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ABSTRACT Violet-blue light is toxic to mammalian cells,
and this toxicity has been linked with cellular production of
H,0,. In this report, we show that violet-blue light, as well as
UVA, stimulated H,O, production in cultured mouse, monkey,
and human cells. We found that H,O, originated in peroxi-
somes and mitochondria, and it was enhanced in cells over-
expressing flavin-containing oxidases. These results support
the hypothesis that photoreduction of flavoproteins underlies
light-induced production of H,O; in cells. Because H,O, and
its metabolite, hydroxyl radicals, can cause cellular damage,
these reactive oxygen species may contribute to pathologies
associated with exposure to UVA, violet, and blue light. They
may also contribute to phototoxicity often encountered during
light microscopy. Because multiphoton excitation imaging
with 1,047-nm wavelength prevented light-induced H,O, pro-
duction in cells, possibly by minimizing photoreduction of
flavoproteins, this technique may be useful for decreasing
phototoxicity during fluorescence microscopy.

It is well known that UV radiation is toxic to living organisms.
Less recognized or understood is that toxicity can be induced
by visible light. Specifically, violet (400—450 nm) and blue
(450-490 nm) light are known to cause mutations and even
death of cultured mammalian cells at irradiation doses of 2—-6
J/em? (1-8), which is equivalent to 5-10 min of direct sunlight
(9). Although most human cells are protected from sunlight by
physical barriers (skin, hair, clothing), clinical pathologies
resulting from intense sources of violet-blue light have been
reported, e.g., solar retinopathy (10, 11) and erythropoietic
protoporphyria (12, 13). Recent evidence indicates that in-
tense violet light can also induce cutaneous malignant mela-
noma in animal models of human skin cancer (14, 15). Because
humans are exposed to many sources of intense violet-blue
light (e.g., sunlight, sunbeds, lasers, welding arcs, halogen
lamps), it is important to understand the cause of this toxicity.

Previous studies have shown that irradiation of mammalian
cells with violet or blue light induced H,O, production and
DNA damage (1-8, 16-25). Catalase and other antioxidants
prevented this damage, indicating that H,O, production was a
critical, early step in the process. These studies did not
investigate the source of H>O; or the underlying mechanism of
production. Because of its critical role, we have investigated
the subcellular source and possible molecular events involved
in H>O; generation in three cell types grown in culture: mouse
fibroblasts (NIH 3T3 cells), African green monkey kidney
epithelial cells (CV1 cells), and human foreskin keratinocytes
(HK cells). Our results demonstrate that violet-blue light
stimulated H>O; production in peroxisomes and mitochondria
and that a likely mechanism of production was activation of
flavin-containing oxidases.
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MATERIALS AND METHODS

Cell Cultures. 3T3 and CV1 cells were cultured in flasks
containing DMEM (GIBCO) supplemented with 10% fetal
calf serum (GIBCO), glutamine (2 mM, Sigma), sodium
bicarbonate (3.7 mg/ml, Sigma), penicillin (100 units/ml,
GIBCO), and streptomycin (100 ug/ml, GIBCO). HK cells
were cultured in a defined, serum-free medium (keratinocyte-
SFM, GIBCO). Cultures were kept at 37°C in a humidified
incubator (Napco, Tualatin, OR) aerated with 10% CO,. Cells
were transferred once a week by using trypsin (0.25%,
GIBCO). For experiments, cells (10° per ml) were plated onto
glass coverslips (no. 1; Fisher) and cultured 1-3 days in growth
medium. Before experiments, medium was replaced with
saline (130 mM NaCl/5.4 mM KCl/2 mM MgCl,/2 mM
CaCly/25 mM glucose/10 mM Hepes, pH 7.3). Cells were
routinely shielded from room lights and viewed under bright-
field microscopy through a red filter (605 LP, Melles Griot,
Irvine, CA). All experiments were performed at room tem-
perature (20-22°C).

Irradiation. Cells were irradiated through the epi-
illumination port of an inverted fluorescence microscope
(Nikon Diaphot) by using a 75 W xenon arc lamp and
interference filters (Chroma Technology, Brattleboro, VT).
Light was delivered through a X20 (Ph2, 0.4 numerical aper-
ture, Nikon), X40 oil (Fluor, 1.3 numerical aperture, Nikon),
or X100 oil objective (Plan, 1.25 numerical aperture, Nikon),
and intensities were further adjusted by using neutral-density
filters. The following interference filters were tested: UVA
(375-385 nm), violet (400—410 nm), violet-blue (445-455 nm),
blue (450-490 or 485-495 nm), green (495-505 or 500-560
nm), orange (550 long-pass filter), and red (590-650 nm or 605
long-pass filter). Irradiance was quantified by using a cali-
brated radiometer and probe (model S370, United Detector
Technology, Santa Monica, CA). Temperature changes during
irradiation were measured with a thermocouple microprobe
(Physitemp, Clifton, NJ) and increased by <1°C even at high
intensities.

Cytochemical Detection of H,O,. Modification of a classical
histochemical stain for H,O,-dependent enzymes was used
(26, 27). Live cells were irradiated in the presence of substrate
[(3-amino-9-ethylcarbazole (AEC) or 3,3'-diaminobenzidine
(DAB)] but without exogenous H,O,. Reaction product (po-
lymerized substrate) was expected wherever H,O, was pro-
duced in proximity to endogenous catalase, peroxidase, and/or
oxidase (28). DAB stock solution (10 mg/ml; Electron Micros-
copy Sciences, Ft. Washington, PA) was prepared in DMSO
(Aldrich) and diluted 1:1,000 in saline for use. AEC stock
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FiG. 1. Cytochemical detection of H>O» production in 3T3 cells. Cells were irradiated with blue light (450-490 nm at 6.3 W/cm?) for 20 min
in saline containing AEC followed by thorough washing to remove large nonspecific crystals. (4) In normal saline, irradiated cells (circular area)
displayed moderately dark reaction product (polyAEC) with a punctate distribution. (B) In cells pretreated with catalase, staining was darker and
clearly localized in the cytoplasm. (C) Staining was markedly attenuated in cells fixed for 1.5 hr in buffered 4% paraformaldehyde solution before
irradiation. (D) Staining was reduced and punctate in cells pretreated with vitamin C. Arrows denote cells with partial staining. [Bar = 100 um

and 50 um (Inset).]

solution (3%, Sigma) was prepared in N,N-dimethylformamide
(Sigma), diluted 1:3,000 in saline, allowed to equilibrate for 10
min, and filtered before use. Results were photographed under
brightfield microscopy by using an image acquisition system
(BioVision, Perceptics, Knoxville, TN). The specificity of the
response was tested in cells pretreated for several hours at 37°C
in medium containing one of the following chemicals (Sigma):
horseradish peroxidase (125 units/ml), catalase (1,000 units/
ml), vitamin C (1 mM), 3-amino-1,2,4-triazole (10 mM), or
KCN (1 mM).

Electron Microscopy. Immediately after irradiation in DAB
solution, cells were fixed for 10 min in 2% glutaraldehyde in
saline, rinsed, postfixed for 30 min in 1% osmium tetroxide,
rinsed, dehydrated in a graded ethanol series, stained enbloc
with 3% uranyl acetate/95% ethanol for 30 min, infiltrated,
and embedded in Epon 812. Thin sections (70 nm) were cut on
a Reichert Ultra-cut E ultramicrotome, poststained with Reyn-
old’s lead citrate for 7 min, and viewed with a Philips CM120
scanning transmission electron microscope (TEM). Some sam-
ples were prepared without uranyl acetate and lead citrate
staining and viewed with an energy-filtering TEM (EFTEM,
Zeiss Omega 912).

Fluorescence Detection of H,0,. Cells were loaded with
nonfluorescent, membrane-permeable derivatives of dihy-
drofluorescein (DHF) that fluoresce when oxidized by H,O,
through enzymatic and nonenzymatic pathways (29-33). Stock
solutions of dye were prepared in DMSO and diluted 1:1,000
in saline for use. Cells were incubated at room temperature in
either 60 uM DHF diacetate (DHF-DA) (Molecular Probes)
for 15 min, or 37 uM 6-carboxy-2',7'-dichlorodihydrofluores-
cein diacetate di(acetoxymethyl ester) (C-DCDHF-DA-AM)
(Molecular Probes) for 1 hr. Coverslips were rinsed to remove

excess dye, mounted on the stage of an inverted epifluores-
cence microscope, and examined by using conventional, one-
photon fluorescence techniques (33). Fluorescence was ex-
cited by using the same light that induced cellular production
of H,0,. Fluorescence was collected through a dichroic mirror
(510 LP) and interference filter (520 LP) onto a 12-bit cooled
charge-coupled device camera (Photometrics, Tuscon, AZ).
Time-resolved fluorescence was measured by capturing se-
quential images every 2 or 6 sec. Intensity levels were analyzed
by using image analysis software (Oncor) and graphed by using
Microsoft EXCEL software. Intensity values were plotted as
means per pixel (=SD) for three fields of cells. Differences
were evaluated by using a two-tailed Student’s ¢ test.

For some experiments, cells were stained with 107° M
MitoTracker Red (Molecular Probes) for 1 hr at 37°C followed
by DHF-DA loading. MitoTracker was imaged by using rho-
damine optics.

Transfected Cell Lines. Acyl-CoA oxidase (AOX) cDNA
was prepared and transfected into CV1 cells as described (34).
In brief, full-length rat peroxisomal AOX cDNA was cloned
into the EcoRI-Smal site in a eukaryotic expression vector
pCMV-5 under transcriptional control of the cytomegalovirus
promoter. The recombinant plasmid pCMV5-AOX was har-
vested and transfected into CV1 cells by using the vector Neo',
which encodes the gene for neomycin resistance. Verification
of AOX expression was confirmed by Northern and immuno-
blot analyses. Xanthine oxidase (XO) cDNA was prepared and
transfected into CV1 cells by using a similar strategy.

Multiphoton Excitation (MPE) Microscopy. A custom-built
MPE microscope was used, as described (35). Excitation was
provided by a solid state neodymium-doped yttrium lithium
fluoride laser (Microlase, Strathclyde, Scotland) emitting at
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F1G.2. Ultrastructural localization of DAB reaction product (poly-
DAB) in 3T3 cells fixed and stained with osmium after irradiation with
blue light (450-490 nm at 6.3 W/cm?) for 40 min. Staining was
distributed uniformly within peroxisomes (p in A), whereas it was
concentrated in the inner and outer membranes of mitochondria (m in
B). Inset in A is X2 magnification.

1,047 nm with a pulse width of 175 fsec and repetition rate of
120 MHz. The laser beam was directed through a Bio-Rad scan
head (MRC 600) coupled to an inverted Nikon microscope
(Diaphot Quantum) with a X40 Plan Fluor oil-immersion
objective (1.3 numerical aperture, Nikon). Images were
aquired by using Bio-Rad coMAs software, and fluorescence
intensity was analyzed as described above. Average beam
intensity of the laser at the sample was 20 mW, and samples
were scanned at 0.75 sec per image.

RESULTS AND DISCUSSION

Figs. 1 and 2 display results with the cytochemical method of
detecting H,O, in 3T3 cells, although similar results were
obtained by using CV1 and HK cells. When irradiated with
blue light in the presence of either AEC or DAB, cells
developed a moderately dark reaction product (Fig. 14). UVA
or violet light also induced staining, but not green, orange, or
red light. Staining was enhanced in cells pretreated with
peroxidase or catalase (Fig. 1B), but it was substantially
reduced in cells that were either chemically fixed (Fig. 1C) or
pretreated with vitamin C (Fig. 1D). Staining also was reduced
in cells pretreated with the catalase inhibitor 3-amino-1,2,4-
triazole or the cytochrome oxidase inhibitor KCN, suggesting
that peroxisomes and mitochondria were involved (27).

At higher magnification, staining appeared to be associated
with organelles (Fig. 1, Insets), and this was confirmed by using
electron microscopy. Irradiated cells displayed extensive vac-
uolization and lacked cytoplasmic detail compared with non-
irradiated cells. Nevertheless, reaction product was localized in
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FiG. 3. Detection of H>O; production in 3T3 cells by using
conventional (one-photon) fluorescence microscopy. Cells were pre-
treated with vitamin C, loaded with DHF-DA, and irradiated with blue
light (485-495 nm) at either 1 W/cm? (4) or 0.2 W/cm? (B). (4) After
1 sec of irradiation (Left), fluorescence emanated from mitochondria,
worm-like structures (Inset) dispersed throughout the cell. After 6 sec
of continuous irradiation (Right), fluorescence was diffuse and bright-
est around or within the nucleus. (B) Fluorescent responses developed
more slowly when irradiated at lower intensity. [Bar = 2 um (4), 1 wm
(A Inset), and 20 pm (B).]

peroxisomes (Fig. 24) and mitochondria (Fig. 2B), the latter
being consistent with the “background” staining reported in
fixed cells exposed to DAB and light (36). Staining persisted
when counterstains (uranyl acetate and lead citrate) were
omitted and viewed with EFTEM. Peroxisomal staining was
enhanced when cells were irradiated in alkaline saline (pH 8),
and mitochondrial staining was enhanced in acidic saline (pH
6), as reported for fixed tissues (27).

FiG. 4. Fluorescent image of CV1 cells loaded with vitamin C and
C-DCDHF-DA-AM and irradiated with blue light (485-495 nm at 2.3
W/cm?). Fluorescence was localized in small, spherical organelles,
which were most likely peroxisomes (see text). [Bar = 2 um and 1 pm
(Inset).]
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Fi1G. 5. Fluorescence was reduced in catalase-treated cells and
enhanced in AOX- and XO-transfected cells. Cells were loaded with
C-DCDHF-DA-AM and irradiated with violet-blue light (445-455
nm) at 1.6 W/cm? (Upper) or 5.3 W/cm? (Lower) during the time
indicated. (Upper) Average response of HK and 3T3 cells (Cont) was
significantly reduced after preincubation in catalase (Cat). (Lower)
AOX- and XO-transfected cells produced significantly larger re-
sponses than nontransfected cells (note difference in scale between
Upper and Lower graphs).

The cytochemical results are consistent with the possibility
that H,O, originated in mitochondria and peroxisomes. This
possibility was not unequivocal, however, because the method
of detection depended on enzymes that are often concentrated
in these organelles (26-28). Therefore, it is conceivable that
H,O, originated elsewhere and diffused into the organelles
catalyzing reaction product. The sharp borders between
stained and unstained cells, as well as within individual cells
(arrows in Fig. 1 4 and B), indicated that diffusion of H,O, was
limited.

Direct evidence that light stimulated H>O, production in
peroxisomes and mitochondria was obtained by using fluores-
cence microscopy. The involvement of mitochondria was dis-
covered by using the probe DHF-DA, which crosses mitochon-
drial membranes when deesterified to DHF (37). When DHF-
loaded cells were irradiated with blue or violet-blue light, they
responded with a uniform increase in fluorescence that ob-
scured subcellular structures. If irradiated cells were pre-
treated with vitamin C to dampen the cytoplasmic response,
then it was apparent that fluorescence was generated in the
mitochondria (Fig. 34, Left), i.e., worm-like structures that
also stained with MitoTracker Red, a mitochondria-specific
dye (38). With sustained irradiation, fluorescence spread from
the mitochondria to the cytoplasm, overwhelming the antiox-
idant capacity of vitamin C. After several seconds, fluores-
cence was brightest in the vicinity of nuclei (Fig. 34, Right)
probably because of the greater thickness of, and hence more
dye in, this region. Irradiation at lower intensities produced the
same pattern of response, albeit slower and less intense (Fig.
3B).

The involvement of peroxisomes was discovered by using the
probe C-DCDHF-DA-AM. When cells were loaded with this
probe along with vitamin C and irradiated with blue light, they
generated fluorescence in small spherical organelles (Fig. 4).
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F1G. 6. Fluorescent responses measured with MPE (two-photon)
imaging. Cells were loaded with C-DCDHF-DA-AM and imaged
before and after irradiation with violet-blue light (445-455 nm at 1.6
W/cm?). (Top) 3T3 cells irradiated for 1 sec on four consecutive
occasions displayed step increases in fluorescence without subsequent
photobleaching. (Middle) Average responses of CV1 and 3T3 cells
(Cont) were reduced by catalase treatment (Cat). Oxyrase (Oxy) was
also effective at suppressing the response. The residual response in
catalase-treated cells may reflect radical generation, insufficient cata-
lase, or both. (Bottom) Average responses of AOX- and XO-
transfected cells was significantly larger than in nontransfected CV1
cells. The response of XO-transfected cells was reduced to control
levels by 200 nM allopurinol (Allo). P values are 0.1 (*), 0.02 (x%), 0.005
(#+x), and 0.001 (HJ). Black bars represent basal levels of fluorescence
because of autooxidation of the dye.

These organelles did not stain with MitoTracker, and they were
concentrated around nuclei. We presume these organelles
were peroxisomes, based on our ultrastructural results, their
perinuclear location, and the fact that similar structures dis-
played immunoreactivity with antibodies against AOX (34), a
peroxisomal protein. As with DHF-loaded cells, sustained
irradiation generated fluorescence that eventually spread
throughout the cells.

The selectivity of the fluorescent response for HO, was
evaluated by using cells pretreated with catalase. Excess
catalase was washed off before dye loading to prevent inter-
actions with the dye (32), and low irradiance levels were used
to enable more accurate quantization. Results for 3T3 and HK
cells are shown in Fig. 5 (Upper) and reveal a marked sup-
pression of fluorescence by catalase. This result, together with
the insensitivity of DHF derivatives to superoxide (30, 32) and
hydroxyl radicals (30), indicated that most, if not all, of the
response was coupled to H,O, generation.

We next investigated the hypothesis that violet-blue light
induced H,O, generation in mitochondria and peroxisomes by
activating flavin-containing oxidases. The involvement of
these enzymes in phototoxicity has long been suspected (39),
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but never directly tested. The hypothesis has gained increasing
support over the years from several lines of evidence. Flavin-
containing oxidases are concentrated in peroxisomes and
mitochondria (28, 40), and they absorb throughout the UVA-
blue spectrum, with peaks at 370 and 450 nm (41). On
excitation to a triplet state by UVA-blue light, flavins (FAD
and FMN) and flavoproteins can be reduced by cellular
reducing agents (41-44), which then can result in the produc-
tion of H,O, (44-47).

We tested this hypothesis by using CV1 cells stably trans-
fected with an expression vector for one of two flavin-
containing oxidases, AOX and XO. Whereas AOX is localized
in peroxisomes, XO is predominantly cytoplasmic (40). Pre-
vious studies demonstrated that AOX-transfected cells gener-
ated more H,O, than nontransfected cells when stimulated
with linoleic acid (34). As shown in Fig. 5 (Lower), both
AOX-transfected and XO-transfected cells generated signifi-
cantly more light-induced H,O, than nontransfected cells.

During sustained irradiation, we noticed that fluorescence
invariably declined (Figs. 3B and 5, Lower). This decrease was,
most likely, because of photobleaching of the fluorophore
rather than decreased production of H,O,, based on several
considerations: conversion of DHF derivatives to fluorescein
is not thought to be a reversible process; discontinuation of
irradiation halted the decline of the signal; photobleaching of
native fluorescein displayed a similar time constant under
comparable conditions (48); and no decrease was observed
when cells were imaged by using MPE microscopy (49).

Besides preventing photobleaching, MPE imaging offered
several other advantages over conventional one-photon imag-
ing. First, as shown in Fig. 6 (Top), MPE imaging at 1047 nm
did not induce measurable production of H,O; in cells. Sec-
ond, periodic exposure to violet-blue light induced a step
increase in fluorescence (Fig. 6, Top) consistent with the
expected photochemistry of the probe. Third, the total exci-
tation volume seen when using MPE is relatively small and
fixed (=1 wm3 under our conditions); thus, concern that

VIOLET-BLUE LIGHT 02
(400-490nm)

Proc. Natl. Acad. Sci. USA 96 (1999) 6259
differences in fluorescence signals arose from differences in
cell thickness was minimized. Given these advantages, we
repeated the catalase and mutant cell experiments with MPE
imaging. The results, shown in Fig. 6 (Middle and Bottom),
provide further evidence that the fluorescent responses were
dependent on H,O, and flavin-containing oxidases.

The specificity of MPE signals was examined further by
using inhibitors of dioxygen and XO. Oxyrase, a complex of
respiratory enzymes used to lower dioxygen levels in solution
(50), suppressed the fluorescent response of 3T3 cells (Fig. 6,
Middle) demonstrating a dependence on molecular oxygen.
Allopurinol, an XO inhibitor (51), reduced the light-induced
response of XO-transfected cells to control levels (Fig. 6,
Bottom). The residual signal in allopurinol-treated cells sug-
gests that other oxidases were involved in the light-induced
generation of H,O, in transfected and nontransfected cells.
Background levels of fluorescence because of autooxidation of
dye (Fig. 6, Middle and Bottom) also were enhanced in
transfected cells and reduced in catalase-treated cells. This
may reflect metabolic production of H,O, which, over time,
could provide another source of toxicity (52).

In summary, our results are consistent with the model
diagrammed in Fig. 7, which proposes that violet-blue light
(and probably UVA) initiates photoreduction of flavins, which
activates flavin-containing oxidases in mitochondria and per-
oxisomes, resulting in H,O, production. This, in turn, stimu-
lates oxidation of the indicator dyes by endogenous peroxi-
dases (26, 31, 32) and oxidases (28, 32). Catalase, which can
oxidize AEC and DAB (27, 28), competitively inhibits oxida-
tion of the DHF derivatives (30, 32) by directly metabolizing
H>0; to H,O and O,. When production of H,O, exceeds its
catabolism within the organelles, it diffused into the cyto-
plasm, where it stimulates additional reduction of dye by
cytoplasmic enzymes. The possibility that flavins and flavopro-
teins in the cytoplasm also contribute to the response cannot
be ruled out.
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Fi16. 7. A model depicting the molecular events underlying light-induced H,O, production and detection in cells. The process is initiated by
photoreduction of flavins and/or flavin-containing oxidases within peroxisomes and mitochondria (and probably cytoplasmic sites as well) resulting
in H>O» production. Endogenous peroxidase and oxidase enzymes subsequently convert H>O» to water coupled with oxidation of DHF and DAB
to fluorescein (F) and polyDAB, respectively. Catalase, which can also oxidize DAB to polyDAB, converts H>O, to water and dioxygen. The latter
apparently competes with oxidation of DHF derivatives. When the level of H,O, exceeds enzymatic activities, it diffuses into the cytoplasm where
additional dye reduction occurs. H>O; and its metabolite, hydroxyl radicals, may produce toxicity through genetic mutation, inhibition of glycolysis

and DNA synthesis, and lipid peroxidation.
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The toxic consequences of increasing H>O, and its metab-
olite, hydroxyl radicals, in cells are well known and include
genetic mutation (16-25), inhibition of glycolysis and DNA
synthesis (53, 54), and lipid peroxidation (55). These effects
may contribute to pathologies associated with exposure to
intense UVA and violet and blue lights (10-15, 56). These
effects may also contribute to toxicity often encountered
during light microscopy (57). Because MPE imaging with
1,047-nm wavelengths prevented light-induced H,O, produc-
tion in cells, this technique may be useful for decreasing
phototoxicity during fluorescence microscopy. Incubating cells
in antioxidants, like catalase and vitamin C, may also prove
beneficial.
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