.88 + 3.06 101.50
250 25345 + 6.51 101.38

“RSD refers to the relative standard deviation.

%RSD” found conc (ug/mL) + SD recovery (%) %RSD*
1.46 61.60 + 1.60 98.56 2.60
241 125.28 + 0.45 100.22 0.36
2.57 246.47 + 0.40 98.59 0.16

The accuracy by mean recovery (%) for CGA ranged from
98.56 to 103.07% (Table 2), thus it can be accurately
determined by this method from any small changes in the
standard sample concentration.”’”

Effects of CE on Optic Nerve Crush-Induced Retinal
Damage in Mouse. In addition to investigating the effects of
pure CGA on retinal degeneration, we also explored whether
CE, a major source of CGA, has similar benefits. As we
observed in the CGA activity, lower levels of RGC death were
found in control tissues (Figure 6A, a and b) than in those that
were crushed but not treated with exogenous compounds
(Figure 6A, c and d). In tissues treated with S0 mg/kg of CE,
however, cell death was markedly reduced (Figure 64, i and j).
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The protective effects of CE occur in a dose-dependent manner
(Figure 6A, e—j). Likewise, while the 50 mg/kg CE treatment
was associated with a preservation of Thy-1 expression, the 10-
and 30 mg/kg CE treatments were less effective than the group
of 50 mg/kg CE treatments (Figure 6B).

Based on the HPLC chromatogram of CE, we found 14.7
mg/g of CGA in CE. Although the amount of CGA in CE is
less than the reported amount, the group of CE treatment
shows similar protective effects with the CGA treatments
(Figures 4C and 6A)."

Since significant amounts of CGA are metabolized in the
human intestine and some phenolic metabolites of coffee are
known to possess high antioxidant activity,”® we expect that the
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Figure 6. Optic nerve crush (ONC) experiments on the impacts of CE treatment on retinal tissues of mice. (A) Representative micrographs of
Fluorogold-labeled tissues from (a) a control, (c) a mouse that underwent ONC, (e) a mouse that underwent ONC and was treated with 10 mg/kg
of CE, (g) a mouse that underwent ONC and was treated with 30 mg/kg of CE, (i) a mouse that underwent ONC and was treated with 50 mg/kg of
CE, and (k) a mouse that underwent ONC and was treated with 30 mg/kg EGCG. Images in the lower row are 100 X magnifications of the images
in the row above them; scale bars in the upper row represent 500 ym, while scale bars in the lower row represent 100 zm. (m) Quantitative analyses
of the survival (%) rate of RGCs 14 days after ONC. Experimental values are expressed as mean SEM. Single asterisks (*) indicate p < 0.05; double
asterisks (**) indicate p < 0.01. (B) Results of Western blot analysis investigating Thy-1 expression in RGCs 14 days after the ONC procedure.

Densitometric analysis of Thy-1 levels; data are shown as mean SEM. Single asterisks (*) indicate p < 0.05.
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additional bioactivities are originated from those metabolites.
Therefore, the research on the protective effects of CGA and
coffee metabolites on retina is being conducted.

In conclusion, this study shows that CGA and coffee extract
are responsible for reduction of the RGC apoptosis induced by
hypoxia and NO. Therefore, coffee consumption may provide
additional health benefits by preventing retinal degeneration.

B AUTHOR INFORMATION

Corresponding Authors

*E-mail: shjungS07@gmail.com. Phone: +82-33-650-3653. Fax:
+82-33-650-3679.

*E-mail: cyll@cornell.edu. Phone: +1-607-255-0114. Fax: +1-
607-254-4868.

Author Contributions
IS.HJ. and C.Y.L. equally contributed to this article.

Funding

This work was financially supported by an intramural grant
(2203943, 2703850) from the Korea Institute of Science and
Technology (KIST), Republic of Korea.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The RGC-5 cells were a generous gift from Alcon Research,
Ltd.

B ABBREVIATIONS

SNAP, S-nitroso-N-acethyl-pL-penicillamine; ONC, optic nerve
crush; CGA, chlorogenic acid; CE, coffee extract; LOD, limit of
detection; LOQ, limit of quantification; RGC, retinal ganglion
cell; IOP, intraocular pressure; DCFH-DA, dichlorofluorescin
diacetate; PI, propidium iodide; ARVO, Association for
Research in Vision and Ophthalmology; HPLC, high-perform-
ance liquid chromatography; CPTIO, 2,4-carboxyphenyl-
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