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Abstract
Aims—To investigate the role of nitric oxide synthase and intracellular free zinc ion (Zn2+) in
regulation of ultraviolet B light (UVB)-induced cell damage and apoptosis.

Main methods—Real time confocal microscopy measurement was used to determine the changes
of intracellular free zinc concentration under different conditions. Cell apoptotic death was
determined using fluorescein isothiocyanate (FITC) conjugated-annexin V (ANX5)/PI labeling
followed by flow cytometry. Western analysis was used to determine cell apoptosis and eNOS
uncoupling.

Key findings—UVB induced an elevation of Zn2+ within 2 min of exposure. The UVB-induced
intracellular Zn2+ elevation was dependent on the increase of constitutive nitric oxide synthase
(cNOS) activity and production of superoxide. Removal of Zn2+ with a lower concentration (<25
µM) of N,N,N',N'-tetrakis (2-pyridylmethyl) ethylenediamine (TPEN), a Zn2+-specific chelator, did
not induce cell death or prevent cells from UVB-induced apoptosis. However, a higher [TPEN] (>
50 µM) was cytotoxic to cells, but prevented cells from further UVB-induced apoptosis. The higher
[TPEN] also induced cNOS uncoupling. Furthermore, treating the cells with a membrane permeable
superoxide dismutase (PEG-SOD) inhibited Zn2+ release and reduced apoptotic cell death after UVB
treatment. The results demonstrated a complex and dynamic regulation of UVB-induced cell damage.

Significance—Our findings not only advance our understanding of the correlations between cNOS
activation and Zn elevation, but also elucidated the role of cNOS in regulation of oxidative stress
and apoptosis upon UVB-irradiation.
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Introduction
The elevation of nitric oxide (NO•) in skin cells after ultraviolet light B (UVB) irradiation plays
an important role in regulation of apoptosis (Lee et al. 2000; Yamaoka et al. 2004). In
keratinocytes, NO• is produced by constitutive nitric oxide synthase (cNOS), which is activated
immediately by UVB-induced calcium flux (Deliconstantinos et al. 1996a; Lu et al. 2009).
UVB also induces the production of superoxide (O2

•−) (Aitken et al. 2007; Deliconstantinos
et al. 1996b), which could rapidly react with NO• to form peroxynitrite (ONOO−) (Beckman
and Koppenol 1996; Groves 1999). Our recent study indicated that UVB-induced imbalance
of NO•/ONOO− promotes apoptotic cell death (Wu et al. 2010). A higher level of ONOO−

could also induce cNOS uncoupling by oxidizing the Zn2+-thiolate-complex and releasing
Zn2+ from the enzyme (Aravindakumar et al. 1999; Zou et al. 2002).

An elevation of intracellular Zn2+ ([Zn2+]i) has been shown to correlate to NO• production and
oxidative-stress-induced apoptosis (Bernal et al. 2008; Suh et al. 2008). Zinc is the second
most highly abundant transition metal found in the human body and is released from zinc-
binding proteins under oxidative stress. Zn2+ is essential for DNA and protein synthesis and
the maintenance of DNA and RNA (Vallee and Falchuk 1993). Skin contains twenty percent
of total body zinc. Maintaining zinc homeostasis is important in regulation of skin health. A
chelation of zinc promotes apoptosis of keratinocytes and supplement of zinc protects skin
from UV-induced DNA fragmentation and apoptosis (Leccia et al. 1999; McGowan et al.
1994; Parat et al. 1997). However, the physiological relationships among NO• production,
[Zn2+]i elevation and apoptosis upon UVB-irradiation are not clear. In the present study, we
show that UVB-irradiation induced a quick elevation of [Zn2+]i, which was dependent on the
increase of cNOS activity and production of O2

•−. We also provide evidence that [Zn2+]i
elevation was not a cause of apoptosis, but Zn2+ dyshomeostasis could lead to uncoupling of
cNOS. The increased amount of uncoupled cNOS results in an imbalance of NO•/ONOO−,
which promotes apoptosis of UVB-irradiated keratinocytes.

Materials and Methods
Cell culture

The immortalized human keratinocyte cell line HaCaT was kindly provided by Dr. Hongtao
Yu (Jackson State University, MS) and cultured as a monolayer in DMEM (Cellgro) with 10%
FBS (Cellgro) at 37°C with 5% CO2. Human umbilical vein endothelial (HUVEC) cells were
cultured in MCDB-131 medium (VEC Technologies) with 10% FBS (Cellgro) at 37°C with
5% CO2.

Analysis of intracellular zinc concentration ([Zn2+]i)
For Real-time measurement, the cells were seeded in 35 mm plates one day before analysis.
The cells were treated with NG-monomethyl-L-Arginine (LNMMA, 100 µM, Sigma) for 2 h,
N-Acetyl-L-Cysteine (LNAC, 25 mM, Sigma) for 2 h, TPEN (50 µM, Molecular Probes) for
15 min or PEG-SOD (100 unit/mL, Sigma) for 1 h before stained with NG-DCF (10 µM,
N7991, Invitrogen) in the dark for 30 min. The NG-DCF dye was removed and cells were
washed twice with phosphate buffered saline (PBS). The cells were then covered with PBS
(400 µL) and UVB (50 mJ/cm2) irradiated. The fluorescent images were acquired from 60 sec
before to 600 sec after UVB-irradiation by a camera connected to a confocal microscope (LSM
510, Carl Zeiss) at the speed of 1 frame/5 sec at excitation and emission wavelengths of 506
nm and 531 nm, respectively.

For quantitative analysis of [Zn2+]i, the cells were seeded in 12-well tissue culture plates,
treated with LNMMA, LNAC or TPEN and stained with NG-DCF as described above.
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Immediately after irradiation, the buffer was replaced with 1 mL of fresh medium and TPEN
was added to the designated wells. Fluorescence intensities were recorded immediately and 30
min after UVB-irradiation at wavelengths of 506/531 nm, respectively, using a Spectramax
M2 plate reader (Molecular Devices).

Determination of cell apoptosis by flow cytometry
The cells were treated with SOD for 1 h before or TPEN for 15 min before and after UVB
irradiation. At 24 h post-irradiation, the cells were harvested by 0.01% trypsin digestion and
combined with the cells floating in the medium. The apoptotic cell death was analyzed by
determination of the loss of membrane phospholipid symmetry and membrane integrity
(Schindl et al. 1998; Vermes et al. 1995) using a fluorescein isothiocyanate (FITC) conjugated-
annexin V (ANX5)/PI apoptosis detection kit (BD Biosciences) following the manufacturer’s
protocol. The ANX5/PI double-stained cells were analyzed by using a FACSort Flow
Cytometer (Becton Dickinson) equipped with CellQuest software (Becton Dickinson). The
parameters of the measurement were set at SSC 350; FL1 700; FL2 700, and a total 10,000
cells were counted.

Western blot analysis of PARP cleavage and eNOS uncoupling
The cells were treated with different concentration of TPEN for 15 min before and after UVB
irradiation. The cells were lysed at 4°C 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 Biochemicals) 24 h after UVB. The protein samples were then added to five-fold
Laemmli buffer and boiled. These samples were separated on SDS-PAGE gel and then
transferred onto a nitrocellulose membrane. The membrane was blocked with 5% (w/v) skim
milk in Tris-Buffered Saline Tween-20 (TBST) for 1 h and then incubated with anti-poly (ADP-
ribose) polymerase (anti-PARP) antibodies (Cell Signaling) at 4°C overnight. After washed
with TBST, the membrane was incubated with HRP–conjugated anti-rabbit antibody for 1 h
at room temperature. Membrane was then washed three times in TBST and two times in TBS,
and developed in West Pico Supersignal Chemiluminescent substrate (Pierce).

To determine the SDS-resistant eNOS dimers and monomers, low-temperature SDS-PAGE
under reducing conditions were performed as described before (Zou et al. 2002). The cells
were treated with TPEN and harvested at the time points as indicated. The proteins were mixed
with five-fold Laemmli buffer without boiling, electrophorezed on a reducing SDS-PAGE
(with 2.5% 2-mercaptoethanol) at 4°C and then transferred onto a nitrocellulose membrane.
The eNOS was detected by western blot analysis as described above. The intensities of the
bands of coupled eNOS (eNOSc) and uncoupled eNOS (eNOSu) were quantitated using
ImageJ (v1.42k, NIH).

UV Irradiation
UVB was generated from a 15 W UVB lamp (UVP), which has an emission spectra from 280–
370 nm with a peak at 310 nm. The intensity of UVB was standardized by a UVB meter (UVP)
and set at 3 mW/cm2. The medium was replaced with PBS during the irradiation. After UV
irradiation, fresh medium was added to each plate.

Statistical Analysis
Student’s t-testwas used to analyze the significance of data. p<0.05 was considered significant.
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Results
UVB triggers [Zn2+]i elevation in keratinocytes

Our recent studies indicate that UVB induced rapid increase of cNOS activity, which generated
an imbalance of NO•/ONOO− and promoted apoptotic and skin damage (Wu et al. 2010). Since
previous studies suggested that an alternation of Zn2+]i was associated with NO•-induced
neuronal cell death (Bossy-Wetzel et al. 2004; Cuajungco and Lees 1997), we determined
whether [Zn2+]i also plays a role in UVB-induced and NO•-mediated skin cell apoptosis. We
first performed real-time measurement of [Zn2+]i in HaCaT cells using an inverted laser-
scanning confocal microscope. Intracellular free zinc was labeled with a zinc specific
fluorescence dye - Newport Green-DCF (NG-DCF) and the fluorescence intensity was
recorded by a camera connected to the confocal microscope at the speed of 1 frame/5 sec. Our
data shows that while [Zn2+]i remained the same in control cells (Fig. 1C), [Zn2+]i started to
increase in 2 min and peaked in 3 min after UVB-irradiation (Fig. 1A, 1B and 1D). The UVB-
induced fluorescence was inhibited by a zinc specific chelator N,N,N',N'-tetrakis (2-
pyridylmethyl) ethylenediamine (TPEN, Fig. 1E), which suggests that the increase of
fluorescence is [Zn2+]i-dependent. Since NO• peaked in 40 s post-UVB (Wu et al. 2010), our
results indicate that Zn2+ homeostasis is alternated after NO• elevation in skin cells upon UVB-
irradiation.

A combination of NOS activation and oxidative stress leads to [Zn2+]i elevation upon UVB
Our recent study indicates that UVB induced an immediate release of O2

•−, which rapidly reacts
with NO• to form ONOO− (Wu et al. 2010). To determine the contribution of NO• and O2

•−

to UVB-induced elevation of [Zn2+]i, we assessed the extent of the effect of NOS inhibitor and
antioxidant on [Zn2+]i upon UVB-irradiation. An N-substituted L-Arg analog LNMMA was
used to inhibit NOS activity and the glutathione (GSH) synthesis precursor LNAC was used
to reduce oxidative stress. Our data shows that pre-treating the cells with LNMMA or LNAC
inhibited UVB-induced elevation of [Zn2+]i (Fig. 1F and 1G). These results suggest that
[Zn2+]i elevation is caused by a combination effect of NOS activation and oxidative stress upon
UVB-irradiation. As an important signaling molecule to regulate diverse physiological events,
NO• is also produced by eNOS in endothelia HUVEC cells and regulates vascular remodeling
and cell survival. The amount of NO• release from HUVECs depends on various stimuli, such
as UV irradiation and shear stress (Di Pietro et al. 2006). To determine whether UVB-induced
and NOS/oxidative stress-mediated elevation of [Zn2+]i is cell type independent, we analyzed
the [Zn2+]i elevation in HUVEC cells in the presence of LNMMA and LNAC under the same
conditions as above. The [Zn2+]i was quantitatively measured by a fluorescence plate reader
at the indicated time points. The data shows that the [Zn2+]i was rapidly increased 2.33±0.12
folds in HUVEC cells after exposure to UVB-irradiation (Fig. 2). The increased [Zn2+]i was
slowly decreased to 1.88±0.39 folds at 30 min post-irradiation. The UVB-irradiated cells that
received TPEN (50 µM) did not fluoresce above the level of control cells or cells that had been
treated with TPEN alone (Fig. 2). The UVB-induced increase of [Zn2+]i was again inhibited
by pre-treating the cells with LNMMA or LNAC (Fig. 2). The similar results were also
observed using MEF and MCF-7 cells (data not shown). These results indicate that rapid
elevation of [Zn2+]i induced by UVB-irradiation is not cell-type specific.

Complex roles of Zn2+ in regulation of apoptosis without or with UVB-irradiation
An increase of [Zn2+]i has been shown to be associated with apoptotic death of cells under
various stimuli (Aizenman et al. 2000; Canzoniero et al. 1999; Lobner et al. 2000). However,
free Zn2+ could also directly or indirectly protect cells from oxidative stress-induced apoptosis
(Ha et al. 2006; Powell 2000; Taylor et al. 1997). To determine the role of released intracellular
Zn2+ in UVB-induced apoptosis of keratinocytes, we determined apoptosis of HaCaT cells,
which were treated with various concentrations of TPEN before and after UVB-irradiation.
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Our data show that UVB-irradiation induced apoptosis was not affected by TPEN at a
concentration below 25 µM (Fig. 3A). However, while higher concentrations of TPEN (50 µM
and 75 µM) induced apoptosis by themselves, they also inhibited further apoptotic death
induced by UVB (Fig. 3A). The results were further confirmed by determination of the extent
of effects of high/low [TPEN] on UVB-induced poly (ADP-ribose) polymerase (PARP)
cleavage, evidence widely used for detecting cells undergoing apoptosis. Treated cells by UVB
caused cleavage of 116-kDa PARP to an 89-kDa fragment which is the marker for cell
apoptosis. Neither low concentration (12.5 µM) nor high concentration (75 µM) of TPEN
protects keratinocytes from PARP cleavage upon UVB irradiation (Fig. 3B).

To determine whether the concentration-dependent effect of TPEN on UVB-induced apoptosis
correlates with the inhibition of cytosolic Zn2+ release, we analyzed [Zn2+]i after treating the
cells with different concentration of TPEN before UVB-irradiation. Our data shows that TPEN
prevented UVB-induced [Zn2+]i elevation even at 12.5 µM (Fig. 3C), a concentration of TPEN
that had no effect on UVB-induced apoptosis (Fig. 3A). These results indicate that cytosolic
free Zn2+ release did not cause apoptosis directly after UVB-irradiation. However, since high
[TPEN] induced apoptosis and meanwhile protected cells from further apoptosis induced by
UVB (Fig. 3A and 3B), our results also suggest that intracellular Zn2+ homeostasis plays a
critical role in regulation of apoptosis without or with UVB-irradiation.

UVB induced production of ONOO− mediates [Zn2+]i elevation and promotes apoptosis
Since inhibition of NOS activation eliminated UVB-induced free Zn2+ release (Fig. 1F), we
investigated the mechanism of NO•-mediated alternation of intracellular Zn2+ homeostasis
upon UVB-irradiation. Previous studies indicated that NO• reacts quickly with O2

•− to form
ONOO− (Beckman and Koppenol 1996;Groves 1999), which has been shown to oxidize the
zinc-thiolate complex and zinc-fingers of zinc-binding proteins including cNOS and result in
the release of zinc from the complex (Aravindakumar et al. 1999;Pacher et al. 2007;Zou et al.
2002). Our recent study demonstrated that ONOO− was released in HaCaT cells almost
immediately after UVB-irradiation (Wu et al. 2010). To determine whether UVB-induced
ONOO− production leads to [Zn2+]i elevation, we treated the cells with a membrane permeable
polyethylene glycol modified superoxide dismutase (PEG-SOD) to decrease cellular O2

•− and
therefore reduce the oxidative stress generated by ONOO−. The extent of the effects of SOD
on UVB-induced [Zn2+]i elevation and apoptosis were determined by the real-time
fluorescence measurement and flow cytometry methods as described previously. Our data
shows that UVB-induced [Zn2+]i elevation was totally inhibited by treating the cells with SOD
(Fig. 4A). These results suggest that oxidative stress generated from ONOO− mediates UVB-
induced [Zn2+]i elevation.

Since ONOO− is considered a highly reactive oxidant and potent inducer of cell death (Szabo
et al. 2007), we examined whether treating cells with SOD also reduces UVB-induced
apoptosis of the cells. Our data showed that removal of O2

•− reduced apoptotic death of the
irradiated cell from 39.1±1.8% to 25.2±1.6% (Fig. 4B). Removal of O2

•− by SOD reduced the
apoptotic death of UVB-treated cells by approximately 47% after correcting with the 7−8% of
apoptotic cells observed in untreated or SOD alone treated cells. In our previous study, LNAC,
the ONOO− scavenger, was also used to evaluate the effect of peroxynitrite on apoptotic death
induced by UVB. Upon LNAC treatment, the UVB-induced apoptotic cell death was reduced
38.6% at 24 h post-irradiation (Wu et al. 2010). These results also indicate that UVB-induced
formation of ONOO− contributes to apoptotic death of UVB-irradiated cells, which agrees with
our recent report (Wu et al. 2010).
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TPEN uncouples eNOS in a concentration-dependent manner
In disease condition or extracellular stimuli, the increased monomerization of eNOS alters the
enzyme function and generates superoxide instead of NO•. This monomerization of eNOS is
referred to eNOS uncoupling (Yang et al. 2009). Our data showed that while a higher
concentration (> 50 µM) of TPEN induced apoptotic death of HaCaT cells, it also prevented
further UVB-induced apoptosis of the cells (Fig. 3A). This result suggests that high [TPEN]
may share the upstream signaling pathway with UVB in induction of apoptosis (Fig. 6).
Previous report indicated that TPEN could uncouple eNOS by removing Zn2+ from the enzyme
in a cell free system and E. Coli. (Li et al. 1999; Zou et al. 2002). Our recent studies suggested
that UVB could also uncouple eNOS and increase production of ONOO− (Liu and Wu 2009;
Wu et al. 2010). Since uncoupled eNOS produces O2

•− (Huk et al. 1997) that was critical for
UVB-induced apoptosis (Fig. 4B), we analyzed the effect of [TPEN] on eNOS uncoupling in
HaCaT cells. Our data showed that eNOS dimers were significantly reduced immediately after
the treatment of 75 µM TPEN (Fig. 5, Lane 4 vs. 1) and were partially recovered at 2 h post-
treatment (Fig. 5A, Lane 5 vs. 4). The eNOS dimers were only slightly reduced after the
treatment of 12.5 µM TPEN (Fig. 5A, Lane 2 vs. 1) and were totally recovered at 2 h post-
treatment (Fig. 5A, Lane 3 vs. 2). These results indicated that TPEN uncouples eNOS in a
concentration-dependent manner. These results suggest that eNOS uncoupling might be the
pathway that shared by high [TPEN] or UVB induced apoptosis of keratinocytes.

Discussion
UVB induces a rapid release of NO• and O2

•− in cultured keratinocytes (Aitken et al. 2007).
Our recent studies demonstrated that UVB induces an immediate increase of cNOS activity
and an immediate elevation of NO• and ONOO− in both cultured cells and skin tissue (Wu et
al. 2010). An elevation of intracellular level of NO• has been shown to alter intracellular
Zn2+ homeostasis (Bernal et al. 2008; Frederickson et al. 2002; St Croix et al. 2002), which
plays a role in regulation of UV-induced apoptosis (Leccia et al. 1999; McGowan et al.
1994; Parat et al. 1997). However, it has never been reported that UV-irradiation increases
intracellular free Zn2+ concentration. Our data shows that UVB-irradiation induced a quick
elevation of [Zn2+]i in both HaCaT and HUVEC cells (Fig. 1 and Fig. 2). However, the
[Zn2+]i elevation was behind an increase NO• and ONOO−, which were elevated within 45 sec
after UVB (Wu et al. 2010). Our data also showed that UVB-induced [Zn2+]i elevation was
dependent on the increase of cNOS activity (Fig. 1F), which has been shown to be responsible
for early production of NO• after UVB-irradiation (Wu et al. 2010). In addition to NO•, the
generation of O2

•− was also critical for UVB-induced [Zn2+]i elevation since treating the cells
with either LNAC or SOD completely eliminated free zinc release after UVB-irradiation (Fig.
1G and Fig. 4A). Since NO• can rapidly react with O2

•− to form ONOO− (Beckman and
Koppenol 1996; Groves 1999), our results suggested that UVB-induced [Zn2+]i elevation is
mediated by ONOO−.

Zinc homeostasis has been shown to play a role in regulation of apoptosis of cultured skin cells.
While chelation of zinc promotes apoptotic cell death, supplement of zinc protects skin cells
from UV-induced DNA-damage and apoptosis (Leccia et al. 1999; McGowan et al. 1994; Parat
et al. 1997). Our data showed that while higher concentration of TPEN (>50 µM) induced
apoptosis, which agreed with a previous report (Parat et al. 1997), it also prevented further
apoptosis induced by UVB (Fig. 3). The protective effect was not dependent on the removal
of released intracellular Zn2+ from UVB-irradiation since lower concentration of TPEN (<25
µM) could also chelate the Zn2+, but had no effect on cell apoptosis with or without UVB-
irradiation (Fig. 3). Interestingly, while PARP cleavage is not affected by 12.5 µM TPEN (Fig.
3B, Lane 3 vs. 1), all PARP is cleaved to 89-kD fragment under 75 µM TPEN treatment (Fig.
3B, Lane 5). However, the total amount of PARP is less in the cells treated with 75 µM TPEN
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than the amount in the cells treated with 12.5 µM TPEN or without treatment (Fig. 3B Lanes
5,6 vs. 1–4). This could be due to that TPEN activates a caspase-3 independent apoptotic
pathway by reduction of PARP expression as previously reported (Parker et al. 2006; Yun et
al. 2003). The preventative effect of TPEN on the further UVB-induced apoptosis is likely due
to the uncoupling of eNOS (Fig. 5), which leads to a reduction of NO• production upon UVB-
irradiation (Fig. 6). Without an elevation of NO•, there would be reduced production of
ONOO−, which is the cause of UVB-induced apoptosis as we recently reported (Wu et al.
2010). However, it was surprising to observe that TPEN could only partially reduced the
dimerized cNOS, even at 75 µM (Fig. 5). With Kd for Zn2+ at 2.58 × 10–16 M, 75 µM TPEN
could reduce cytosolic Zn2+ to a subfemtomole level as previously reported (Colvin et al.
2008). The results suggest that zinc may not be essential for the dimerization of cNOS. However
we could not rule out that some Zn-cNOS complexes exist in a conformation in which TPEN
could not reach the bound ion.

Conclusion
Our results indicate that UVB-induced accumulation of ONOO− and oxidative stress lead to
the eNOS uncoupling, intracellular zinc dyshomeostasis, and cell damage via a complex and
dynamic regulation. Based on our findings, we proposed a signaling circuit for UVB-induced
cNOS uncoupling, Zn2+ release and cell death (Fig. 6). UVB activates cNOS, which generates
NO•. Meanwhile, UVB also generates O2

•−, which reacts rapidly with NO• to from ONOO−.
The elevated ONOO− oxidizes the Zn2+-thiolate center in cNOS and induces cNOS uncoupling
and Zn2+ release. The uncoupled cNOS produces more O2

•− and leads to further elevation of
ONOO−, cNOS uncoupling and [Zn2+]i elevation. The increased ONOO− also leads to an
NO•/ONOO− imbalance and promotes apoptosis.
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Refer to Web version on PubMed Central for supplementary material.

Abbreviations

ANX5 annexin V

CAG-AM Calcium Green-1 acetoxymethyl ester

cNOS constitutive nitric oxide synthase

FITC fluorescein isothiocyanate

HUVEC human umbilical vein endothelial

LNAC N-Acetyl-L-Cysteine

LNMMA NG-monomethyl-L-Arginine

MEF murine embryonic fibroblast

NG-DCF Newport Green-DCF

NO• nitric oxide

O2
•− superoxide

ONOO− peroxynitrite

PBS phosphate buffered saline

PEG-SOD polyethylene glycol-conjugated superoxide dismutase

PI propidium iodide
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ROS reactive oxygen species

TPEN N N,N',N'-tetrakis (2-pyridylmethyl) ethylenediamine

UVB ultraviolet B light

[Zn2+]i intracellular Zn2+ concentration
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Fig. 1.
NOS activation and oxidative-stress mediate UVB-induced [Zn2+]i elevation in HaCaT cells.
The cells were loaded with NG (10 µM) for 30 min and then the fluorescence of the cells were
monitored using a Carl Zeiss confocal microscope. When the background signals of
fluorescence were stabilized, the cells were irradiated with UVB (50 mJ/cm2) and fluorescence
intensities at three different areas were continuously recorded. Meanwhile the fluorescence
images were captured before and after UVB. Panel A: a series of [Zn2+]i fluorescence images
captured in 5 sec intervals. Panel B: High-resolution pictures of cells captured before and 5
min after UVB-irradiation. Large circles represent individual regions of interests (ROIs)
selected for analysis. Panels C–G: Fluorescence intensities were continuously recorded from
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the cells that were a control (non-UVB, C), treated by UVB (D), pretreated with 50 µM TPEN
(E), 100 µM LNMMA (F) or 25 mM LNAC (G). Individual ROIs were graphed as a function
of time. The draw for the first 60 sec was the baseline before cells were irradiated by UVB.
Flat lines represent control ROIs drawn in regions free of cells.
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Fig. 2.
NOS activation and oxidative-stress mediate UVB-induced [Zn2+]i elevation in HUVEC cells.
The cells were not treated or treated with LNMMA (100 µM), LNAC (25 mM) and TPEN (50
µM) before loaded with NG for 30 min. The fluorescence intensity was determined using a
Spectramax plate reader. Fluorescence intensities were measured immediately and 30 min after
UVB irradiated (50 mJ/cm2) and then normalized to the control group to obtain a ratio for
relative [Zn2+]i. The error bars represent the standard deviation of two independent
experiments.
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Fig. 3.
The correlations between UVB-induced [Zn2+]i elevation and apoptosis. HaCat cells were
treated with different concentration of TPEN as indicated 15 min before and after UVB-
irradiation (50 mJ/cm2). The amount of Annexin V-FITC and PI double-stained cells were
quantitatively analyzed by flow cytometry at 24 h post-irradiation. Panel A: the percentage of
Annexin V-FITC/PI positive cells, which represent apoptotic dead cells. The error bars
represent the standard deviation of three independent experiments. * p < 0.05 vs. UVB alone.
Panel B: Western blot analysis of PARP cleavage. Panel C: Relative fluorescence intensities
of [Zn2+]i in UVB or TPEN treated HaCaT cells. The error bars represent the standard deviation
of three independent experiments. * p < 0.05 vs. UVB alone.
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Fig. 4.
Removal of O2

•− prevents [Zn2+]i elevation and reduces apoptotic cell death after UVB-
irradiation. Panel A: NG-DCF fluorescence intensity was recorded from the cells that were
treated with PEG-SOD from individual ROIs graphed as a function of time. The background
lines represent control ROIs drawn in regions free of the cells. Panel B: The relative percentage
of apoptotic cells with or without being pretreated with PEG-SOD after UVB-irradiation (50
mJ/cm2). The apoptotic cell death was analyzed at 24 h post-irradiation using the Annexin-V/
PI double staining and flow cytometry method. The error bars represent the standard deviation
of three independent experiments. * p < 0.05 vs. UVB alone. The lower panel shows the dot-
plot graphs of flow cytometry.
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Fig. 5.
The eNOS uncoupling is TPEN concentration-dependent. HaCaT cells were not treated or
treated with 12.5 or 75 µM [TPEN] as indicated. Immediately or 2 h after treatment, total
lysates were subjected to a low-temperature SDS-PAGE under reducing conditions. The
monomer and dimer of eNOS were monitored by Western blot analysis. The intensities of the
bands of eNOS were quantitated using ImageJ (v1.42k, NIH) and normalized to the control.
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Fig. 6.
Proposed signaling circuits for UVB-induced cNOS uncoupling, Zn2+ release and apoptosis.
cNOSc: coupled cNOS. cNOSu: uncoupled cNOS.
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