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Abstract
Ultraviolet B light (UVB) activates nitric oxide synthase(s) (NOS) and nitric oxide (NO•)
production, which plays a role in regulation of apoptosis. However the role of NO• in UVB-
induced apoptosis remains controversial. In this study, we analyzed expression and activation of
constitutive NOSs (cNOSs) and their roles in UV-induced apoptosis of HaCaT keratinocytes. Our
data showed that the expression of neuronal NOS (nNOS) was increased while endothelial NOS
(eNOS) was uncoupled in the early phase (0–6 h) post-UVB. The expression of both cNOSs
peaked at 12 h post-UVB and NO• was transiently elevated with 30 min and then steadily rose
from 6–18 h post-UVB. The expression of iNOS was detected at 6 h post-UVB and then sturdily
increased. Inhibition of cNOSs with L-NAME reduced the inducibility of NO• in the early and late
phases of irradiation. Along with the eNOS uncoupling, an increased level of peroxynitrite
(ONOO−) was detected in the early phase, but not in the late phase post-UVB. Inhibition of
cNOSs reduced the production of ONOO− in the early time, but led to an increase of ONOO− in
the late time after UVB-irradiation. The results indicate that cNOSs regulate NO•/ONOO−

imbalance after UVB-irradiation. Our data suggested that the activation of cNOSs in the early
phase post-UVB leads to NO•/ONOO− imbalance and promotes apoptosis via a caspase 3-
independent pathway. The elevation of NO• in the late phase of UVB-irradiation is mainly
produced by inducible NOS (iNOS). However, cNOSs also contribute to the NO• production and
to maintain a higher NO•/ONOO− ratio, which reduces caspase 3 activity and protects cells from
UVB-induced apoptosis.
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Introduction
UVB-induced NO• production occurs in a dose- and time-dependent manner. In human
keratinocytes, the UVB-dose-dependent induction of NO• reaches a maximal NO• release of
3-fold with a treatment of 120 mJ/cm2 UVB. Higher doses of UVB result in similar
increases in generation of NO• [1–3]. UVB induces a rapid elevation of NO•, which is
recorded at 20 sec and reaches a peak at 40 sec in keratinocytes [4]. A maximal prolonged
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NO• production occurs between 17 and 48 hours post UVB-irradiation based on cell type
[5,6]. Keratinocytes were shown to contain nNOS (NOS1), iNOS (NOS2) and eNOS
(NOS3), the three members of NOS family [7–9]. UVB-activated NOSs generate NO• from
L-arginine (L-Arg). Since [L-Arg] is low in cells, rapid consumption of L-Arg results in a L-
Arg depletion, which leads to cNOS uncoupling and increases production of O2

•− [4,10,11].
NO• is able to rapidly react with O2

•− to from ONOO−, which is a powerful oxidant [12,13].

An elevated cytosolic [NO•] could have anti- or pro-apoptotic effect on keratinocytes upon
UVB-irradiation [14–16]. Superoxide was suggested to play a role in regulation of nitric
oxide-mediated anti-or pro-apoptosis after the irradiation [16]. However it is not clear how
these NOSs were involved in the regulation of UV-induced apoptosis in a contrasting
manner. Our recent reports suggested that the UVB-induced activation of constitutive NOS
(cNOS), including nNOS and eNOS, in combination of oxidative stress, promoted apoptosis
of keratinocytes [4,17]. In this report, we further elucidate the mechanism for coordinative
regulation of apoptosis of keratinocytes by the three NOSs after UVB-irradiation. Our date
suggested that cNOSs are the key contributors for a transient elevation of NO• and ONOO−

in the early phase post-UVB, while iNOS is a major contributor for NO• production in the
late phase post-UVB. However, cNOSs also generated NO• and play a role in maintaining a
healthier NO•/ONOO− ratio in the late phase of UVB-irradiation.

Materials and Methods
Cell Culture

All chemicals were obtained from Sigma (St. Louis, MO), unless otherwise mentioned. The
HaCat cells (human keratinocyte cell line, kindly provided by Dr. Nihal Ahmad, University
of Wisconsin, Madison, WI) were cultured in 100 mm2 cell culture plates in Dulbecco’s
modification of eagle’s medium (DMEM, Mediatech, Manassas, VA) with 10% (v/v) fetal
bovine serum (FBS, Hyclone, Waltham, MA). Penicillin and streptomycin were added to the
culture medium, and the cells were incubated at 37°C and 5% CO2.

Ultraviolet irradiation
Two UVB lamps (UVP, Upland, CA) were measured by a UVP model UVX digital
radiometer (UVP, Upland, CA) after the lamps warmed up for 5 min. The cell culture
medium was replaced with 1 mL/plate phosphate buffered saline (PBS) and then the cells
were irradiated with a total dose of 75 mJ/cm2, which is in the rage of 1 minimal erythema
dose (MED) for human [18]. After UVB-irradiation, fresh medium was added to the culture
plates and the cells were returned to the incubator for further research.

Cell treatments
L-NG-nitro-arginine methyl ester (L-NAME) [19] was added to HaCat cells to a final
concentration of 1 mM at 6 h before UVB-irradiation. After irradiation, the cells were
continuously treated with L-NAME (1 mM) for a short or prolonged period of time. For the
short treatment, the cells were incubated with the medium containing L-NAME for 0.5 h
post-irradiation. Then the medium was replaced with fresh medium without L-NAME and
the cells were incubated for another 17.5 h. For prolonged treatment, the cells were
incubated with the medium containing L-NAME for a continuous 18 h.

Nitric oxide and peroxynitrite assay
The concentration of NO• or ONOO− was measured by a standard nitric oxide synthase
assay [20] kit (Sigma, St. Louis, MO). The cells were placed in a 96-well plate. After
treatment, the medium was removed. Then 190 µL reaction buffer, 10 µL L-arginine (1
mM) and 0.1 µL 4,5-diaminofluorescein diacetate (DAF-2DA, for NO•) (5 mM) or
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diaminorhodamine (DAR, for ONOO−) (5 mM) were added to each well. The cells were
incubated for 2 h in dark at room temperature and the fluorescence was read by SpectraMax
M2 fluorescence plate reader (Molecular Devices, Sunnyvale, CA) at ex490/em520 nm for
DAF-2DA or ex 488/em 515 nm for DAR.

Cell viability was determined by Thiazolyl Blue Tetrazolium Bromide (MTT) assay [21].
0.01 mL MTT solution (5 mg/mL, Millipore, Billerica, MA) was added into 96-well plate
after nitric oxide and peroxynitrite assay. Then the plate was incubated at 37°C for 4 h and
0.1 mL isopropanol with 0.04 M HCl was added to each well. The absorbance of MTT
solution was measured by optical reader at 570 nm. The fluorescence intensity of DAF-2DA
and DAR was corrected by diving by the cell viability.

Caspase-3 activity assay
Cells were cultured in 100 mm plates. At 18 h post-UVB, cells were harvested by trypsin
and rinsed in cold PBS twice. Then cells lysates were prepared in lysis buffer (200 mM Tris,
pH 7.5, 2 M NaCl, 20 mM EDTA, 0.2% Triton X-100) by sonication. Same amount of
proteins (200 µg) from each sample were diluted to 300 µL with the same lysis buffer in a
96-well plate and the substrate of caspase-3 FAM-DEVD-FMK [22] (10 µL, Cell
Technology, Mountain View, CA) was added into each sample. After 1 h incubation at 37°C
in the dark, the fluorescence intensity was measured by SpectraMax M2 fluorescence plate
reader (Molecular Devices, Sunnyvale, CA) at ex488nm/em515nm.

Apoptosis assay
The apoptotic cell death was analyzed by determination of the loss of membrane
phospholipid symmetry and membrane integrity [23] using a fluorescein isothiocyanate
(FITC) conjugated-annexin V (ANX5)/propidium iodide (PI) apoptosis detection kit (BD
Biosciences, Franklin Lakes, NJ) following the manufacturer’s protocol. Briefly, the cells
were harvested by 0.05% trypsin digestion, combined with the cells floating in the medium
and washed twice with cold PBS. The cells were then suspended in annexin V binding
buffer (10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl and 2.5 mM CaCl2) at 106 cells/mL.
100 µL of the cell suspension was mixed with 5 µL ANX5-FITC and 5 µL PI. The cell
mixture was incubated in dark for 15 min and the ANX5/PI double-stained cells were
analyzed by using a FACSort Flow Cytometer (BD science, Franklin Lakes, NJ) equipped
with CellQuest software (BD science, Franklin Lakes, NJ). A minimum of 1×104 cells was
used for each analysis and cell debris is excluded by appropriate forward light scatter
threshold setting. The numbers of cells positive for both ANX5 and PI were counted. The
relative percentage change of apoptotic cells (relative %AC) was calculated as:

Western blot analysis
The antibodies against nNOS, eNOS, iNOS, caspase-3 and mouse IgG were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The anti-PARP was purchased from Cell
Signaling (Danvers, MA). The anti-β-actin was purchased from Sigma (St. Louis, MO) and
anti-rabbit IgG was from BioRad (Hercules, CA). The monomers and dimers of cNOSs were
analyzed on a low-temperature, SDS-resistant SDS-PAGE [24]. Briefly, the cells were lysed
after treatment in NP-40 lysis buffer (2% NP-40, 80 mM NaCl, 100 mM Tris-HCl, 0.1%
SDS) containing a Proteinase Inhibitor Cocktail (Complete™, Roche Molecular
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Biochemicals, Indiana, IN). Then the protein samples were added to five-fold Laemmli
buffer (0.32 M Tris-HCl, pH 6.8, 0.5 M glycine, 10% SDS, 50% glycerol, and 0.03%
bromophenol blue) without boiling. These proteins were separated on SDS-PAGE with
reducing gel (with 2.5% 2-mercaptoethanol) at 4°C before transferred onto a nitrocellulose
membrane. Caspase 3 and PARP were analyzed on regular SDS-PAGE. The proteins were
boiled in the loading buffer and separated on SDS-PAGE at room temperature before
transferred onto a nitrocellulose membrane. The membrane was blocked with 5% (w/v) skim
milk in TBST (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) for 1 h and then
incubated with corresponding antibodies at 4°C overnight. After washing with TBST, the
membrane was incubated with HRP–conjugated anti-rabbit antibody for 1 h at room
temperature. Membranes were washed three times in TBST, two times in TBS, and
developed in West Pico Supersignal chemiluminescent substrate (Pierce, Rockford, IL).

Statistics
All values shown in figures were mean±SE. Independent Student’s t-test was used to
analyze the statistic significance of data before normalization and applied to compare every
two groups. 95% confidence interval (p<0.05) was used to denote the statistical
significance.

RESULTS
Time-dependent analysis of cNOSs expression and uncoupling after UVB-irradiation

To analyze the roles of cNOSs in UVB-induced apoptosis, we first determined the effects of
UVB irradiation on expression and coupling of eNOS and nNOS in human keratinocytes
(HaCat). The cNOS uncoupling was detected by low-temperature SDS-resistant SDS-PAGE
as previously reported [24]. Both nNOS and eNOS were detected in dimerized and
monomerized forms in HaCaT cells (Fig. 1A and 1B). After UVB treatment (75 mJ/cm2),
the expression of nNOS was increased shortly after the irradiation and peaked at 12 h post-
UVB. The ratio between dimer and monomer of nNOS was not changed in the first half hour
after UVB indicating that the newly synthesized nNOS formed both dimers and monomers
(Fig. 1A). In contrast to nNOS, the expression of eNOS was not significantly changed until
12 h after UVB treatment (Fig. 1B). However, the ratio between dimer and monomer of
eNOS was rapidly reduced with a shift from dimers to monomers (Fig. 1B). The expression
of iNOS was detected at 6 h post-UVB and then continuously increased during the whole
period of measurement (Fig. 1C).

The contribution of cNOS in UVB-induced elevation of NO• and ONOO−

To determine the contribution of cNOS in generating NO• and oxidative stress after UVB-
irradiation, we measured the time-dependent production of NO• and ONOO− in the presence
and absence of the selective cNOS inhibitor L-NAME [19] using specific fluorescent dyes.
Our data showed that the production of NO• increased immediately and generated the first
peak, which was approximately 2 times that of the background level, at 10 min after UVB-
irradiation (Fig. 2A, Table I). The production of NO• was reduced and remained low for 6 h
and then raised to approximately 10 times of the background level at 18 h post-UVB and
remained high (Fig. 2A, Table I). The UVB-induced immediate elevation of NO• was
significantly inhibited by L-NAME (Fig. 2B, Table I). However, the later elevation of NO•

was only reduced slightly by L-NAME (Fig. 2B, Table I). These results suggested that the
early elevation of NO• was depended on the activation cNOS upon UVB-irradiation. The
UVB-induced late elevation of NO• was largely depended on the increased expression of
iNOS, but cNOSs also made a contribution since NO• levels were partially reduced by L-
NAME.
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The UVB-induced production of ONOO− also increased immediately and peaked at
approximately 1.5-fold of the background level at 5 min post-irradiation. The production of
ONOO− was reduced and remained low without statistically significant change during the
whole experiment (Fig. 2C, Table I). The UVB-induced immediate elevation of ONOO−

was also significantly inhibited by L-NAME, while ONOO− was only slightly decreased in
the late stage of irradiation upon treating with L-NAME (Fig. 2D, Table I). These results
suggested that the UVB-induced uncoupling of cNOS could be a source of generating O2

•−,
and sequentially ONOO− as we previously reported [4,10]. However, cNOS was also
contributed to the reduction of oxidative stress and therefore the production of ONOO− at
late stage of UVB-irradiation.

The roles of NOSs in regulation of UVB-induced caspase 3 activation and apoptosis
The role of NO• in regulation of apoptosis is controversial [14–16,25–28]. Our recently
studies suggested that early activation of NOSs promotes apoptotic death of keratinocytes
upon UVB-irradiation [4,17]. To further analyze the roles of NOSs in regulation of UVB-
induced apoptosis of keratinocytes, we determined the extent of effects of a short or
prolonged inhibition of cNOS on UVB-induced caspase 3 activation and apoptosis. Our data
showed that while the short incubation of L-NAME after UVB-irradiation did not
statistically significantly affect caspase 3 activity, the prolonged incubation of L-NAME
increased caspase 3 activity by 55±3% (Fig. 3A). Either short or prolonged incubation of L-
NAME did not statistically significantly affect caspase 3 activity in the absence of UVB-
irradiation (Fig. 3A). Our data also showed that the increased caspase 3 activity after
prolonged treatment of L-NAME was not a result of an elevation of p20, the active form of
caspase 3 (Fig. 3B).

To confirm that the caspase 3 activity was increased without changing the amount of the p20
after prolonged incubation of L-NAME, we determined the cleavage of PARP, a caspase 3
substrate. Our data showed that the cleavage of PARP was increased with the prolonged
inhibition of cNOS after UVB-irradiation (Fig. 4, Lane 6 vs. 2 and 4). The cleavage of
PARP was not affected by L-NAME alone without the irradiation or a short incubation of L-
NAME after UVB-irradiation (Fig. 4, Lane 3,5 vs. 1 and Lane 4 vs. 2). These results suggest
that the combination effect of higher [NO•] with lower [ONOO−] in the late phase of UVB-
irradiation (Table I) may lower the net amount of the active form of caspase 3.

Last we determined the role of cNOS in UVB-induced apoptosis of keratinocytes. After the
short period of inhibition of cNOS, the amount of UVB-induced apoptotic cells were
reduced by 7.3%, which was a relative 24.2% reduction (Fig. 5). In contrast, the prolonged
inhibition of cNOS increased the amount of UVB-induced apoptotic cells by 3.6%, which
was a relative 11.9% increase (Fig. 5). These results suggest that the effect of cNOS on
UVB-induced apoptosis is via a caspase 3-independed pathway during the early period and a
caspase 3-depended pathway in the late period of irradiation.

Discussion
UVB-irradiation activates both extrinsic and intrinsic apoptotic pathways [29]. With the
extrinsic pathway, UVB induces the aggregation of Fas receptors, which recruits FADD and
activates caspase 8 [30,31]. With the intrinsic pathway, UVB induces reactive oxygen
species (ROS) production, which leads to mitochondrial cytochrome c (cyto c) release and
caspase 9 activation [32,33]. Both caspase 8 and 9 activate caspase 3, which catalyzes the
specific cleavage and activation of many key apoptosis-related proteins [34]. UVB also
activates a caspase-independent, p38 mitogen-activated protein kinase (MAPK)-induced
cyto c-mediated pathway in promoting apoptosis [35]. The UVB-induced NOSs activation
and NO• release play roles in regulation of apoptosis. An elevation of NO• could promote
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apoptosis through the formation of more reactive oxidative species such as ONOO−, which
induces oxidative protein modifications including oxidation or nitration of various amino
acid residues, such as methionine and tyrosine [36,37]. However, high levels of NO• could
also inhibit apoptosis by s-nitrosylation of caspases [38].

After UVB-irradiation, the activation of NOSs and production of NO• have been shown to
be pro- and anti-apoptotic [14–16,25–28]. Our recent reports suggested that UVB-induced
early activation of cNOS leads to the uncoupling of cNOS and elevation of O2

•−, which
reacts with NO• to form ONOO− and promotes apoptosis due to a NO•/ONOO− imbalance
[4,10,17]. In this study, we demonstrated that in the early phase of UVB-irradiation, rapid
transitional elevations of NO• and ONOO− were mainly dependent on the activation of
cNOSs. Inhibition of cNOSs by L-NAME significantly reduced the inducibility of NO• and
ONOO− productions after the irradiation (Fig. 2, Panel B vs. A; Panel D vs. C; Table I). The
production of ONOO− peaks ahead of NO•, which agreed with our previous report [4]. The
UVB-induced up-regulation of nNOS expression was paired in monomers (uncoupled form)
and dimers (coupled form) (Fig. 1A, Lanes 1–4). In contrast, the eNOS expression after
UVB-irradiation was more in monomer than in dimer. Further more, UVB appears to reduce
the dimer and the dimer/monomer ratio of eNOS (Fig. 1B, Lanes 3–5 vs. 1,2). Since the
uncoupled eNOS generates O2

•− and therefore ONOO− [12], our results suggest that
uncoupled eNOS is likely a source for UVB-induced oxidative stress. The inhibition of
cNOSs activation at the early phase of the irradiation reduced the apoptotic death of the
irradiated keratinocytes (Fig. 5, ST vs. No Treat), which agreed with our previous report [4].
Interestingly, the reduction of apoptosis was not accompanied with a reduced activity of
caspase 3 (Figs. 3,4, ST vs. No Treat), which is one of the major players in UVB-induced
apoptosis [39,40]. The results indicated that the UVB-induced and cNOS-mediated early
signaling for inducing apoptosis is via a caspase 3-independent pathway.

In the late phase of UVB-irradiation, the NO• production is contributed to by both cNOS and
iNOS [1,2,41–43]. Our data showed that the expressions of all three NOSs were
significantly increased in the late phase of the irradiation (Fig. 1). The increased expressed
cNOSs existed mainly as dimers, which increased the ratio of dimer/monomer (Fig. 1A, 1B).
The UVB-induced production of NO• was dramatically elevated from 6– 24 h post-UVB,
while the ONOO− level was not statistically changed during the same period (Figs. 2A and
2C;Table I). The inhibition of cNOS reduced NO• production by approximately 10–20% at
18 to 24 h post-UVB (Fig. 2A vs. 2B;Table I) suggesting that the iNOS, whose expression
was induced during the period after UVB (Fig. 1C) [44], is a key contributor of NO•

production during this period. Interestingly, with the inhibition of cNOS, the ONOO−

production was steadily increased from 6–24 h post-UVB (Fig. 2D;Table I). These results
indicate that cNOSs do not only contribute to NO• production but also to reduce ONOO−,
and therefore maintain a healthier balance of NO•/ONOO− ratio, in the late phase of UVB-
irradiation. This conclusion agrees with our observation that inhibition of cNOSs promotes
apoptosis with an increased activity of caspase 3 and cleavage of PARP after UVB-
irradiation (Figs. 3A and 4, LT vs. No Treat). The increased activity of caspase 3 was not
correlated to an increased amount of activated caspase 3 (Fig. 3B), indicating that the
bioavailability of NO• may direct inhibit activated caspase 3 activity as previously reported
[38].

Based on our results, we propose a signaling network for UVB-induced and NOSs-mediated
apoptosis (Fig. 6). The UVB-induced expression of nNOS and uncoupling of eNOS are the
main sources of NO• and ONOO− productions in the early phase of UVB-irradiation. The
elevation of NO•/ONOO− promotes apoptosis via a caspase 3-independent pathway. The
elevation of NO• in the late phase of UVB-irradiation is mainly produced by iNOS.
However, cNOSs also contribute to the NO• production and to maintain a higher NO•/
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ONOO− ratio, which reduces caspase 3 activity and protects cells from UVB-induced
apoptosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The effect of UVB on cNOSs expression and dimerization. HaCaT cells were UVB-
irradiated (75 mJ/cm2) and harvested at different time-points as indicated. The monomers
and dimers of cNOSs were separated on a low-temperature SDS-resistant SDS-PAGE and
the iNOS expression was determined by regular western blotting. The levels of β-actin were
also probed as a loading control. Panel A: nNOS. Panel B: eNOS. Panel C: iNOS. The
intensities of the protein bands were semi-quantitated by ImageJ (Version 1.42k, NIH). +:
No change; ++: Increased >50%; ++: Increased <50%; +: Decreased <50%.
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Fig. 2.
Quantitative analysis of NO• and ONOO− after UVB-irradiation. HaCaT cells were
irradiated with UVB (75 mJ/cm2) in the absence or presence of L-NAME. At the indicated
time-points post-UVB-irradiation, the cells were stained with DAF-2DA or DAR. The
fluorescence intensity was then measured and corrected with respect to cell viability. The
fluorescence intensities of (A) NO• in the absence of L-NAME; (B) NO• in the presence of
L-NAME; (C) ONOO− in the absence of L-NAME; and (D) ONOO− in the presence of L-
NAME were shown. The error bars present the standard deviations of 3 independent
experiments. *: p<0.05 vs. control.
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Fig. 3.
The effects of inhibiting cNOSs on UVB-induced caspase-3 activity and cleavage. The cells
were treated with L-NAME for a short (ST, 0.5 h post-UVB) or longer period (LT, 18 h
post-UVB) of time as described in “Methods”. (A) Caspase 3 activity was determined by
using a fluorescent substrate, FAM-DEVD-FMK, of caspase 3. The fluorescence intensity
was normalized with the caspase 3 activity in the untreated sample (No Treat). The error
bars present the standard deviations of 3 independent experiments. *: p<0.05 vs. control. (B)
Western blot analysis of caspase 3 cleavage.
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Fig. 4.
The effects of inhibiting cNOSs on UVB-induced PARP cleavage. UVB-induced PARP
cleavage in HaCaT cells that were not treated or treated with L-NAME was determined by
western blot analysis. No Treat: without L-NAME treatment. ST: treated with L-NAME for
a short of time (0.5 h post-UVB). LT: treated with L-NAME for a longer period of time (18
h post-UVB).
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Fig. 5.
The effects of inhibiting cNOSs on UVB-induced apoptosis. HaCaT cells were UVB
irradiated and then were not treated (No Treat) or treated with L-NAME for a short (ST, 0.5
h post-UVB) or longer period (LT, 18 h post-UVB) of time. The cells were then double
stained with ANX5-FITC/PI at 18 h post-UVB and apoptosis was analyzed by flow
cytometry. The error bars present the standard deviations of 3 independent experiments. *:
p<0.05 vs. control.
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Fig. 6.
Proposed NOSs signaling network after UVB-irradiation.
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