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Oxidative stress is involved in many neurodegenerative processes leading to age-related cognitive
decline. Coffee, a widely consumed beverage, is rich in many bioactive components, including
polyphenols with antioxidant potential. In this study, regular and decaffeinated samples of both
roasted and green coffee all showed high hydrophilic antioxidant activity in vitro, whereas lipophilic
antioxidant activities were on average 30-fold higher in roasted than in green coffee samples.
In primary neuronal cell culture, pretreatment with green and roasted coffees (regular and
decaffeinated) protected against subsequent H>O»-induced oxidative stress and improved neuronal
cell survival (green coffees increased neuron survival by 78%, compared to 203% by roasted coffees).
All coffee extracts inhibited ERK1/2 activation, indicating a potential attenuating effect in stress-
induced neuronal cell death. Interestingly, only roasted coffee extracts inhibited JNK activation,
evidencing a distinctive neuroprotective benefit. Analysis of coffee phenolic compounds revealed that
roasted coffees contained high levels of chlorogenic acid lactones (CGLs); a significant correlation
between CGLs and neuroprotective efficacy was observed (R? = 0.98). In conclusion, this study
showed that roasted coffees are high in lipophilic antioxidants and CGLs, can protect neuronal cells
against oxidative stress, and may do so by modulation of the ERK1/2 and JNK signaling pathways.
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INTRODUCTION

Reactive oxygen species (ROS) are oxygen derivatives
produced during aerobic life processes (/). In humans, ROS
activities are usually well controlled by antioxidant enzymes
(e.g., superoxide dismutase and catalase) (2), thiol-containing
peptides (e.g., glutathione) (3), metabolites (e.g., uric acid) (4),
and dietary antioxidants (e.g., vitamin C, vitamin E, and
phenolics) (5,6). Genetic defects of genes that encode antioxidant
enzymes, insufficient consumption of dietary antioxidants, aging,
and numerous other stress processes may lead to increased levels
of ROS. Uncontrolled accumulation of ROS is detrimental to
cells because of their undesired oxidative effects on biological
molecules such as proteins, lipids, and DNA (7—9). The brain is
particularly vulnerable to oxidative stress because of its high
content of polyunsaturated fatty acids and low catalase acti-
vity (10). It has been well documented that ROS are involved in
neurodegenerative processes, which may lead to diseases such as
Alzheimer’s and Parkinson’s (11, 12). The molecular mechanisms
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underlying oxidative stress-induced neuronal damage are emerg-
ing. Members of the mitogen-activated protein kinase (MAPK)
family, extracellular signal-regulated kinases 1 and 2 (ERK1/2)
and c-Jun N-terminal kinase 1 and 2 (JNK1/2), have been
implicated with cellular degeneration and apoptosis of neurons
subjected to oxidative stress (13).

Coffee is one of the most popular beverages around the
world (I4), constituting a significant portion of daily beverage
intake in many Western countries (15 —17). With the advancement
of the research on antioxidants and health, coffee has been
recognized as a rich source of dietary antioxidants with potential
to improve health (/8—20). Phenolics and melanoidins are the two
main groups of antioxidants found in coffee brews (19, 21). Green
coffee beans are abundant in phenolics, especially the chlorogenic
acids (i.e., caffeoylquinic acids (CQA), feruloylquinic acids (FQA),
dicaffeoylquinic acids (diCQA), and, in smaller amounts, p-cou-
maroylquinic acids (p-CQA) and their derivates) (22). Melanoidins
are formed during coffee roasting via the Maillard reaction, where
the carbonyl groups of reducing sugars condense with the amino
groups of amino acids or peptides (21, 23).

Investigations of the effects of coffee on human brain functions
have been focusing on caffeine because of its well known
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stimulating effects and its permeability across the blood—brain
barrier (24). Recently, increasing attention has been directed to
other coffee components, especially chlorogenic acid derivatives
and metabolites because of their abundance in coffee (25—27).
In light of the detrimental role of ROS in neurodegenerative
processes (/1, 12) and coffee as a major dietary source of
antioxidants (/8—20), we are interested in whether antioxidants
in coffee can protect the brain tissue against oxidative stress. Key
to the biological relevancy of our question is the permeability of
coffee antioxidants across the blood—brain barrier and their
bioavailability in the brain tissue. Even though there is a lack
of direct pharmacokinetic data, there is evidence that coffee
components other than caffeine can reach the brain tissue, as
exemplified by 3,4-diferuloyl-1,5-quinide (DIFEQ), a chloro-
genic acid derivative (27). Further more, chlorogenic acids and
caffeic acid, both present in coffee, have been shown to be
neuron-protective in vivo under pathological conditions in
animal models (28, 29). This suggests their bioavailability in
the brain tissue or at least suggests such a possibility under
pathological conditions, for it has been shown that pathologi-
cal conditions can compromise the blood—brain barrier (30).
In addition, coffee antioxidants may at least be protective
to brain tissue outside the blood—brain barrier, where they can
be readily reached by well-established blood—brain barrier
impermeable drugs (37).

The aim of this study was to investigate the potential benefits of
coffee on neuronal cell survival against ROS. Decaffeination and
roasting are two of the main processes in coffee manufacturing,
and both processes markedly affect the chemical composition of
coffee (32, 33). To study the impact of decaffeination and
roasting, coffee was selected from the following four groups:
green decaffeinated (GD), green regular (GR), roast decaffei-
nated (RD), and roast regular (RR).

MATERIALS AND METHODS

Chemicals. Water (EMD, Gibbstown, NJ), acetonitrile, and methanol
(Fisher Scientific, Boston, MA) were of HPLC-grade purity. AAPH [2,2'-
azobis(2-amidinopropane) dihydrochloride] was purchased from Wako
Chemicals USA (Richmond, VA). Fluorescein (sodium salt) (Fl) and
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were
obtained from Aldrich (Milwaukee, WI). Randomly methylated f-cyclo-
dextrin (Trappsol, Pharm grade, RMCD) was obtained from Cyclodextrin
Technologies Development Inc. (High Springs, FL). Folin—Ciocalteu’s
phenol reagent, sodium carbonate, gallic acid, and 5-caffeoylquinic acid
[1,3,4,5-tetrahydroxycyclohexanecarboxylic acid 3-(3,4-dihydroxycinna-
mate)] were purchased from Sigma (St. Louis, MO). Formic acid of
ACS reagent grade was obtained from EMD (Gibbstown, NJ).

Coffee Sample Preparation. Coffee beans (Coffea arabica) of
Brazilian origin were subdivided into four groups: green roast (GR),
green decaffeinated (GD), roast regular (RR), and roast decaffeinated
(RD). Decaffeination was carried out using a supercritical carbon dioxide
(s¢CO,) extraction process. Briefly, green coffee beans were mixed with
water to a moisture content of 50% and were then added to an extractor
where liquid carbon dioxide was pumped in at an operating pressure of
300 atms and heated to 150 °C. Liquid carbon dioxide was recirculated
between the extractor and a scrubber, where caffeine was removed from
liquid carbon dioxide using water. Coffee beans were roasted to a medium
roast color (12 La) in a Neotec RFB10 roaster with a batch size of 1.5 kg, a
roast time of 255 s, and a moisture target of ~4%. Coffee beans were
ground using a Mahlkoenig Grinder to a medium grind size (~450 um)
and brewed using standard drip filter preparation at 50 g coffee per liter of
water. Coffee brews were freeze-dried using a mini freeze drier (Thermo
Fisher Powerdry L3000). The caffeine contents of these freeze-dried coffee
brews are 40.40 mg/g (GR), 1.60 mg/g (GD), 42.80 mg/g (RR), and 1.95 mg/g
(RD), which were determined by a HPLC method at Brunswick laborato-
ries (Norton, MA). These freeze-dried coffee samples were used for further
chemical, biochemical, and cell culture characterization.
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Oxygen Radical Absorbance Capacity (ORAC) Assays. To
measure ORAC values in the hydrophilic fraction (ORACyyyy,), freeze-
dried brewed coffee samples (5 g) were extracted with acetone/water (20 mL,
50:50 v/v) on an orbital shaker at room temperature for 1 h. The mixtures
were centrifuged at 1972¢g in a ROTANTA 460R centrifuge (GMI,
Ramsey, MN). The ORAC,yq4y, values of the supernatants were measured,
using a method adapted from Ou (34), on a FL600 plate fluorescence
reader (Bio-Tek Instruments, Inc., Winooski, VT) controlled by the sKC4
3.0 software. The excitation wavelength was set at 485 (£20) nm and the
emission wavelength set at 530 (£:25) nm. To measure the ORAC values in
the lipophilic fraction (ORACjy,), freeze-dried brewed coffee samples (5 g)
were extracted with hexane/dichloromethane (10 mL, 50:50 v/v) twice.
ORAC values of the combined organic phase were measured following
previous published methodology (35, 36) using the protocol above.

Primary Cortical Neuronal Culture. Primary neuronal cell cultures
were generated from postnatal day 0 C57/BL6 mice. The cortex was
removed in Hanks’ balanced salt solution (Sigma, H4642) and dissociated
by incubating for 30 min in papain (Sigma, P4762) at 37 °C. Dissociated
cells were seeded onto poly-L-lysine-coated plastic plates (Corning) in
minimal essential medium (Invitrogen, 11090081) and incubated at 37 °C
and 5% CO, for 4 h. Cells were grown at 37 °C and 5% CO, in neural basal
medium (Invitrogen, 21103049) supplemented with B-27 and L-glutamine.
To reduce the proliferation of glial cells, I uM 5-fluoro-2'-deoxyuridine
(FdU, Sigma, F0503) was added to the medium. After four days, the
medium was replaced with neural basal medium without FdU and allowed
to grow for an additional four days. All experiments were performed on
cells incubated in vitro for eight days. Immunocytochemistry staining
indicated that greater than 90% of the cultured cells were neurons.

Cell Survival. Cell survival was quantified using the MTT (3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) assay that mea-
sures mitochondrial succinate dehydrogenase conversion of MTT to a
purple formazan (37, 38). Cells were seeded into 96-well plates at 10° cells/
well and grown at 37 °C and 5% CO, for 24 h before experiments. The cells
were pretreated with media containing 0, 0.5, 5, or 50 ng/mL of different
coffee extracts for 2 h. The media were then removed, and the cells were
washed with fresh media with no coffee. Cells were then incubated in
media containing H,O, (500 uM) for 30 min at 37 °C and 5% CO,. The
cells were then replenished with media containing MTT (Genemark
Taiwan, 0.5 mg/mL) and incubated at 37 °C for 4 h. After the media
had been discarded, 100 uL of lysis buffer containing 10% SDS and
20 mM HCI was applied to each well to dissolve the formazan crystals,
and the absorbance at 570 nm of each well was measured on a FL600
plate reader (Bio-Tek Instruments, Inc., Winooski, VT) controlled by KC4
3.0 software. Percent cell survival was calculated as (ODS570yeated/
OD570nonlreated) x100%.

Immunocytochemistry. Cells (2.5x 10°) were plated on 12-mm? glass
coverslips, treated with 50 ng/mL different coffees extracts for 2 h, rinsed
with media, treated with 500 uM H,0,, and then fixed in 4% parafor-
maldehyde in phosphate-buffered saline (PBS, pH 7.4) at room tempera-
ture for 1 h. Coverslips were blocked for 1 h in a PBS-based blocking
solution containing 0.03% Triton X-100 and 10% fetal bovine serum
(Biological industries). All coverslips were incubated overnight at 4 °C
with either the mouse monoclonal antibody against microtubule-asso-
ciated protein 2 (MAP-2) (MAB378, Chemicon, USA) or the mouse
polyclonal antibodies against glial fibrillary acidic protein (GFAP)
(20334, DAKO, USA). Coverslips were rinsed with (cold) PBS and then
incubated with the secondary antibody, either Texas-Red goat antimouse
IgG (103007, AbD, USA) or FITC-conjugated goat antirabbit IgG
(AP132F, Chemicon) in blocking solution for 1 h at room temperature.
Omission of primary antibodies served as negative controls. Vectashield
with DAPI (Vector Laboratories, Inc., USA) was applied to visualize
nuclei. Fluorescent images of cells were captured by a CCD camera (DP50)
mounted on an Olympus fluorescence microscope (BX-52, Olympus,
Tokyo, Japan) equipped with a mercury arc lamp.

Western Immunoblot Analysis. Primary neurons (5x 10° cells in a 6-
well plate) were pretreated with 50 ng/mL of coffee for 2 h, rinsed, and then
500 uM H,0, for 30 min. The cells were lysed in 1 mL of ice-cold RIPA
buffer, containing 1% NP-40, 50 mM Tris-HCl at pH 7.4, 150 mM NaCl,
0.25% Na-deoxycholate, protease inhibitor cocktail (Roche, 04693116001),
and phosphatase inhibitor cocktail (Roche, 04906845001), and centrifuged
at 1000g for 15 min. The supernatant was separated and stored at —20 °C.
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Figure 1. Oxygen radical absorbance capacity (ORAC). Hydrophilic (a) and
lipophilic ORAC (b) of green decaffeinated (GD), green regular (GR), roasted
decaffeinated (RD), and roasted regular (RR) coffee. Values are the mean of
three determinations; error bars indicate the standard deviations; invisible error
bars indicate that standard deviations are smaller than the markers used in the
graphs. Statistical analysis was performed using one-way ANOVA followed by
Newman—Keuls post-test. Significant differences exist between samples
denoted by different letters; P < 0.05.

The protein concentration was determined using a Bradford protein assay
kit (Strong Biotech, PADS500). Protein samples (66.5 mg) were heated at
95 °C for 5 min and analyzed by 10% SDS—PAGE. Western blotting was
performed using (mouse) anti-ERK1/2 (Cell Signaling, 9102), (mouse)
anti-JNK (Cell Signaling, 9252), (mouse) antiphospho-ERK 1/2(Cell Sig-
naling, 9101), and (mouse) antiphospho-JNK(Cell Signaling, 9251), and
(mouse) anti-o-tubulin (Sigma, T5168) antibodies. Immunoblot signals
were developed by chemiluminescent HRP substrate (Millipore). Multi
Gauge v3.0 was used for image acquisition and data analysis.

Total Polyphenolic Contents. The total polyphenolic content of
coffee samples was measured based on the method established by
Singleton and Rossi (39). One milliliter of gallic acid standard or coffee
sample extract was mixed with 15 mL of water and 1.0 mL of Fo-
lin—Ciocalteu reagent, and incubated at room temperature for 10 min.
After the addition of 3.0 mL of a 20% sodium carbonate and incubation at
40 °C for 20 min, the absorbance was measured at 755 nm using an Agilent
8453 UV—visible spectrophotometer (Waldbronn, Germany). Total poly-
phenolic contents were expressed in milligrams of gallic acid equivalents
per gram of coffee powder.

Quantitative Analysis of Chlorogenic Acids and Lactones. Coffee
samples (0.1 g) were extracted with 12 mL of methanol in 50 mL-conical tubes.
Mixtures were sonicated at room temperature for 10 min, followed by shaking
at 300 rpm for 30 min. After centrifugation at 1972g in a ROTANTA 460R
centrifuge, supernatants were analyzed with a Shimadzu HPLC system
(pump, LC-20AT; auto sampler, SIL-HTC; UV detector, SPD-20A)
equipped with a 4.6 x 250 mm Symmetry ShieldTM-C18 (5 um) column
(Waters, Milford, MA). The mobile phase consisted of H,O containing 0.4%
formic acid (A) and acetonitrile (B). Separation was carried out at room
temperature at a flow rate of 0.8 mL/min. The percentage of B in the mobile
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Figure 2. Coffee extracts protect primary neuron cells against H,O,.
Values are the means from three independent experiments, each repli-
cated in triplicate. Statistical analysis was performed using two-way
ANOVA. Within a type, different symbols represent significant difference;
p < 0.05. Between coffee types, but within a specific dose, different letters
represent significant differences; p < 0.05.

phase was increased from 0 to 50% over 40 min, then increased to 95% over
5 min and maintained at 95% for a further 5 min. The percentage of B in the
mobile phase was then decreased to 0% in 3 min, and maintained at 0% for
5 min for column re-equilibration. A SCIEX 4000 Q-trap detector with ESI
source at positive mode was used to monitor ions at m/z 355, 369, 321, 337,
351, 499, and 517. Identification of caffeoylquinic acids (CQAs), dicaffeoyl-
quinic acids (diCQAs), feruloylquinic acids (FQAs), and their lactone
derivatives was achieved by comparison of the MS data with the literature
values provided by Farah et al. 33, 40). Quantification of specific comp-
ounds separated by HPLC was based on UV detection at 325 nm using
S-caffeyolquinic as the reference (47). The acquired data was analyzed using
Analyst software (v1.4.1).

RESULTS AND DISCUSSION

Antioxidant Activities of Coffees. The ORAC assay is a well-
established and widely used method to characterize antioxidant
activities of foods and beverages (34, 42). Antioxidant activities
were measured on the hydrophilic and lipophilic fractions of
green regular (GR), green decaffeinated (GD), roast regular
(RR), and roast decaffeinated (RD) Brazilian arabica coffee
beans (34) (Figure 1). Comparing the ORAC;4,, values of
decaffeinated coffees with those of the regular coffees (GD vs
GR or RD vs RR), we observed that the decaffeinated coffees
had elevated hydrophilic antioxidant levels (Figure 1a). This
result indicates that caffeine has little or no direct antioxidant
activity and is consistent with a previous report (43). Examina-
tion of the ORAGC;;,, values of GD vs RD or GR vs. RR show
that roasting led to an approximately 30-fold increase in the
antioxidant activities of the coffees in the lipophilic fractions
(Figure 1b).

Protection of Neuron Cells from H,0,. In vitro chemical
antioxidant activity as measured by ORAC does not necessarily
correlate with beneficial biological effects (20,44). To evaluate the
biochemical impact of the antioxidant activity associated with
coffee, these coffee samples were evaluated for their potential to
protect primary cortical neuron cells from oxidative stress.

The physiological concentration of H,O, is at the micromolar
level 45, 46). Elevated levels of H,O, (up to several hundred
micromolars) have been used in cell culture models to study H,O,
cytotoxicity (46, 47). In this study, the concentration of H,O, was
500 uM. The optimal concentration of coffee to protect H,O,-
induced cell death in neurons was determined. Primary neuron cell
cultures were pretreated with media containing 0, 0.5, 5, or 50 ng/mL
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Figure 3. Morphology of primary neuron cells after treatment of H,O, with or without coffee pretreatment. Primary neuron cell cultures were pretreated with
50 ng/mL of coffee extracts for 2 h and then incubated with a 500 M H,O, for 30 min. (a) Control, (b) H20, only, (¢) RR + H,0s, (d) RD + H,0, (e) GR +

H,05, and (f) GD + H,0.. Blue, nucleus; green, astrocyte; red, neuron.

of coffee extracts for 2 h, washed with media, and were then
incubated with H,O, (500 uM) for 30 min. Media containing
H,0, was removed, cells were rinsed, and cell survival was quanti-
fied by the MTT assay using untreated cells as controls. We kept the
concentration of coffee samples below 50 ng/mL because at higher
concentrations, the dark brown color of the coffee sample interfered
with the MTT assay. In our pilot experiments, we varied the
incubation times (0—4 h) of coffee extracts with neuron cells and
found that the cell survival at 4 h was similar to that at 2 h. We
selected an incubation time of 2 h because it was an appropriate time
window not only for observing cell survival but also for subsequent
cell signaling study. No significant protection was observed until the
concentration of the coffee extract reached 50 ng/mL (Figure 2),
indicating that, at the highest concentration tested (50 ng/mL), the
overall antioxidant activity of the coffee extracts already exceeded a
threshold in contributing to neuron protection. Nardini et al. reported
that 1 h after the ingestion of 200 mL of coffee brew (60 g of coffee
brewed with 1 L of water), human plasma concentration of coffee
phenolics reached about 90 ng/mL (48), which is much higher than
the concentration of coffee extracts (50 ng/mL) used in our study,
suggesting that our dosage might be physically achievable at least on
the plasma level (data are not available indicating physiologic
concentrations in brain tissue).

Protection of neurons against H,O, damage was observed for
all tested coffees (Figure 2). GD and GR exhibited comparable
degrees of protection (Figure 2) despite their different ORAChyro
values (Figure 1). These results suggested that, at the highest
concentration tested (50 ng/mL), overall antioxidant activity of
the GR was sufficient to provide protection to neuronal cells,
almost doubling the percent of surviving cells. Roasted coffees
appeared to have better protective effects than those of the green
coffees (Figure 2). A major difference between the roasted (RD
and RR) and green coffee (GD and GR) is that the roasted coffee
had higher ORACy,, values (Figure 1b). Lipophilic antioxidants
should be more effective in a lipid-rich environment, as shown by
Daglia et al. (16) who reported that the lipophilic fraction of
roasted coffee extracts demonstrated potent inhibition of lipid
peroxidation in an ex vivo rat liver cell microsome system. The
brain is a lipid-rich tissue, with ~8% lipid content on a wet weight
basis (49). Therefore, these results suggest that the lipophilic
antioxidant activity may have accounted for elevated neuronal
protection against H,O, with roasted coffees.

Immunocytochemistry was used to further observe cellular
morphology after coffee treatments (Figure 3). Primary cortical
cell cultures were pretreated with 50 ng/mL of coffee for 2 h,
rinsed with incubation medium, and then incubated with 500 uM
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Figure 4. Activation of signaling kinases in the presence of coffee. (a) Neuron cells treated with coffee extracts and H,O, were analyzed for ERK1/2 (44/42 kDa)
and JNK1/2 (46/54 kDa) activation by Western blots using phosphorylated-ERK and phosphorylated-JNK specific antibodies as indicated in Materials and
Methods. The same blot was subsequently analyzed using antibodies that recognize total ERK or total JNK and tubulin to confirm equal loading on each lane. (b,c)
Ratio of phosphorylated-ERK/total ERK (b) and phosphorylated-JNK/total JNK (¢) were represented as the mean = SD from four independent experiments. Data
are presented as the percentage of the basal level of phosphorylation (control = 1). *p < 0.05 vs control.

H»0, for 30 min (no rinse before fixation). After fixation, they
were immunolabeled with cellular specific markers for neurons
(MAP2, red) and astrocytes (GFAP, green) and stained with a
nuclear dye (DAPI, blue). Figure 3a shows the normal morpho-
logy of neuronal cells, which occupied greater than 90% of the cell
population. Visual examination of immunocytochemical staining
demonstrated that the MAP2 immunoreactive profile was clearly
diminished and even the nuclear staining became weaker, after
exposure to H,O, (Figure 3b). Pretreating the culture with
different types of coffee partially reduced the H,O, damage,
but surviving neurons showed shorter and thinner staining of
axons and dendrites (Figure 3¢c—f). Cultures treated with roasted
coffee (Figure 3c,d) had more MAP2 positive neurons than
cultures treated with green coffee (Figure 3e,f), confirming our
previous cell survival results.

There is growing evidence that ROS-induced cell death, such as
apoptosis, is executed through cell signaling cascades (50). It has
been suggested that members of the mitogen-activated protein
kinase (MAPK) family may play a critical role in neuronal
apoptosis (37, 38). Some investigations suggested that activation
of extracellular signal-regulated protein kinase 1/2 (ERK1/2)

plays a role in neuronal apoptosis, but there is also evidence
to the contrary. In neuronal cells, phosphorylation of ERK1/2
is primarily induced by growth factors and is involved in cellular
proliferation, differentiation, and development, as well as apop-
tosis (37, 38). There is more conclusive evidence indicating that
activation of c-Jun N-terminal kinase (JNK) plays a significant
role in neuronal apoptosis. Phosphorylation of JNK is preferen-
tially induced by environmental stresses and inflammatory
cytokines, and has been shown to promote neuronal cell death
(61,52).

We hypothesized that the protective effects of coffee against
H>0,-induced neuron cell death may be mediated through the
inhibiting activation of ERK1/2 and JNK1/2. We tested our
hypothesis by monitoring the phosphorylation status of ERK1/2
and JNK1/2 using antibodies against ERK1/2 and phosphory-
lated ERK1/2, and antibodies against JNK and phosphorylated
JNK1/2, respectively. Our results indicated that a 30-min treatment
of neurons with H,O, (500 uM) increased the phosphorylation of
ERK1/2 and JNK1/2 (Figure 4a). Pretreatment of the neurons
with all coffee lowered the level of phosphorylated ERK
(Figure 4b). However, only roasted coffee lowered the level of
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Figure 5. Total phenolic contents in different coffees measured by the
Folin—Ciocalteu assay. Values are the mean of three determinations; error
bars indicate the standard deviations. Invisible error bars indicate that
standard deviations are smaller than the markers used in the graphs.
Statistical analysis was performed using one-way ANOVA followed by
Newman—Keuls post-test. Significant differences exist between samples
denoted by different letters; P < 0.05.

phosphorylated JNK (Figure 4c¢). These results are in agreement
with our findings that roasted coffees have better protective
effects against H>O»-induced cell death (Figures 2 and 3). More-
over, these results indicate that the protective effects of coffee
against H,O,-induced neuron cell death may be mediated by
inhibiting activation of ERK1/2 and JNK 1/2 signaling pathways.
Cho et al. has recently shown in the PCI2 cell line that instant
coffee  (1000—5000 ng/mL) and 5-O-caffeoylquinic acid
(360—1800 ng/mL) can inhibit H,O,-induced cell death via
inhibiting the phosphorylation of JNK and p38 mitogen-acti-
vated protein kinase (MAPK) (53). As a majority of coffee
consumption is roast and ground (R&G) coffee, it should also
be noted that the chemical compositions vary distinctly between
instant and R&G coffee. The difference is mostly attributed to the
extensive water evaporation heating stage that is involved in
preparing instant coffee. The primary cell system employed in our
study is of physiological sophistication and fidelity. Both differ-
ences, 1.e., coffee samples and cell system, may explain the better
response (> 20-fold) of neuronal survival to coffee extract ob-
served in our study compared to those observed in the immorta-
lized PC12 cell lines.

Profile of Phenolics in Coffees. In vitro and neuron cell culture
data indicate that coffees prepared by different processing pro-
cedures have different antioxidant activities (Figures 1, 2, and 3).
This is likely a manifestation of the difference in chemical
compositions of the coffees due to the complex physical and
chemical changes that occur during the decaffeination and roast-
ing processes (32, 33). It has been postulated that characterizing
the chemical profiles of these coffees may help reveal potential
neuron protective agents in coffees.

Phenolic compounds and melanoidins are the two main chemical
groups contributing to the antioxidant activity in coffee. The focus of
the study was to characterize and quantitate the phenolic compounds
in brewed coffee because (1) they are present both in green and
roasted coffees (33, 54); (2) roasting affects their profiles (33); and (3)
analytical methods for the identification of phenolic compounds are
well established and readily available (40, 47). Characterization and
quantification of melanoidins were not carried out in this study
because (1) they are not present in green coffees; (2) low molecular
weight melanoidins are negatively charged (55) and would not likely
diffuse into cells through the negatively charged cell membrane; (3)
high molecular weight melanoidins mainly exert their biological
function extracellularly (56); and (4) the exact structures of melanoi-
dins are complex and yet to be elucidated (55, 57).
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Table 1. Profile of Chlorogenic Acids (CGA) and Chlorogenic Acid Lactones
(CaLy”

GD GR RD RR
3-COA 72.00 20.24 15.74 30.34
4-CQA 74.94 31.84 1755 4328
5-COA 118.69 150.31 23.67 65.48
3-FQA ND ND ND 1.30
4-FQA 5.54 1.98 ND 2.96
5-FQA 11.80 11.80 6.21 12.07
3,4 diCQA 11.89 8.92 3.30 5.42
3,5 diCQA 9.29 10.48 2.99 1.88
4,5 diCQA 11.14 9.73 2.99 2.96
total CGA (g/kg) 315.29 248.90 72.45 165.69
3-caL ND ND 371 ND
4-caL ND ND ND 11.34
5-CQL ND ND 371 10.87
3-FaL ND ND ND 1.06
3-FQL ND ND ND ND
5-FQL ND ND ND ND
total CGL (g/kg) 0.00 0.00 6.86 23.27

4CQA, caffeoylquinic acid; FQA, feruloylquinic acid; diCQA, dicaffeoylquinic acid;
CGA, chlorogenic acids; CQL, caffeoylquinic acid lactone; FQL, feruloylquinic acid
lactone; CGL, chlorogenic acid lactone; ND, not detected.

RD

4

153 GDandGR

y =0.4763x +16.717

10 - X
R*=0.9754

Figure 6. Correlation between neuron cell survival and contents of
chlorogenic acid lactones in different coffees. Data of neuron cell survival
(Figure 3) and data of contents of chlorogenic acid lactones (Table 1)
were plotted together to show the correlation.

The total phenolic content of brewed coffee was determined
using the Folin—Ciocalteu assay (Figure 5). Specific phenolic
compounds were identified and quantified using LC-MS/UV and
include isomers of caffeoylquinic acids (CQAs), dicaffeoylquinic
acids (diCQAs), feruloylquinic acids (FQAs), and their lactone
derivatives (Table 1). GD has been found to contain more total
phenolic content on a per gram basis compared to GR (Figure 5).
The same trend is seen when RD is compared with RR (Figure 5).
Roasted coffees contain less chlorogenic acids but more chloro-
genic acid lactones than the green coffees (Table 1 and Figure 6).
These results are consistent with a previous report that chloro-
genic acids are lost during roasting either by incorporating into
melanoidins (57) or by converting to lactones (33). Surprisingly,
the roasted coffee seemed to show higher phenolic content than
green coffee in the Folin—Ciocalteu assay (Figure 5), which was
contradictory to the phenolic profiling data (Table 1 and
Figure 6). This apparent contradiction is likely due to the presence
of melanoidins in the samples of the roasted coffee extracts,
which, unfortunately, positively interfere with the Folin—
Ciocalteu assay (21, 57), leading to an overestimation of total
phenolics.

Concentrations of coffee bioactives in the brain are impor-
tant determinants of whether the protective effect observed is
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biologically relevant. Monterio et al. reported that the plasma
level of chlorogenic acids can reach 3.3 mg/mL in 2 h after
ingestion of 190 mL of brewed coffee roasted to a light medium
degree (58). So far, there is no direct report as to whether
chlorogenic acids can pass through the blood—brain barrier.
However, the blood—brain barrier has been found to be
permeable to epigallocatechin gallate (EGCG, MW 458), the
bioactive phenolics in green tea (59). The molecular weights of
chlorogenic acids and their lactones are in the range of
354—516. Given the high plasma levels of chlorogenic acids
after coffee ingestion and the similar molecular weights,
chlorogenic acids are likely to permeate the blood—brain
barrier. It has been found in a mouse model that chlorogenic
acid affects spontaneous locomotor activity, suggesting that
chlorogenic acid or its metabolite could pass the blood—brain
barrier (26). The chlorogenic acid lactones are less polar than
their parent compounds and should be more permeable to the
blood—brain barrier. Interestingly, previous studies have
shown that there are specific binding sites for chlorogenic acid
lactones in brain cells, including the adenosine transporter (27).
Our results show a significant correlation (P < 0.05) between
the levels of chlorogenic acid lactones in coffee (Figure 6) and
neuron cell survival (Figure 2). This suggests that chlorogenic
lactones might contribute to the increased protective effects
against H>O,-induced death of neuron cells. It is thus sug-
gested that the protective effects of pure chlorogenic acid and
chlorogenic acid lactones should be investigated in future
studies.

In this study, the antioxidant levels (hydrophilic vs lipophilic)
and neuroprotective effects of coffee prepared from different
bean processing procedures were characterized. It was found that
while all brewed coffee tested were high in hydrophilic antioxi-
dant activity (>2000 umol TE/g), roasted coffee extracts had a
dramatic, approximately 30-fold, increase of lipophilic antiox-
idant activity compared to that of green coffees. Preincubation
with all brewed coffee increased primary neuron survival under
oxidative stress conditions, with the roasted coffee showing
stronger protective effects. The brain is a lipid-rich organ (49),
where lipophilic antioxidants may act more efficiently. Accord-
ingly, the elevated lipophilic antioxidant activity in the roasted
coffee may account for the observed higher neuronal protection
against oxidative stress. Mitogen activated protein kinases, ex-
tracellular signal-regulated kinases 1 and 2, and c-jun N-terminal
kinase have been reported to play pivotal roles in the regulation of
stress-induced neuronal cell death. All coffee tested in this study
inhibited the H,O,-induced ERK1/2 activation, indicating a
potential attenuating effect in apoptosis. Interestingly, only
roasted coffee extracts inhibited JNK activation, evidencing a
distinctive neuroprotective benefit. Analysis of coffee phenolic
compounds in coffee extracts revealed a significant correlation
between levels of coffee CGLs and protection of neuron cells
against H,O,-induced cell death. Further investigations are
warranted to identify key neuroprotective coffee bioactives and
to elucidate their mechanisms of action in affording the neuro-
protective activities observed in this study.

ACKNOWLEDGMENT

We thank Sarah Williams for editorial assistance, Harald Grau
and Will Griffiths for coffee sample preparation, and Keith
Eberhardt, Frank Rossi, and Victor Mirtchev for statistical
analysis.

LITERATURE CITED

(1) Pryor, W. A.; Houk, K. N.; Foote, C. S.; Fukuto, J. M.; Ignarro,
L. J.; Squadrito, G. L.; Davies, K. J. A. Free radical biology and

J. Agric. Food Chem., Vol. 57, No. 20, 2009 9807

medicine: it’s a gas, man!. _
Bhusial 2006, 291 (3), R491-R511.

(2) Winterbourn, C. C. Superoxide as an intracellular radical sink. frge
i 1993, /4 (1), 85-90.

(3) Winterbourn, C. C.; Hampton, M. B. Thiol chemistry and specificity
in redox signaling. | NN 2008, 45 (5), 549-561.

(4) Ames, B. N.; Cathcart, R.; Schwiers, E.; Hochstein, P. Uric acid
provides an antioxidant defense in humans against oxidant- and
radical-caused aging and cancer: a hypothesis. | R R REREEEEEE
LIS 4. 1981, 78 (11), 6858—6862.

(5) Block, G.; Jensen, C. D.; Morrow, J. D.; Holland, N.; Norkus, E. P.;
Milne, G. L.; Hudes, M.; Dalvi, T. B.; Crawford, P. B.; Fung, E. B.;
Schumacher, L.; Harmatz, P. The effect of vitamins C and E on
biomarkers of oxidative stress depends on baseline level. Free
i 2008, 45 (4), 377-384.

(6) Duthie, G. G.; Duthie, S. J.; Kyle, J. A. M. Plant polyphenols in
cancer and heart disease: implications as nutritional antioxidants.
DsienBasitay. 2000, /3 (01), 79-106.

(7) Chen, Y.; Daosukho, C.; Opii, W. O.; Turner, D. M.; Pierce, W. M.;
Klein, J. B.; Vore, M.; Butterfield, D. A.; St. Clair, D. K. Redox
proteomic identification of oxidized cardiac proteins in Adriamycin-
treated mice. | . 2000, 47 (9), 1470-1477.

(8) Matayatsuk, C.; Lee, C.-Y. J.; Kalpravidh, R. W.; Sirankapracha, P.;
Wilairat, P.; Fucharoen, S.; Halliwell, B. Elevated F2-isoprostanes in
thalassemic patients. | RN 2007, 43 (12), 1649-1655.

(9) Whiteman, M.; Hong, H. S.; Jenner, A.; Halliwell, B. Loss of
oxidized and chlorinated bases in DNA treated with reactive oxygen

species: implications for assessment of oxidative damage in vivo.
I 1.2, /¢ (1) 5355

(10) Pierre, M.; Sinet, R. E. H.; Gerald, C. Hydrogen Peroxide Produc-
tion by Rat Brain In Vivo. jaubiiuitabsi. 1980, 34 (6), 1421-1428.

(11) Barry, H. Reactive oxygen species and the central nervous system.
Eiisaksi. 1992, 59 (5), 1609-1623.

(12) Stanley Fahn, G. C. The oxidant stress hypothesis in Parkinson’s
disease: Evidence supporting it. wiiiebigiaiad 1992, 32 (6), 804-812.

(13) Andrew J. Crossthwaite, S. H. R. J. W. Hydrogen peroxide-mediated
phosphorylation of ERK1/2, Akt/PKB and JNK in cortical neu-
rones: dependence on Ca2+ and PI3-kinase. gt 2002, 50
(1), 24-35.

(14) Nkondjock, A. Coffee consumption and the risk of cancer: An
overview. (msidaimbgdd. 2009, 277 (2) 121—125.

(15) Tunnicliffe, J. M.; Shearer, J. Coffee, glucose homeostasis, and
insulin resistance: physiological mechanisms and mediators. 4ppl,
I 2008, 1290-1300.

(16) Pulido, R.; Hernandez-Garcia, M.; Saura-Calixto, F. Contribution
of beverages to the intake of lipophilic and hydrophilic antioxidants
in the Spanish dict. iy 2003, 57 (10), 1275-1282.

(17) Svilaas, A.; Sakhi, A. K.; Andersen, L. F.; Svilaas, T.; Strom, E. C.;
Jacobs, D. R.; Ose, L.; Blomhoff, R. Intakes of antioxidants in
coffee, wine, and vegetables are correlated with plasma carotenoids
in humans. L. 2004, 134 (3), 562-567.

(18) Delgado-Andrade, C.; Morales, F. J. Unraveling the contribution of
melanoidins to the antioxidant activity of coffee brews. Lomgde
dasaeialeiy. 2005, 53 (5), 1403-1407.

(19) Moreira, D. P.; Monteiro, M. C.; Ribeiro-Alves, M.; Donangelo,
C. M.; Trugo, L. C. Contribution of chlorogenic acids to the iron-
reducing activity of coffee beverages. | NI 2005, 53
(5), 1399-1402.

(20) Daglia, M.; Papetti, A.; Gregotti, C.; Berte, F.; Gazzani, G. In vitro
antioxidant and ex vivo protective activities of green and roasted
coffee. |EEEEEE. 2000, 48 (5), 1449-1454.

(21) Borrelli, R. C.; Visconti, A.; Mennella, C.; Anese, M.; Fogliano, V.
Chemical characterization and antioxidant properties of coffee
melanoidins. IR 2002, 50 (22), 6527-6533.

(22) Michael, N. C. Chlorogenic acids and other cinnamates: Nature,
occurrence and dietary burden. giiuiintmmy. 1999, 79 (3), 362-372.

(23) Friedman, M. Food browning and its prevention: An overview.
I 1996, 44 (3), 631-653.

(24) McCall, A. L.; Millington, W. R.; Wurtman, R. J. Blood-brain
barrier transport of caffeine: Dose-related restriction of adenine
transport. LifeSci 1982, 37 (24), 2709-2715.



9808 J. Agric. Food Chem., Vol. 57, No. 20, 2009

(25) Shinomiya, K.; Omichi, J.; Ohnishi, R.; Ito, H.; Yoshida, T.; Kamei,
C. Effects of chlorogenic acid and its metabolites on the sleep-
wakefulness cycle in rats. i 2004, 504 (3), 185-189.

(26) Ohnishi, R.; Ito, H.; Iguchi, A.; Shinomiya, K.; Kamei, C.; Hatano,
T.; Yoshida, T. Effects of chlorogenic acid and its metabolites on
spontaneous locomotor activity in mice. Biosci., Biotechnol., Big-
chem. 2006, 70 (10), 2560-2563.

(27) de Paulis, T.; Schmidt, D. E.; Bruchey, A. K.; Kirby, M. T.;
McDonald, M. P.; Commers, P.; Lovinger, D. M.; Martin, P. R.
Dicinnamoylquinides in roasted coffee inhibit the human adenosine
transporter. i 2002, 442 (3), 215-223.

(28) Lapchak, P. A. The phenylpropanoid micronutrient chlorogenic
acid improves clinical rating scores in rabbits following multiple
infarct ischemic strokes: Synergism with tissue plasminogen activator.
immdigiiad. 2007, 205 (2), 407-413.

(29) Zhou, Y.; Fang, S.-h.; Ye, Y.-1.; Chu, L.-s.; Zhang, W.-p.; Wang,
M.-l; Wei, E.-q. Caffeic acid ameliorates early and delayed brain
injuries after focal cerebral ischemia in rats. [ RN
2006, 27 (9), 1103-1110.

(30) Vries, H. E. d.; Kuiper, J.; Boer, A. G. d.; Berkel, T. J. C. V.; Breimer,
D. D. The blood—brain barrier in neuroinflammatory diseases.
i 1997, 49 (2), 143-156.

(31) Tangpong, J.; Cole, M. P.; Sultana, R.; Joshi, G.; Estus, S.; Vore, M.;
St. Clair, W.; Ratanachaiyavong, S.; St. Clair, D. K.; Butterfield,
D. A. Adriamycin-induced, TNF-[alpha]-mediated central nervous
system toxicity. jmhiataidg 2006, 23 (1), 127-139.

(32) Farah, A.; de Paulis, T.; Moreira, D. P.; Trugo, L. C.; Martin, P. R.
Chlorogenic acids and lactones in regular and water-decaffeinated
arabica coffees. | INEEEEEENNNNENN. 2006, 54 (2), 374-381.

(33) Farah, A.; de Paulis, T.; Trugo, L. C.; Martin, P. R. Effect of
roasting on the formation of chlorogenic acid lactones in coffee.
I 2005, 53 (5), 1505-1513.

(34) Ou, B.; Hampsch-Woodill, M.; Prior, R. L. Development and
validation of an improved oxygen radical absorbance capacity assay
using fluorescein as the fluorescent probe. | . 2001,
49 (10), 4619-4626.

(35) Wu, X.; Beecher, G. R.; Holden, J. M.; Haytowitz, D. B.; Gebhardt,
S. E.; Prior, R. L. Lipophilic and hydrophilic antioxidant capacities
of common foods in the United States. . 2004, 52
(12), 4026-4037.

(36) Huang, D.; Ou, B.; Hampsch-Woodill, M.; Flanagan, J. A.; Deemer,
E. K. Development and validation of oxygen radical absorbance
capacity assay for lipophilic antioxidants using randomly methy-
lated beta-cyclodextrin as the solubility enhancer. g
Chew. 2002, 50 (7), 1815-1821.

(37) Mosmann, T. Rapid colorimetric assay for cellular growth and
survival: Application to proliferation and cytotoxicity assays.
I 1983, 65 (1—2), 55-63.

(38) Cheng, I. H.; Palop, J. J.; Esposito, L. A.; Bien-Ly, N.; Yan, F. G.;
Mucke, L. Aggressive amyloidosis in mice expressing human amy-
loid peptides with the Arctic mutation. Mhkcndded 2004, /0 (11),
1190-1192.

(39) Singleton, V. L.; Rossi, J. A., Jr. Colorimetry of total phenolics with
phosphomolybdlc phosphotungstlc acid reagents. p————
1965, 16 (3), 144-158.

(40) Perrone, D.; Farah, A.; Donangelo, C. M.; de Paulis, T.; Martin,
P. R. Comprehensive analysis of major and minor chlorogenic acids
and lactones in economically relevant Brazilian coffee cultivars. Food
Chem. 2008, 106 (2), 859-867.

(41) Kirsten Schrader, A. K.; Ulrich, H.; Engelhardt, H. G. M. Determi-
nation of chlorogenic acids with lactones in roasted coffee. L Sci,

i 1996, 71 (3), 392-398.

Chu et al.

(42) Huang, D.; Ou, B.; Prior, R. L. The chemistry behind antioxidant
capacity assays. | NN 2005, 53 (6), 1841-1856.

(43) Lee, C. Antioxidant ability of caffeine and its metabolites based on
the study of oxygen radical absorbing capacity and inhibition of

LDL peroxidation. ity 2000, 295 (1-2), 141-154.
(44) Liu, R. H.; Finley, J. Potential cell culture models for antioxidant

research. | 2005, 53 (10), 4311-4314.

(45) Mueller, S.; Riedel, H.-D.; Stremmel, W. Determination of catalase
activity at physiological hydrogen peroxide concentrations. 4ugl,
Bigehew. 1997, 245 (1), 55-60.

(46) Barbouti, A.; Doulias, P.-T.; Nousis, L.; Tenopoulou, M.; Galaris,
D. DNA damage and apoptosis in hydrogen peroxide-exposed
Jurkat cells: bolus addition versus continuous generation of H,O».

I 2002, 33 (5), 691-702.

(47) Forman, H. J. Use and abuse of exogenous H,0, in studies of signal
transduction. [ N 2007, 42 (7), 926-932.

(48) Nardini, M.; Cirillo, E.; Natella, F.; Scaccini, C. Absorption of
Phenolic Acids in Humans after Coffee Consumption. gt
Chiem. 2002, 50 (20), 5735-5741.

(49) Macala, L. J.; Yu, R. K.; Ando, S. Analysis of brain lipids by high
performance thin-layer chromatography and densitometry. LoLinid
Res. 1983, 24 (9), 1243-1250.

(50) Liu, B.; Chen, Y.; St. Clair, D. K. ROS and p53: A versatile
partnership. | N NN NN 2008, 44 (8), 1529-1535.

(51) Rockwell, P.; Martinez, J.; Papa, L.; Gomes, E. Redox regulates
COX-2 upregulation and cell death in the neuronal response to
cadmium. (ontteentiaeg 2004, /6 (3), 343-353.

(52) Chen, L.; Liu, L.; Yin, J.; Luo, Y.; Huang, S. Hydrogen peroxide-
induced neuronal apoptosis is associated with inhibition of protein
phosphatase 2A and 5, leading to activation of MAPK pathway. [nt,
I 2009, 41 (6), 1284-1295.

(53) Cho, E. S.;;Jang, Y. J.; Hwang, M. K.; Kang, N. J.; Lee, K. W.; Lee,

H.J. Attenuation of oxidative neuronal cell death by coffee phenolic
phytochenicls N 21>
661 (1-2), 18-24.

(54) Ky, C.-L.; Noirot, M.; Hamon, S. Comparison of five purification
methods for chlorogenic acids in green coffee beans (Coffea sp.).
I 1997, 45 (3), 786-790.

(55) Bekedam, E. K.; Roos, E.; Schols, H. A.; Van Boekel, M. A. J. S.;
Smit, G. Low molecular weight melanoidins in coffee brew. Lpdgiie

. 2008, 56 (11), 4060—4067.

(56) Rufialn-Henares, J. A.; de la Cueva, S. P. Antimicrobial activity

of coffee melanoidins: A study of their metal-chelating properties.
. 2009, 57 (2), 432-438.

(57) Bekedam, E. K.; Schols, H. A.; Van Boekel, M. A. J. S.; Smit, G.
Incorporation of chlorogenic acids in coffee brew melanoidins.
I 2008, 56 (6), 2055-2063.

(58) Monteiro, M.; Farah, A.; Perrone, D.; Trugo, L. C.; Donangelo, C.
Chlorogenic acid compounds from coffee are differentially absorbed
and metabolized in humans. J k. 2007, 137 (10), 2196-2201.

(59) Lin, L.-C.; Wang, M.-N.; Tseng, T.-Y.; Sung; Tsai, T.-H. Pharma-
cokinetics of (—)-epigallocatechin-3-gallate in conscious and freely
moving rats and its brain regional distribution. | N
2007, 55 (4), 1517-1524.

Received June 18, 2009. Revised manuscript received August 6, 2009.
Accepted August 31, 2009. This project was supported in part by Kraft
Foods Global, Inc., National Health Research Institutes (Taiwan) grant
NHRI-EX98-9816NC, National Science Council (Taiwan) grant NSC
96-2321-B-010-008, and Ministry of Education (Taiwan) Aim for Top
University Grant.



