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Abstract

Purpose— To define the role of molecular interaction between the UV-induced JNK (c-Jun N-
terminal kinase) cascade and corneal epithelial cell apoptosis and protection against apoptosis by
caffeine.

Methods— Rabbit and human corneal epithelial cells were cultured in DMEM/F12 medium
containing 10% FBS and 5 ug/mL insulin at 37°C in 5% CO,. DNA fragmentation and ethidium
bromide/acridine orange (EB/AO) nuclear staining were performed to detect cell death. Western blot,
immunoprecipitation, and kinase assays were used to measure UV-induced mitogen-activated protein
(MAP) kinase activity.

Results— UV irradiation—-induced apoptosis through apoptosis signal-regulating kinase 1 (ASK1)
and MAKK4 (SEK1) upstream from JNK was caffeine sensitive. Caffeine (1,3,7-trimethylxanthine),
an agent that is one of the most popular additions to food consumed in the world and a potential
enhancer of chemotherapy, effectively protected corneal epithelial cells against apoptosis by its
specific effect on the INK cascade. Theophylline (1,3-dimethylxanthine) exhibited an effect similar
to that of caffeine on prevention of UV irradiation-induced apoptosis. However, alterations of either
intracellular cAMP or Ca?* levels did not alter the effect of caffeine on the JNK signaling pathway.
In addition, the blockade of PI3K-like kinases by wortmannin had no impact on the protective effect
of caffeine against UV irradiation—induced apoptosis, suggesting that the protective effect of caffeine
acts through a specific mechanism involving UV irradiation—induced activation of ASK1 and SEK1.
In contrast, caffeine had no effects on melphalan-, hyperosmotic stress—, or IL-1 -induced activation
of the JNK signaling pathway in these cells.

Conclusions— UV irradiation stress—induced activation of the ASK1-SEK1-JNK signaling
pathway leading to apoptosis is a caffeine-sensitive process, and caffeine, as a multifunctional agent
in cells, can specifically interact with the pathway to protect against apoptosis.

Exposure of mammalian cells to UV irradiation causes programmed cell death (apoptosis) and
cancer. For example, intensities of UV-C and -B irradiation sufficient to induce corneal
epithelial cell death are on the order of microjoules per square centimeter and millijoules per
square centimeter, respectively. These intensities of UV light are comparable to that which
people are exposed to on a daily basis.1 =3 In response to UV irradiation, mammalian cells
initiate a series of intracellular signaling cascades by activating a variety of protein kinases.
UV irradiation—induced activation of signal transduction shares common signaling pathways
that are induced by cytokines/stress stimulation and that are related to programmed cell death.
The complex cellular events triggered by UV irradiation are initiated in the membrane and
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include activation of non—receptor tyrosine kinase, G proteins, transcription factors, and ligand-
independent membrane receptors, such as epldermal growth factor (EGF), platelet-derived
growth factor (PDGF), TNFaq, and Fas ligand. 4-6 |n addition, these cytokine receptors can be
activated by hypertonic stress. 7 The effect of UV irradiation on activation of growth factors
and other cytokine receptors in the cell membrane has been verified further by microarray
experiments. 8 Several signaling components have been identified in response to UV-induced
cytokine receptor activation, including Ras-Raf, Src, and the caspases.9 UV irradiation
induces clustering and phosphorylation of membrane receptors and subsequently activates
mitogen activated protein (MAP) kinase cascades, leading to programmed cell death in various
cell types. 13-18 More important, portions of the MAP kinase signaling pathway, including
the c-Jun N-terminal kinase (JNK)/stress-activated protein kinase (SAPK) and p38 signaling
pathways, mediate UV |rrad|at|on induced apoptosis in various cell types, including corneal
epithelial cells. 17,19-2

Recent studies indicate that stimulation of K* channel activity causes the rapld loss of
intracellular K*, which results in the activation of the caspase cascade. 18,23-27 The effect of
the rapid loss of intracellular K* on caspase activation suggests that crosstalk occurs between
activation of the K* channel and intracellular signaling pathways. We found that UV
irradiation—induced activation of caspase 1 (ICE) and JNK-1 occur subsequent to the
stimulation of K* channel activity and the loss of intracellular K* in corneal epithelial cells.
17 This finding is consistent with the report that the activation of caspase 1 can affect upstream
events in the JINK pathway at the INK level.28:29 Activation of the INK signaling pathway
by UV irradiation eventually results in apoptosis. UV irradiation—induced JNK-1 activation is
markedly increased after ~60 minutes, and JNK-1 activation is initially observed within 5 to
15 minutes after the end of the UV-exposure period. 17

Caffeine, a natural component of coffee and tea, is used in medicine for respiratory stimulation,
relief of headache, suppression of the appetite, among other uses. It also is one of the world’s
most popular additives to food products. Caffeine plays multiple roles in the regulation of cell
function. It is a blocker of adenosine 3,5-cyclic monophosphate gcAMP) phosphodiesterase,
resulting in an increase in concentration of intracellular cAMP.30 1t promotes the release of
Ca?* from intracellular stores, thus increasing cytosolic Ca2* .31 |tacts as an adenosine receptor
antagonist to induce dopamine release from neuronal cells in the central nervous system. 2,
33 1t has been shown that caffeine is a direct inhibitor of members of PI3K-like kinase family,
such as ATM (ataxia telangiectasia mutated kinase, ATR (ATM and Rad3-related kinase), and
DNA-PK (DNA-dependent protein kinase). Suppression of ATM and ATR by caffeine affects
re79ulation of the cell cycle checkpoint, signal transduction of DNA repair, and apoptosis.34‘
37 However, the role of caffeine in cell survival is still not fully understood and is rather
controversial because of its multiple cellular effects.

In previous studies, we found that suppression of K* channel hyperactivity as a early response
to UV irradiation (at a dosage of 42 xJ/cm?2) with specific channel blockers prevents p53
phosphorylation in corneal epithelial cells. K* channel blockers have no inhibitory effect on
UV irradiation—induced p53 phosphorylation in the later response induced by continuous
exposure of cells to UV irradiation.38 However, caffeine blocks both early and later
phosphorylation of p53 induced by UV irradiation, indicating that there is an involvement of
UV irradiation—induced DNA damage distinguishable in the effect of UV irradiation-induced
activation of the membrane K, channel-linked signaling pathway. It has been suggested that
the sensors in response to DNA damage resulting in phosphorylation of p53 involve ATM and
ATR.39,40 Caffeine is able to block DNA damage induced ATM and ATR responses to inhibit
subsequent phosphorylation of p53 1 Thus, suppression of the DNA damage-related
signaling pathway by caffeine can effectlvely prevent UV irradiation—induced phosphorylation
of p53. In the present study, we report that the action of caffeine to suppress the early cellular
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response induced by UV irradiation is the result of an interaction of upstream events in UV
irradiation—induced activation of the JINK signaling pathway and prevents apoptosis of corneal
epithelial cells. The mechanism involving cell protection by caffeine acts through the inhibition
of UV-induced ASK1-SEK-JNK activation.

Materials and Methods

Culture of Corneal Epithelial Cells

A human corneal epithelial (HCE) cell line was used in the study. The cells were grown in
DMEMY/F-12 culture medium containing 10% fetal bovine serum and 5 xg/mL insulin and
maintained in an incubator supplied with 95% air and 5% CO, at 37°C. The culture medium
was replaced every 2 days. HCE cells were passaged by treating cells with 0.05% trypsin-
EDTA.

Apoptosis Induction

For UV irradiation experiments, confluent cells or corneas were placed in a tissue culture hood
at a distance of 60 cm from the UV-C light source and exposed at an intensity of 42 1J/m?2. For
exposure of cells to melphalan (an antitumor drug), a stock solution of 100 mg/mL was added
to the culture medium at a final concentration of 100 ug/mL. After melphalan and UV
treatments, cells were incubated at 37°C in 5% CO» for 15 to 24 hours followed by
measurements of cell viability and DNA fragmentation.

Measurements of Cell Death with DNA Fragmentation and Nuclear Staining

HCE cells were washed twice with PBS and resuspended in lysis buffer (200 mM Tris-HCI
[pH 8.0] 100mM EDTA, 1% SDS, and 100 ug/mL proteinase-K). Cell mixtures were incubated
at 55°C for 4 hours. Lysates were extracted with an equal volume of phenol (pH 8.0) and then
extracted with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1). Nuclear DNA
was precipitated with 0.3 M NaCl and 2 volumes of absolute ethanol and stored at —20°C
overnight. After centrifugation at 13,0009 at 4°C for 10 minutes, the DNA pellet was dried
and dissolved in TE buffer (10 mM Tris-HCI [pH 7.5] and 1 mM EDTA) containing 20 ug/
mL RNase A and incubated at 37°C for 1 hour. DNA samples were analyzed by electrophoresis
on 1.5% agarose gels, and the results were visualized by staining with 1 xg/mL ethidium
bromide for 30 minutes.

For nuclear staining, HCE cells were stained with 8 xg/mL ethidium bromide and acridine
orange (EB/AQ), to determine cell viability and apoptosis by detecting nuclear DNA
condensation. Cell populations were scored according to their staining color and intensity by
using a UV-fluorescence microscope (Nikon, Tokyo, Japan). HCE cells with green nuclear
staining were deemed to be viable with membrane integrity. In contrast, cells with orange
nuclear staining were judged to be apoptotic, distinguishable because of the presence of
chromatin condensation and DNA fragmentation.

Immunoprecipitation and Kinase Assay

Cell lysates were incubated on ice for 10 minutes and then were precleared by centrifugation
at 13,000qg for 10 minutes. JINK-1 and ASK1 proteins were immunoprecipitated with 0.5 ug
of rabbit polyclonal antibody against JNK-1 or ASK1 and protein A-Sepharose beads. The
immunocomplex was washed three times with lysis buffer and twice with kinase buffer (20
mM HEPES [pH 7.6], 20 mM MgCls,, 25 mM u-glycerophosphate, 100 mM sodium
orthovanadate, and 2 mM dithiothreitol [DTT]) and resuspended in 50 L of kinase buffer. To
determine JNK activity, 0.5 ug of GST-ATF-2 (CST, MA) was added to 30 L of the
immunocomplex. The kinase reaction was initiated by adding 2 L of an adenosine triphosphate
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(ATP) mixture (20 zM ATP and 10 uCi y-P32-ATP; GE Healthcare, Piscataway, NJ). For ASK1
activity, 1.5 ug of myelin basic fusion protein (MBP; Santa Cruz Biotechnology, Santa Cruz,
CA) was added to 30 xL of the immunocomplex. The kinase reaction was initiated by adding
1 uL of y-P32-ATP (10 xCi). The reaction proceeded at room temperature for 10 minutes before
it was terminated by adding 30 xL of 2x Laemmli buffer. Phosphorylation of ATF-2 or MBP
was visualized by autoradiography after SDS-polyacrylamide gel electrophoresis.
Phosphorylation of ATF-2 and MBP was quantified by densitometry.

Western Blot Analysis

Results

The cells (2 x 10%) were rinsed twice with ice-cold PBS and solubilized in SDS-polyacrylamide
sample buffer containing 62.5 mM Tris-HCI (pH 6.8), 2% wt/vol SDS, 10% glycerol, 50 mM
DTT, and 0.01% wt/vol bromophenol blue or phenol red. The resultant suspensions were
denatured by boiling for 5 minutes. After fractionation of cell lysates by with 12%
polyacrylamide gel (PAGE), proteins were electrotransferred to polyvinylidene difluoride
(PVDF) membranes. Membranes were exposed to blocking buffer containing 5% nonfat milk
in TBS-0.1% Tween 20 (TBS-T) for 1 hour at room temperature (RT, 21-23°C), and then
incubated overnight with antibodies of interest at 4°C or for 1 hour. All antibodies used in the
study were obtained from Santa Cruz Biotechnology. After three washes with TBS-T buffer,
the membranes were incubated with alkaline phosphatase (AP)-linked secondary antibody for
1 hour at room temperature, and the proteins were detected (Phototope-Star Western Blot
Detection kit; Cell Signaling Technology, Beverly, MA).

Protective Effect of Caffeine against UV-Induced Cell Death

The effect of UV-induced apoptosis has been well defined. To investigate whether caffeine
protects against UV irradiation—induced apoptosis in corneal epithelial cells, we treated HCE
cells with caffeine in a range of concentrations. HCE cells were exposed to UV irradiation (42
wJicm?) in the absence and presence of caffeine. After additional incubation of cells for 8 to
12 hours, the cells were subjected to apoptotic assays by detecting nuclear condensation and
DNA fragmentation. Nuclear staining with EB/AQ revealed that UV irradiation—induced
apoptosis was markedly blocked by caffeine at concentrations of 1 to 20 mM (Fig. 1A). UV
irradiation—induced apoptosis detected with a DNA fragmentation assay was also diminished
by the addition of caffeine to the cell culture 20 minutes before UV exposure (Fig. 1B). Control
experiments showed that caffeine itself did not affect HCE cell viability. These results indicate
that caffeine is a strong inhibitor of UV irradiation—induced apoptosis in these cells.

Inhibition of UV-Induced JNK Activation by Caffeine

In a previous report, we found that UV irradiation—induced apoptosis in corneal epithelial cell
occurs through activation of the INK cascade.L’ Itisa logical extension for us to investigate
whether UV irradiation-induced JNK activation can be blocked by caffeine that protects
corneal epithelial cells from apoptosis. HCE cells were exposed to UV irradiation in the absence
and presence of different concentrations of caffeine. JINK activities were determined by
Western blot analysis and an immunocomplex kinase assay. Western blot showed that UV
irradiation elicited JNK phosphorylation in 5 minutes and that caffeine markedly blocked UV
irradiation—induced JNK phosphorylation in a dose-dependent fashion (Figs. 2A, 2B). UV
irradiation—induced JNK kinase activity was determined by an immunocomplex kinase assay,
and the hypophosphorylated fusion protein ATF was used as the substrate (Fig. 2C). Caffeine
(1-10 mM) was applied to corneal epithelial cells and UV irradiation—induced JNK kinase
activity was completely suppressed by 5 mM caffeine (Fig. 2D). These results demonstrate for
the first time that caffeine prevents UV irradiation—induced JNK activation in these cells.
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Effect of cAMP on UV-Induced JNK Activation

It has been shown that one of the important effects of caffeine is that it can inhibit cAMP
phosphodiesterase, resulting in the elevation of intracellular cAMP levels and an increase in
PKA activity. To examine whether the inhibitory effect of caffeine on UV irradiation-induced
JNK activity is due to cCAMP-PKA activation, we manipulated intracellular cAMP levels by
using cAMP analogues and antagonists to interfere with caffeine’s effect. Various dosages of
the membrane-permeable cAMP analogue 8-cpt-cAMP (50 —200 xM) and the adenylcyclase
activator forskolin (10 —100 x«M) failed to block UV irradiation—induced JNK activation,
indicating that increases in intracellular cAMP levels did not inhibit the effect of UV irradiation
on JNK activation (Figs. 3A, 3B). In contrast, decreases in intracellular cCAMP levels by Rp-
CAMP (50 -200 M), a membrane-permeable cAMP analogue, neither affected UV
irradiation—induced JNK activation, nor inhibited the effect of caffeine on the blockade the
activation (Fig. 3C). In addition, H-89, a specific inhibitor of PKA, showed no effects on UV
irradiation—induced JNK activation or caffeine protection against the activation (data not
shown). Our data reveal that the protective effect of caffeine against UV irradiation—induced
JNK activation is not through cAMP-PKA activation in corneal epithelial cells.

Effect of Calcium on UV-Induced JNK Activation

It has been reported that caffeine induces intracellular Ca2* concentration by activation of
receptor-linked Ca?*-release channels.32:33 To determine whether caffeine blocks UV
irradiation—induced JNK activation through a Ca2* mechanism, different doses of ryanodine
and A23187 (a Ca2* ionophore) were applied to HCE cells, to increase the intracellular Ca*
concentration. We found that neither ryanodine nor A23187 blocked UV irradiation-induced
INK activation (Figs. 4A, 4B). In addition, TMB-8 (10 —100 M), a blocker of Ca2* release
from the intracellular Ca2* store, failed to block the effect of caffeine on UV irradiation—
induced JNK activation (Fig. 4C). These results do not support the notion that the inhibitory
effect of caffeine on UV irradiation—induced JNK activation is due to the elevation of
intracellular Ca%* levels.

Effect of PI3K-like Kinases on UV-Induced JNK Activation

In other reports, it has been suggested that caffeine exerts its cellular effects through blocking
phosphatidylinositol 3'-kinase PI3K-like kinases, such as ATM, ATR, and DNA-PK.34-37
To test whether caffeine suppresses UV irradiation—induced JNK activation through inhibition
of PI3K-like kinase activities, HCE cells were treated for 30 minutes with wortmannin (a
inhibitor of PI3K) before UV exposure. We found that application of wortmannin (100 —1000
4M) to UV-exposed HCE cells had no significant effect on UV-induced JNK activation or on
caffeine-induced blockade of the activation (Fig. 5A). However, a significant enhancement of
UV-induced cell death was observed in wortmannin-treated cells (Fig. 5B). These results
indicate that PI13K-like kinases may not play a role in the protective effect of caffeine against
UV irradiation—induced JNK activation. Further experiments were performed to confirm the
effect of caffeine on DNA damage—-induced JNK activation, since DNA damage activates INK
through PI3K-like kinases. Melphalan, an anti-tumor drug that forms DNA intrastrand
crosslinks causing DNA damage, was used to activate the JNK cascade in HCE cells.
Application of caffeine (5 mM) effectively suppressed UV irradiation—induced JNK activation;
however, caffeine (up to 20 mM) did not inhibit melphalan-induced JNK activation (Fig. 5C).
Furthermore, the application of caffeine failed to inhibit melphalan-induced cell death (Fig.
5D). These results suggest that the effect of caffeine on inhibition of INK activity is through
a specific mechanism and that activation of the INK signaling pathway is essential for stress-
induced corneal epithelial cell apoptosis.
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Effect of Theophylline on UV-Induced JNK Activation

Theophylline is another member of the methylxanthines. Caffeine (1,3,7-trimethylxanthine)
can be converted to theophylline (1,3 dimethylxanthine) in the liver. We found that
theophylline had the same inhibitory effect as caffeine on UV-induced JNK activation.
Theophylline was applied to cultured HCE cells 30 minutes before UV exposure. UV-induced
JNK activation was markedly blocked by theophylline at concentrations of 1 to 10 mM, similar
to the effect of caffeine (Fig. 6A). Theophylline also significantly protected against UV
irradiation—induced apoptosis in corneal epithelial cells (Fig. 6B). The finding that theophylline
prevents UV irradiation—induced JNK activation and cell apoptosis further confirms the
inhibitory effect of caffeine on UV irradiation—induced JNK activation and apoptosis.

Effect of Caffeine on Other Stress-Induced JNK Activation

To study the specificity of caffeine’s effects on UV irradiation-induced JNK activation, INK
was activated by other stress stimuli, including IL-15, hyperosmotic pressure, and H,O,. We
found in HCE cells that hyperosmotic pressure created by the addition of 600 mM sorbitol to
the culture medium induced an increase in the phosphorylation level of JINK and that treating
cells with 10 nM IL-14 and 0.5 mM induced a rather H,O, weaker JNK phosphorylation (Fig.
7). HCE cells were treated with 5 mM caffeine 30 minutes before the stress stimulation. We
found that caffeine totally blocked UV irradiation—-induced JNK phosphorylation, but it had
no effect on hyperosmotic pressure—, IL-15-, or HyO»-induced JNK activation (Fig. 7). These
results indicate that the inhibitory effect of caffeine is only specific to UV irradiation-induced
JNK activation.

Effect of Caffeine on UV-Induced ERK and p38 Phosphorylation

We have shown that in corneal epithelial cells, UV irradiation can also activate the ERK and
p38 limbs. To examine the effect of caffeine on UV irradiation-induced ERK and p38
activation, caffeine and theophylline were administrated to the culture medium 30 minutes
before UV irradiation. UV irradiation—activated ERK and p38 in human corneal epithelial cell
were indeed blocked by caffeine and theophylline (Fig. 8A). In contrast, EGF-induced ERK
activation and hyperosmaotic pressure—induced p38 activation were not blocked by either
caffeine or theophylline (Fig. 8). The results demonstrate that caffeine can specifically interact
with upstream components in the UV irradiation—-induced MAP kinase pathways resulting in
protection from UV irradiation—induced apoptosis.

Effect of Caffeine on UV-Induced ASK1 and SEK1 Activation

ASK1 and SEK1 are the upstream components in the INK signaling pathway. The effect of
UV irradiation—induced stress on activation of ASK1 and SEK1 in corneal epithelial cells is
still not completely understood. To investigate whether these upstream kinases play roles in
UV irradiation—induced JNK activation, HCE cells were exposed to UV light and harvested
for tests of kinase activity and protein phosphorylation status for ASK1 and SEK1. First, SEK1
phosphorylation was determined by Western blot analysis with an anti-phospho-SEK1
antibody. UV irradiation markedly increased SEK1 phosphorylation levels in corneal epithelial
cells in 5 minutes (Fig. 9A). Second, ASK1 kinase activity determined by an immunocomplex
kinase assay was strongly elevated in 5 minutes in response to UV irradiation (Fig. 9B). MBP
was used as the substrate in the immuno-complex kinase assays. It is notable that application
of caffeine (5 mM) effectively inhibited both UV irradiation—induced SEK1 phosphorylation
and ASK1 kinase activities. Results of these experiments indicate that the effect of caffeine on
prevention of UV irradiation—induced activation of the INK cascade is through interaction with
the upstream components in the ASK1-SEK1-JNK pathway.
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Discussion

In various mammalian cell types, exposure of cells to UV irradiation can cause programmed
cell death and cancer, depending on the intensity and wavelength of UV stimulation. The
cellular effect of UV irradiation involves a variety of intra-cellular events from cell membrane
to nuclei. UV irradiation affects cellular events including activation of membrane receptors in
the absence of ligand binding, ion channels, nonreceptor tyrosine kinases, G proteins, MAP
kinases, and some transcription factors. Caffeine has been described as an agent that can
enhance the effect of radiation and chemotherapy in treating cancers because it retards cell
proliferation and cell death.42:43 It has also been reported that caffeine inhibits the activation
of DNA damage repair kinases, such as ATM and ATR, that leads to the failure of transition
in the Go/M check-point and results in cell death. Recently, there have been a few reports
suggesting that caffeine may protect against cell death in neurons in neurologic disorders.32;
44 Therefore, studying the role of caffeine in the prevention of cell death is of clinical
significance. We found that UV irradiation—induced programmed cell death in corneal
epithelial cell is dependent on the ability to activate the JNK cascade in these cells. Caffeine
prevents UV-induced cell apoptosis that was detected by DNA fragmentation and nuclear
condensation staining through inhibition of UV irradiation—induced activation of the JINK
cascade. We also found that caffeine can induce corneal epithelial cell apoptosis at
concentrations greater than 40 mM (data not shown). We used caffeine dosages that were less
than 20 mM in the present study, to demonstrate for the first time the protective effect of
caffeine against UV irradiation—induced apoptosis.

In the present study, we report that caffeine specifically blocks UV irradiation—induced
activation of the ASK1-SEK1-JNK signaling pathway, resulting in protection from UV
irradiation—induced apoptosis in corneal epithelial cells. Because of the multiple interactions
of caffeine with intracellular components, it was important for us to examine the many possible
effects of caffeine on these components. We found that caffeine blocked specifically INK
activation in response to UV irradiation, but had no effect on INK activation induced by other
stimuli, including melphalan (DNA damage drug), sorbitol (hyperosmotic pressure), and
IL-15 (cytokine; Figs. 5, 7). It has been shown that melphalan causes DNA damage by forming
DNA intrastrand crosslinks resulting in cell death.#® However, activation of INK by
medphalan has not been reported, and the mechanism remains to be investigated. Sorbitol
induces hyperosmotic stress in cells and activates MKK3/6 leading to p38 and JNK activation.
4,46,47 Cytokines, such as TGF-g and IL-1p, can activate TAK1, an MAPKK, leading to
activation of the JNK cascade. 4849 Itis likely that different stimulators induce JNK activation
through different signaling pathways. We found that caffeine suppressed only UV irradiation—
induced JNK activation, indicating that caffeine is not a universal blocker of the ASK1-SEK1-
JNK signaling pathway.

It has been reported that UV irradiation induces activation of EGF and PDGF receptors and
subsequently activates MAPK signaling pathways including activation of the ERK, JNK, and
p38 pathways.4v13750 In addition, UV irradiation—induced up-regulation of growth factor
receptors has been confirmed by microarray experiments.8 It is consistent with previous results
that UV irradiation can activate MAP kinases in corneal epithelial cells similar to the effect of
UV irradiation stress in other cell types. Caffeine can block UV irradiation—induced JNK, ERK,
and p38 activation, but caffeine cannot prevent EGF-induced ERK activation and sorbitol-
induced p38 activation (Fig. 8). These results suggest that UV irradiation—induced activation
of the INK, ERK, and p38 signaling pathways may be through different components upstream
from these pathways and indicates that caffeine is able to interact with the upstream
components. In fact, SEK1 is one of the kinases immediately upstream from JNK, and ASK1
can phosphorylate both MAKK3/6 and MKK1/4 (SEK1), resulting in activation of the p38 and
JNK cascades.
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It is known that caffeine inhibits cAMP phosphodiesterase, resulting in accumulation of
intracellular cAMP and activates ryanodine receptors to promote the release of Ca2* from the
cellular stores leading to increases in intracellular Ca2*. 2-54 19 investigate the mechanisms
through which caffeine inhibits the UV irradiation—induced activation of INK, experiments
were designed to examine whether the effect of caffeine on the JNK cascade is related to the
levels of intracellular cAMP and Ca2* release. We found that increases in the intracellular
cAMP level or increases in the intracellular Ca2* concentration stimulated by either forskolin
and 8-cpt-cAMP or ryanodine and A23187 had no effect on the interaction between caffeine
and UV irradiation—induced JNK activation. In contrast, suppression of the intracellular cAMP
level or intracellular Ca2* concentration by Rp-cpt-cCAMP or TMB-8 did not reverse the effect
of caffeine on UV irradiation—induced JNK activation. These results provide strong evidence
that intracellular cAMP and Ca2* levels induced by caffeine do not play roles in the inhibitory
effect of caffeine on the activation of the UV irradiation—induced JNK cascade.

It has also been reported that caffeine may interact with three distinct classes (I, 11, and 111) of
phosphoinositide 3-kinases (PI3Ks) and PI13K-like kinases, such as DNA-PK, ATM, and ATR.
These kinases share a similar ATP- and substrate-binding site in the catalytic core. Common
blockers that target the ATP-binding site of all PI3K isoforms and interferes with PI3K-related
kinase activities are wortmannin and LY294002.2°:96 Caffeine has an effect similar to
wortmannin on the inhibition of PI3K-like kinases, including ATM and ATR.35:37 In the
present study, we found that wortmannin failed to mimic the effect of caffeine on blockage of
UV irradiation—induced JNK activation. Instead, itenhanced UV irradiation-induced apoptosis
in corneal epithelial cells (Fig. 5B). This finding is consistent with those in a previous report
that activation of PI3K at the membrane promotes cell growth and survival and that inhibition
of PI3K suppresses cell proliferation and induces apoptosis.57

Functioning as adenosine receptor antagonists, caffeine and theophylline have similar effects
on the protection against UV irradiation—induced JNK activation and cell death. This action
implies a new role for adenosine receptors in UV irradiation—induced cell death. Adenosine
receptors belong to the G protein— coupled receptor family and activate MAP kinases.>8:59
Subsequentlg/, activation of G proteins mediates UV irradiation—induced p38 and JINK
activation.”9-61 However, a link between the UV irradiation-induced activation of the
adenosine receptor and JNK activation has not been reported. It is very likely that the adenosine
receptor mediates UV irradiation-induced JNK activation, and this area is of great interest for
our further studies.

The other possible target of caffeine is interaction with ion channels in the cell membrane,
including Katp, Kca, and other K,, channels. 62,63 We have reported that UV irradiation
evokes hyperactivation of K,, channels in corneal epithelial and hematopoietic ML-1 cells.
18,27 Suppression of K\, channel activity by specific channel blockers effectively prevents UV
irradiation—induced JNK activation and apoptosis. Thus, the possibility that caffeine interacts
with channels to prevent UV irradiation—induced JNK activation and cell death is another topic
for future study.
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Figure 1.

Protection of corneal epithelial cells from UV irradiation-induced apoptosis by caffeine. (A)
Viability of HCE cells treated with UV irradiation in the absence or presence of caffeine. Cell
viability was examined 16 hours after UV irradiation by using trypan blue exclusion. (B) Effect
of caffeine on UV-induced DNA fragmentation. HCE cells were incubated with caffeine for
30 minutes at the concentration shown and then exposed to UV irradiation (42 xJ/cm?). DNA
fragmentation was detected in HCE cells 8 hours after UV exposure. Statistical significance
was determined at a Cl level of P < 0.05 (n = 6).
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Inhibition of UV irradiation-induced JNK activation by caffeine. (A) Time course of UV
irradiation—induced JNK phosphorylation. (B) Inhibition of UV irradiation—induced JNK
phosphorylation by caffeine in a dose-dependent pattern. (C) Time course of UV irradiation—
induced kinase activity of JINK. (D) Dose-dependent suppression of UV irradiation—induced
kinase activity of INK. HCE cells were lysed and JNK phosphorylation and kinase activities

were detected by Western blot using specific anti-phospho-JNK antibodies or by

immunocomplex kinase assay using the fusion protein ATF-2 as a substrate.
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Figure 3.

Effect of altered intracellular cAMP levels on UV irradiation—induced JNK activation. (A)
Effect of 8-cpt-CAMP on UV irradiation—induced JNK phosphorylation. (B) Effect of forskolin
on UV irradiation—induced JNK phosphorylation. (C) Effect of Rp-cpt-cAMP on UV
irradiation—induced JNK phosphorylation. Intracellular cMAP levels were altered by exposure
of HCE cells to 8-cpt-cAMP, forskolin or Rp-cpt-cAMP at indicated concentrations in the
absence and presence of 5 mM caffeine 30 minutes before UV irradiation. HCE cells were

harvested 15 minutes after UV irradiation for Western blot analysis.
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Figure 4.

Effect of altered intracellular Ca2* concentration on UV irradiation-induced JNK
phosphorylation. (A) Effect of Ca2* influx induced by the calcium ionophore A23187 on UV
irradiation-induced JNK phosphorylation. (B) Effect of increase in intracellular Ca%* release
by ryanodine stimulation on UV irradiation—induced JNK phosphorylation. (C) Effect of
reducing intracellular Ca%* release by TMB-8 on UV irradiation-induced JINK
phosphorylation. Intracellular Ca2* levels were altered by exposure of HCE cells to A23187,
ryanodine, or TMB-8 at the indicated concentrations in the absence and presence of 5 mM
caffeine 30 minutes before UV irradiation. HCE cells were harvested for Western blot analysis
15 minutes after UV irradiation.
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Figure 5.
Effect of caffeine on UV irradiation— and melphalan-induced JNK phosphorylation and

apoptosis. (A) Effect of caffeine in the presence of wortmannin (a inhibitor of PI3K) on UV
irradiation—induced JNK phosphorylation. (B) Effect of suppressing PI3K activity with
wortmannin on UV irradiation—induced HCE cell apoptosis. HCE cells were treated with
caffeine in the absence and presence of wortmannin for 30 minutes before exposure of cells to
UV irradiation. Western blot analysis was performed to detect INK activation 15 minutes after
UV irradiation. Cell viability was determined by using EB/AO staining 6 hours after UV
exposure. (C) Effect of caffeine on melphalan-induced JNK activation. (D) Effect of caffeine
on melphalan-induced HCE cell apoptosis. Melphalan (100 xg/mL) was added to culture
medium in the presence or absence of caffeine, and cells were harvested for Western blot
analysis 1 hour after treatment. HCE cell viability was measured by EB/AO staining 18 hours
after the drug treatment. Statistical significance was determined by Student’s t-test (P < 0.001,
n==6).
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Figure 6.

Effect of theophylline on UV irradiation—induced JNK phosphorylation and cell apoptosis.
(A) Effect of theophylline (Theoph) on UV irradiation-induced JNK phosphorylation. (B)
Effect of theophylline on UV irradiation—induced cell death. HCE cells were preincubated with
theophylline at the indicated concentrations for 30 minutes and then exposed to UV irradiation.
The cells were harvested for Western blot analysis 15 minutes after UV irradiation. Cell
viability was tested by EB/AO staining 20 hours after UV exposure. Statistical significance
was determined by Student’s t-test (P < 0.001, n = 6).
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Effects of caffeine on hyperosmotic pressure—, IL-14- and H,O5-induced JNK activation. HCE
cells were incubated with 600 mM sorbitol (A), 10 ng/mL IL-14 (B), or 0.5 mM H,0, (C), in
the absence or presence of 5 mM caffeine (Caf ). HCE cells were harvested 15 minutes after
the treatments and subjected to Western blot analysis.
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Effects of caffeine and theophylline on ERK and p38 activation induced by UV irradiation,
EGF, or hyperosmotic pressure. (A) Effects of caffeine and theophylline on UV irradiation—
induced ERK and p38 phosphorylations. (B) Effects of caffeine and theophylline on EGF-
induced ERK phosphorylation. (C) Effect of caffeine and theophylline on sorbitol-induced p38
activation. ERK and p38 phosphorylations were measured 15 minutes after treating cells with
20 ng/mL EGF or 600 mM sorbitol in the absence or presence of 5 mM caffeine or theophylline.
The lysates were analyzed by Western blot with specific antibodies against phospho-ERK or

phospho-p38.
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Figure 9.

Effect of caffeine on UV irradiation—induced activation of SEK-1 and ASK1. (A) Suppression
of UV irradiation—induced SEK1 phosphorylation by 5 mM caffeine. (B) Inhibition of UV
irradiation—induced ASK1 kinase activation by 5 mM caffeine. SEK1 phosphorylation was
determined by Western blot analysis with the anti-phospho-SEK1 antibody. ASK1 kinase
activity was measured by and immunocomplex kinase assay. MBP was used as a substrate in
the kinase assay.
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