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Elevated zinc induces endothelial apoptosis via disruption
of glutathione metabolism: role of the ADP translocator
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Abstract Zinc is the second-most abundant transi-
tion metal within cells and an essential micronutrient.
Although adequate zinc is essential for cellular
function, intracellular free zinc (Zn®") is tightly
controlled, as sustained increases in free Zn** levels
can directly contribute to apoptotic endothelial cell
death. Moreover, exposure of endothelial cells to
acute nitrosative and/or oxidative stress induces a
rapid rise of Zn®" with mitochondrial dysfunction
and the initiation of apoptosis. This apoptotic induc-
tion can be mimicked through addition of exogenous
ZnCl, and mitigated by zinc-chelation strategies,
indicating Zn*"-dependent mechanisms in this pro-
cess. However, the molecular mechanisms of Zn*t-
mediated mitochondrial dysfunction are unknown.
Here we report that free Zn*" disrupts cellular redox
status through inhibition of glutathione reductase, and
induces apoptosis by redox-mediated inhibition of the
mitochondrial adenine nucleotide transporter (ANT).
Inhibition of ANT causes increased mitochondrial
oxidation, loss of ADP uptake, mitochondrial translo-
cation of bax, and apoptosis. Interestingly, pre-incu-
bation with glutathione ethyl ester protects endothelial
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cells from these observed effects. We conclude that
key mechanisms of Zn*"-mediated apoptotic induc-
tion include disruption of cellular glutathione homeo-
stasis leading to ANT inhibition and decreases in
mitochondrial ATP synthesis. These pathways could
represent novel therapeutic targets during acute
oxidative or nitrosative stress in cells and tissues.
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Introduction

Understanding the nature of how cells transduce,
interpret, and respond to stress signals, both in terms
of extracellular perception as well as signals from
within, is fundamental for discovering and develop-
ing new therapies and interventions for situations
where cells, tissues, and organs lose the ability to
maintain homeostatic balance. It is now apparent
reactive oxygen and nitrogen species (ROS, RNS,
respectively) serve as signal transduction molecules
in biological systems. ROS such as hydrogen perox-
ide (H,0O,) and superoxide (O,"") are also increas-
ingly understood to have complex and highly
nuanced signal transduction roles in cells and tissues
(Forman and Torres 2001). However, these same
chemical species can also initiate signaling pathways
that result in apoptosis (Bauer 2000). We, and others,
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have previously reported that exposure of pulmonary
artery endothelial cells to elevated levels of ROS and/
or RNS leads to significant elevation in intracellular
free zinc (Zn”) (Tang et al. 2001; Wiseman et al.
2006, 2007; Bernal et al. 2008). Zinc is the second-
most common transition metal in cells (Atwood and
Steed 2004), and zinc ions function in multiple
different intracellular processes. It is estimated that at
least 3% of the known human genes encode proteins
containing zinc-finger domains (Maret 2003). How-
ever, the concentration of unbound “free” intracel-
lular zinc is typically found at picomolar levels
(Simons 1991). Thus, although Zn*" is classified as
“redox inert,” if not adequately sequestered it can
also function as a potent disruptive molecule within
cells. Here, we present data that demonstrate that the
effect of Zn>" on mitochondrial dysfunction is
indirect. Further, we show that a key mechanism
for this indirect effect is disruption of glutathione
homeostasis. Interestingly, we find that a direct
consequence of Zn>"-mediated depletion of reduced
cellular glutathione is the inhibition of mitochondrial
adenine nucleotide transport. Together, these data
illustrate a cell-death mechanism whereby mitochon-
drial dysfunction is initiated through a Zn**-induced
loss of cellular antioxidant capacity, resulting in
mitochondria deprived of adequate metabolites for
normal function.

Materials and methods
Cell culture

Primary cultures of ovine fetal pulmonary artery
endothelial cells (PAECs) were isolated and identi-
fied as described previously (Wedgwood et al. 2003).
Cells between passages 3—-10 were maintained in
DMEM supplemented with 10% fetal bovine serum
(Hyclone, Logan, UT), antibiotics and antimycotics
(MediaTech, Herndon, VA) at 37°C with 5% CO,—
95% air. Cells were seeded at ~50% confluence, and
at ~90% confluence. Before experimental treatment,
except as noted, cells were trypsinized, counted,
re-plated in 6-, 24-, or 96-well plates (Costar,
Corning, NY) at a density of 5 x 10° cells/cm?, and
incubated 18 h. Cells were serum starved in serum-
free, phenol red-free DMEM (SF/PRF-DMEM, GIB-
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CO-BRL, Gaithersburg, MD) and incubated over-
night. During serum deprivation, no exogenous
sources of Zn*" are available to the cells. Cells were
pretreated for 2 h with SF/PRF-DMEM = glutathi-
one ethyl ester (GSH-EE, 2 mM, Sigma, St. Louis,
MO), and then exposed 0—4 h with 0—-1 mM ZnCl,
(200 mM in PBS, diluted in SF/PRF-DMEM),
0-1 mM N-[2-aminoethyl]-N-[2-hydroxy-2-nitroso-
hydrazino]-1,2-ethylenediam-ine (spermine NONO-
ate; Calbiochem, San Diego, CA) in SF/PRF-DMEM.
Doses were selected to examine the entire range of
potential response in PAECs as we (Wiseman et al.
2006, 2007), and others (Koh and Choi 1994)
previously described. At designated time points, cells
were subjected to immediate analysis, unless noted.

Mitochondrial isolation

PAECs were scraped, washed PBS, and pelleted by
centrifugation 850x g at 4°C for 2 min. Mitochondria
were isolated via the manufacturer’s protocol (Pierce
Biotechnology, Rockford, IL). Mitochondrial frac-
tions were resuspended in 0.25 M sucrose, 10 mM
Tris-C1, pH 7.4, and 0.5 mM EDTA. In order to
avoid potential issues with chelation of Zn** ions by
EDTA, immediately prior to the beginning of each
experiment, mitochondrial fractions were centrifuged
and resuspended in EDTA-free buffer, and assayed as
described below.

Fluorescence microscopy

A PC-based imaging system consisting of: an Olympus
IX51 microscope equipped with a charge-coupled
camera (Hamamatsu Photonics, Hamamatsu City,
Japan) was used for acquisition of fluorescent images.
Fluorescent-stained cells were observed using appro-
priate excitation and emission, measuring at least 300
cells per sample, and the average fluorescent intensities
(to correct for differences in cell number) were
quantified using ImagePro Plus v5.0 software (Media
Cybernetics, Silver Spring, MD). High-resolution
cellular images were obtained using an Applied
Precision, Inc. (Issaquah, WA) DeltaVision™ imaging
system, fitted with an environmental control chamber.
Data obtained were quantified using DeltaVision™
software and compared by statistical analysis.
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Detection of bax translocation

Ten hours following treatment, mitochondria were
isolated and resuspended in lysis buffer (20 mM Tris
base, pH 7, 2.5 mM EDTA, 1% Triton-X, 1:100
protease inhibitor cocktail [Sigma]). Lysates were
assayed for protein concentration by BCA protein
assay (Pierce Biotechnology, Rockford, IL) and
normalized for concentration. Sixty microgram of
mitochondrial protein per sample was subjected to
SDS-PAGE and analyzed by standard Western blot
analysis as described previously (Brennan et al. 2003)
using anti-bax antibody (Cell Signaling Technology,
Boston, MA).

Detection of apoptotic events

PAECs in 96-well plates were treated as described.
Caspase activation was visualized by co-treating cells
with 1 pM CaspACE FITC-vad-FMK (Promega,
Madison, WI). This fluorescent analog of the pan-
caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-
fluor-omethylketone (Z-vad-FMK) readily enters
cells and binds irreversibly to activated caspases.
After treatment, cells were washed with ZnCl,-free
DMEM and incubated overnight in PRF-DMEM
media with 1% FBS. Eighteen hours post-exposure,
cells were incubated in media with 10 pM FITC-
conjugated caspase inhibitor (FITC-vad-FMK). After
20 min incubation at 37°C in dark conditions, cells
were washed with fresh media and visualized using
fluorescence microscopy. A second method involved
TUNEL analysis. PAECs were incubated for ~ 18 h
in PRF-DMEM supplemented with 1% FBS. Follow-
ing incubation, analysis was performed as we have
previously described (Wedgwood and Black 2003).

EPR detection of mitochondrial O, levels

Mitochondrial-specific O, production was mea-
sured using electron paramagnetic resonance (EPR)
spectroscopy with spin probe, 1-hydroxy-3-methox-
ycarbonyl-2,2,5,5-tetramethyl-pyrrolidineeHCl (CMH,
Alexis Biochemicals, San Diego, CA) as described
(Wiseman et al. 2007). Following exposure, mito-
chondrial isolation was performed as described above.
Mitochondrial fractions were incubated for 1 h in
the presence of CMH (PBS, pH 7.4 4 25 pM defer-
rioxamine mesylate [Calbiochem], CMH 5 mg/ml).

Thirty five microliter of sample was loaded into a
50 pl capillary tube and analyzed with a MiniScope
MS200 EPR (Magnettech, Berlin, Germany) at a
microwave power of 40 mW, modulation amplitude
of 3,000 mG, and modulation frequency of 100 kHz.
EPR spectra were analyzed measured for amplitude
using ANALYSIS software (v2.02; Magnettech).

Detection of cellular and mitochondrial redox
status

PAECs were plated into 10 cm dishes at a density of
~ 15,000 cells/cm? (~1.25 x 10° cells per dish) and
transfected with expression constructs of roGFP,
redox-sensitive GFP analogs where surface-exposed
residues are substituted with serine, allowing the
ability to monitor the cellular thiol redox status of
cells. These GFP analogs demonstrate a redox-
specific shift in fluorescence spectra directly corre-
lated to cellular oxidation status (Hanson et al. 2004).
Redox-sensitive constructs (generously provided by
S. James Remington, University of Oregon) delivered
either general cytosolic roGFP expression (“cRo,”
Fig. 3a), or expression of roGFP specifically within
mitochondria (“mRo,” Fig. 3a). Transfections were
performed via Effectene® lipid-based delivery proto-
cols (Qiagen). Following transfection with either cRo
or mRo constructs, cells were subdivided into three
groups and re-plated onto cover glass. One group was
treated as described above to assess cellular redox
status for up to 4 h post-onset of exposure, while the
other two groups were used to calibrate maximal
reduction (using 1 mM dithiothreitol, Sigma) and
maximal oxidation (using 1 mM ¢-butyl hydroperox-
ide, Sigma) (Farrow et al. 2008), and -cellular
fluorescence at 470 and 360 nm excitation wave-
lengths in order to determine the ratio of reduced
versus oxidized GFP for up to 4 h. In addition, an
untransfected sample of cells was quantified to
determine nonspecific background. Each experimen-
tal group was evaluated as a percentage of oxidation,
relative to fluorescence values obtained for fully
reduced and fully oxidized conditions.

Measurement of glutathione reductase activity
The assay for glutathione reductase activity is based

on oxidation of NADPH to NADP+ catalyzed by a
limiting concentration of glutathione reductase. One
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GR activity unit is defined as the amount of enzyme
catalyzing reduction of one micromole of GSSG per
minute at pH 7.6 and 25°C. Given that one molecule
of NADPH is consumed for each molecule of GSSG
reduced, reduction of GSSG is determined indirectly
by measurement of NADPH consumption, observed
as a decrease in absorbance at 340 nm (Asz4g) over
time. Briefly, PAECs were treated and harvested by
scraping and centrifugation at 1,000x g for 10 min at
4°C. Cell pellets were homogenized in 200 pl of ice-
cold KPO, buffer (100 mM, 0.1% BSA, 5 mM
EDTA, pH 7.5) and centrifuged at 10,000xg for
15 min at 4°C, and supernatants kept on ice for
immediate assay. To each sample, a known amount
of NADPH was added, and Aj4 was continuously
monitored 60 s. Extinction coefficients were calcu-
lated and activity determined via comparison to
known standards of purified glutathione reductase. To
determine if the effect of Zn>" is acting directly upon
the glutathione reductase enzyme, samples of purified
glutathione reductase was exposed or not to 50 uM
ZnCl, and analyzed as described.

Determination of cellular GSH:GSSG ratio

This assay used is based on reaction of GSH with
DTNB (Ellman’s reagent, [5,5'-dithiobis-2-nitroben-
zoic acid]), which produces a detectable product with
a maximal absorbance at 412 nm. The rate of product
formation is proportional to the concentration of
GSH. As GSH typically far exceeds the amount of
oxidized GSSG within cells, this assay uses a thiol-
scavenging reagent, 1-methyl-2-vinylpyridinium tri-
fluoromethanesulf-onatel (M2VP) to scavenge GSH.
Samples are then incubated with a known amount of
purified glutathione reductase in the presence of
DTNB, and ratios calculated according to the man-
ufacturer’s protocol (Oxis International). For both
GSSG and GSH, absorbance curves were generated
and concentrations were extrapolated via comparison
to known GSH standards.

Determination of mitochondrial ATP production

Following exposure to Zn*" (500 uM, 4 h), isolated
mitochondria were incubated in physiological condi-
tions with exogenous ADP (100 puM, Sigma, St. Louis,
MO) in the presence of ATP-dependent luciferase,
according to the manufacturer’s protocol (Sigma,
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St. Louis, MO). Mitochondrial isolates were volume
adjusted to 800 ul, pH 7.8. Hundred microliter of
ATP Assay Mix solution was added to isolates, and
allowed to incubate at room temperature for ~3 min,
during which any endogenous ATP is hydrolyzed,
decreasing background signal. The assay was per-
formed by rapidly adding 100 pl of either ATP
standard or ADP, with mixing, and measured with a
luminometer. Negative controls were performed
using mitochondrial-free reactions and mitochondrial
fractions absent of exogenous ADP.

In addition, we directly measured mitochondrial
adenine uptake. [PHJADP uptake was measured by
carboxyatractyloside inhibitor stop-technique described
previously (Chan and Barhour 1979). Approximately
50 pg of mitochondria were suspended in 200 pl
buffer containing 116 mM KC1, 21 mM Tris/HCI, pH
7.4, 1.05 mM EDTA (KCI buffer), 5.26 mM 2-oxo-
glutarate, and 5.26 pM p-ruthenium red. Following
5-min incubation at RT, 10 pg oligomycin was added
to the suspension and chilled to 2°C. Various concen-
trations (5 pl) of [3H]ADP were added to 45 w aliquots
of mitochondrial suspension under constant mixing.
After 12 s, reactions were stopped by 10 pl injection
of 200 puM p-carboxy-atractyloside, and mitochondria
were pelleted at 12,000 x g for 4 min. Supernatant was
removed and mitochondria were washed with 200 pl
KC1 buffer containing 10 nM carboxyatractyloside
and re-pelleted. The mitochondrial pellet was dis-
solved in 100 pl of 2% SDS, transferred to a scintil-
lation vial containing 3.0 ml of counting fluid, and
counted by liquid scintillation.

Statistical analyses

Statistical calculations were performed using Graph-
Pad Prism V. 4.01 software. The mean £ SD was
calculated for all samples and significance determined
by either by the unpaired ¢ test or ANOVA. For
ANOVA, Neuman-Kuehls post-hoc testing was uti-
lized. A value of P < 0.05 was considered significant.

Results

Our previous findings indicate that pulmonary artery
endothelial cells (PAECs) undergo mitochondrial
dysfunction and apoptosis when exposed to either
oxidative or nitrosative stress, and this effect can be
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mimicked if cells are exposed in the same fashion to
exogenous Zn’*, Initially, we determined if elevated
intracellular Zn*" induces mitochondrial dysfunction
via a direct or indirect mechanism. Isolated mitochon-
drial fractions (from ~2 x 107 cells) were suspended
in metabolic buffer (free from metal chelators, such as
EDTA) and acutely exposed to either ZnCl, (Fig. 1a)
or spermine NONOate (Fig. 1b, as a positive control)
or for 1 h and superoxide levels determined using the
spin-trap, CMH, a cyclic hydroxylamine with rela-
tively specific affinity for O,"~ (Fink and Dikalov
2002). CMH-O,"" products were detected by EPR
analysis as we have described (Wiseman et al. 2006).
Our data indicate that although NO increases mito-
chondrial-derived O,"~ (Fig. 1b), Zn*" alone does not
(Fig. 1a), indicating that Zn**-mediated mitochon-
drial dysfunction occurs indirectly.

Previous studies show an important role for
reduced GSH in maintaining mitochondrial function
(Garcia-Ruiz et al. 1995). Thus, we next determined
if the indirect effect of free Zn>* on mitochondrial
function could be due to alterations in cellular GSH
homeostasis. We found that Zn>" exposure caused a
decrease in the GSH-to-GSSG ratio (Fig. 2a). As the
rate-limiting enzyme in the homeostatic maintenance
of cellular GSH-to-GSSG ratio is glutathione reduc-
tase (GR), we next ascertained if the mechanism by
which increased free Zn>" produces elevated GGSG
is mediated through inhibition of glutathione reduc-
tase (GR) enzymatic activity. Our data indicate that
elevated free Zn>" leads to the inhibition of GR
activity in PAECs (Fig. 2b). Furthermore, to verify
that Zn>" is a direct biochemical inhibitor of GR, we
determined if Zn>" inhibits GR in vitro. We found
the presence of Zn>" directly inhibits the ability of
GR to reduce GSSG to GSH (Fig. 2c¢).

In order to examine the effect of the decreased
GSH-to-GSSG ratio induced by elevated free Zn*"
on cellular redox status, we utilized redox-sensitive
GFP constructs targeted to either cytosol (“cRo”) or
to mitochondria (“mRo”) (Fig. 3a). Following trans-
fection with either cRo or mRo redox-sensitive GFP,
we exposed PAECs to Zn>" (0-1 mM ZnCl,) and
monitored average cellular fluorescence for 4 h.
Firstly, we observed a dose-dependent, significant
shift in mitochondrial roGFP to a more oxidized state
(Fig. 3b). Secondly, we observed a shift in both
cytosolic and mitochondrial redox status to a more
oxidized state, but mitochondrial oxidation occurred

23
A Control /_/\f_J\f_J\h
250 uM /\/‘ J\ﬁ J\ﬁ

o —/V_%—%
ol %/_J\f_J\ﬁ

S [
u —
2% 10 | 1 !
o =
g3
<z
[
o
w
0 > s s s
§ . E §
~
¢ & &
ZnCl, (4 hrs.)
B
Control
250 uMm /\f /\\r
1 mM

20 *-'-

Q
g 16
23
g2 12
EG
<z 8 %
e —
& =
m 4
o —+ I
-~
F & & f
~
<& ¥ S

Spermine NONOate (4hrs.)

Fig. 1 Zinc does not directly increase mitochondrial superox-
ide generation. Mitochondria were isolated from PAECs as
described in “Methods and materials” and resuspended in
EDTA-free physiological buffer containing either a 0—1 mM
ZnCl, or b 0-1 mM Spermine NONOate (as a positive control)
and incubated at 37°C for 2 h. Following incubation, super-
oxide levels were determined using EPR. The direct addition of
ZnCl, does not increase mitochondrial superoxide levels while
the NO donor does. Graphs represent mean amplitude of
superoxide-CMH product EPR waveforms (n =5), with
representative individual waveforms illustrated above. Error
bars represent =SEM. * P < 0.05 versus control samples;
TP < 0.05 versus previous dose

earlier (Fig. 3c). Lastly, in cells treated with 1 mM

glutathione ethyl ester prior and during onset of
exposure to Zn”", we found significant protection of
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Fig. 2 Zinc-mediated disruption of glutathione homeostasis is
mediated by the inhibition of glutathione reductase activity.
PAECs exposed to ZnCl, (0-1 mM) were analyzed to
determine GSH-to-GSSG ratio (a) and GR enzymatic activity
(b). ZnCl, causes a dose dependent decrease in the GSH-to-
GSSG ratio that is correlated with a decrease in GR activity.

mitochondrial roGFP from Zn**-induced oxidation
(Fig. 3d).

GSH is known to be important in preventing
oxidation and subsequent inhibition of the adenine
nucleotide translocator (ANT) protein in neuronal
cells (Vesce et al. 2005). Thus, we next we determined
if the shift of the mitochondria to a more oxidized
environment had an effect on ANT function. We
utilized two assays to measure of ANT function:
Initially we examined the ability of mitochondrial
isolates to oxidatively phosphorylate ADP into ATP.
We found that mitochondria isolated from Zn>'-
treated PAECs have a significantly diminished capac-
ity to generate ATP relative to controls (Fig. 4a).
However, preloading with exogenous GSH (in the
form of cell-permeant GSH-ethyl ester [GSH-EE])
restored ANT activity (Fig. 4a). To corroborate this
finding, we incubated mitochondrial isolates in the
presence of [3H]—ADP, and determined the rate of
adenine translocation into mitochondria. We found
that Zn>*-exposed mitochondria showed significant,
dose-dependent reductions in ADP translocation rate.
Furthermore, GSH-EE pre-incubation significantly
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Confirming the ZnCl, mediated inhibition of GR, purified
bovine GR was inhibited in vitro when exposed to ZnCl,
(0-100 puM, c). Graph represents average enzymatic activity
versus control reaction over 5 min. Error bars £SD (n = 4).
* P < 0.05 versus control; T P < 0.05 versus previous dose

protected ANT function from Zn>"-mediated effects
(Fig. 4b).

To determine if glutathione could ultimately
protect PAECs from apoptotic events induced by
increased free Zn’>*, we examined translocation of
pro-apoptotic bax proteins to mitochondria. We
found pre-incubation of PAECs with GSH-EE main-
tained the morphology of PAECs exposed to Zn*"
(Fig. 5a). We also observed significant reductions in
Zn*"-mediated bax translocation to mitochondria
(Fig. 5b). Furthermore, when we examined caspase
activation, which we previously found to be elevated
in PAECs following acute Zn>" exposure, GSH-EE-
preloaded cells showed significant resistance to Zn*"
(Fig. 5¢). Similarly, GSH-EE preloaded cells had
significantly fewer TUNEL positive nuclei versus
Zn*"-exposed cells alone (Fig. 5d).

Discussion

There is an increasing understanding regarding the
role of intracellular free zinc (Zn>") in mediating cell
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Fig. 3 Exogenous zinc induces a rapid oxidation of the
mitochondrial environment. PAECs were transfected with
DNA expression constructs of redox sensitive GFP targeted
either to the cytosolic (“cRho”) or mitochondrial (“mRho”)
compartments. a High-resolution fluorescent microscopic
images of cells counterstained with MitoTracker™ Red
mitochondrial-specific fluorescent marker demonstrate the
non-specific and mitochondrial-specific expression of GFP in
cRho or mRho-transfected cells, respectively (bar = 15 pm).
b Real-time fluorescent analysis of mRho within ECs incubated
at 37°C, 5% CO, in DMEM = 0-1 m ZnCl,. ¢ Although both

protection versus cell death. Zn*" is the second-most
abundant transition metal in biological systems, and
although it is thought to be redox inert, it is kept
under extraordinarily tight control. With multiple
functional roles within cells (Nyborg and Peersen
2004), free Zn”, like other transition metals such as
calcium, demonstrates different effects depending on
its concentration. Thus, free Zn>* could represent a
form of biological “rheostat” whereby relatively low
release events serve a signaling and/or protective
role, while a more profound release within the cell
triggers cell death responses. We have previously
demonstrated that Zn>", when elevated to high

compartments exhibit a shift to a more oxidized environment
on exposure to ZnCl,, the mitochondria appears to be more
susceptible, as mRho oxidation occurs more rapidly than cRho.
d mRho oxidation is protected from Zn*"-induced oxidation
through pre-incubation with glutathione ethyl ester (1 mM,
2 h). Graphs represent mean intracellular ratio of reduced
versus oxidized Rho-GFP (three independent replicates)
relative to intensity of fully reduced samples (100%, 1 mM
DTT, | h) and fully oxidized cells (0%, 1 mM ¢-BH, 1 h) at the
onset of the experiment. Error bars represent £SD. * P < 0.05
versus control; T P < 0.05 versus RhoGFP + ZnCl,

enough levels, induces apoptosis in endothelial cells
(Wiseman et al. 2006, 2007). In this study, we
identify new key events by which elevations in free
Zn*" contribute to induction of mitochondrial dys-
function and the apoptotic process. Specifically, we
show that elevated Zn>" concentrations disrupt
glutathione homeostasis though inhibition of gluta-
thione reductase enzymatic activity. Interestingly,
with decreased endogenous reduced glutathione, we
observe an associated loss of mitochondrial import of
ADP, measured not only by the ability of mitochon-
dria to synthesize ATP in physiological conditions,
but also by direct measurement of [*H]-ADP uptake.
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Fig. 4 Zinc-mediated oxidation of the mitochondrial environ-
ment leads to the inhibition of adenine nucleotide translocator
activity and this is prevented by reduced GSH. PAECs were
exposed to increasing concentrations of ZnCl, (0-1 mM, 2 h)
in the presence and absence of a cell permeable GSH analogue
(glutathione ethyl ester [GSH-EE], 1 mM), then ANT activity
determined using either an ATP synthetic activity assay (a) or
[’H]-ADP mitochondrial uptake (b). Both ATP generation and
[*H]-ADP uptake is inhibited by ZnCl, and this is prevented by
preincubation with GSH-EE. The “buffer” sample represents
mitochondrial fraction in reaction buffer in the absence of
ADP. Graphs represent mean £ SD (n =4). * P <0.05
versus control; P <0.05 versus previous dose; P <005
versus Zn>" in the absence of GSH-EE

Importantly, this entire process was reversed by
supplementation with glutathione ethyl ester, and
allowed endothelial cells to withstand extremely high
Zn*" concentrations. Here our data not only corrob-
orate the findings of others, which show Zn>*-
mediated disruption of glutathione homeostasis, but
also extend understanding of this process to include a
novel specific outcome of glutathione disruption:
inhibition of ADP transport into mitochondria. This
new finding explains how Zn>", or any other stimulus
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Fig. 5 Elevation of reduced intracellular glutathione protectsp
ECs from Zn**-induced induction of apoptosis. The analysis of
cell morphology using brightfield microscopy shows extensive
cell rounding and reduced plate adherence 18 h after an acute
exposure to exogenous Zn>" (ZnCl,, 0-1 mM), whereas cells
pre-incubated in 1 mM glutathione ethyl ester (GSH) generally
retain a morphology similar to that of untreated cells (a).
PAECs were exposed to increasing concentrations of ZnCl,
(0-1 mM, 4 h) in the presence and absence of a GSH-EE
(1 mM). After an additional 12 h the cells were analyzed for
mitochondrial bax translocation (b), caspase activation (c), and
the presence of apoptotic nuclei (d). The increases in
mitochondrial bax translocation, caspase activation, and
apoptotic nuclei induced by Zn** are reduced in the presence
of GSH-EE. Graphs represent mean &+ SD (n > 3). * P < 0.05
versus control; TP < 0.05 versus next lesser dose; tp <005
versus control DMEM pre-incubation

which deprives mitochondria the ability to import
metabolites like ADP properly, could trigger a
negative cycle of mitochondrial dysfunction with
subsequent generation of superoxide, increased oxida-
tive stress, and ultimately apoptosis. This mechanism
also provides an explanation for why mitochondrial
uncoupling proteins such as UCP-2 can provide
protective effects during periods of cell stress, and
oxidative stress in particular (Echtay et al. 2002).
Furthermore, this role of Zn>* levels contributing to
glutathione deprivation and oxidative stress appears
to be evolutionarily conserved in both animals and
plants (Lange et al. 2002; Bittsanszky et al. 2005),
indicating that although we utilized a pulmonary
cell model system, this mechanism has broad
applicability.

Adenine nucleotide translocase (ANT) is the major
mitochondrial carrier facilitating ADP and ATP
transport across the inner mitochondrial membrane
(Shertzer and Racker 1976). In mammals, there are
multiple isoforms of ANT, including four known in
humans, and these isoforms appear to be differen-
tially expressed across tissues. In addition to func-
tioning as a nucleotide transporter, ANT complexes
are involved in regulation of apoptosis (Lunardi and
Attardi 1991). Specific interaction of ANT protein
with both pro- and anti-apoptotic proteins have been
reported and demonstrate a highly complex, nuanced
mechanism of cell death regulation (Belzacq et al.
2003). Notably, sulthydryl moieties within the ANT
peptide appear to be required for proper ANT activity
(Li et al. 2006), and thus represent a significant
vulnerability in the face of loss of oxidative protec-
tion from glutathione. Previous studies report that
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ANT proteins can be oxidatively modified even under mitochondrial are rapidly altered to a more oxidized
relatively mild conditions (Giron-Calle et al. 1994). environment during exposure to free Zn*", we spec-
Therefore, given our data demonstrating that the ulate that Zn®"-mediated inhibition of glutathione
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homeostasis allows inappropriate oxidation of ANT,
with subsequent reduction of adenine nucleotide
transport. Although our data indicate that elevated
Zn** can have a pathologic effect on PAEC it must be
emphasized that these findings should not be miscon-
strued as suggesting that dietary supplementation of
zinc is necessarily harmful. Oral zinc intoxication
events are rare in humans, and are normally only
observed following ingestion of zinc-containing items
such as coins (Bennett et al. 1997). This is likely due to
the fact that the diet is the single biological source of
zinc and metals, and a highly regulated uptake and
dietary excretion mechanisms in place which mitigates
all but extreme levels of uptake.

As intracellular Zn*" has both catalytic roles and
structural roles in proteins, despite being considered
“redox inert,” Zn>* can bind to cysteine residues to
create protein folds important in protecting molecules
from oxidation. From both our previous data showing
Zn**-mediated increases in mitochondrial-derived
superoxide, as well as data presented here with
redox-sensitive GFP, Zn*" appears to be both directly
and specifically involved in regulation of cellular
redox homeostasis. Several reports have concluded
that zinc serves as a cytoprotective agent, defending
cells against both oxidative insult and against stimuli
that induce apoptosis (Zalewski et al. 1991; Bao and
Knoell 2006). Indeed, a recent study found that low-
level zinc release enhances glutathione synthesis
through an Nrf2-mediated transcriptional mechanism
(Cortese et al. 2008), seemingly in contradiction to
our current findings. However, this same report
shows that above a given threshold, similar to our
own findings, cell viability drops precipitously. Thus,
our data here actually corroborate and extend what
was reported. Together these findings suggest that
cellular Zn>" release is important cell fate determi-
nant in the face of stress. Furthermore, these data
reinforce that Zn>" level must remain within a
specific physiological window, and both sub- and
super-optimal intracellular Zn** can result in similar
apoptotic consequences. The complexity and diffi-
culty of elucidating Zn**-specific roles in this
mechanism are further illustrated in reports where
Zn>" is concluded to serve as a caspase and/or pro-
caspase enzymatic inhibitor (Truong-Tran et al. 2001;
Peterson et al. 2009). There are multiple possibili-
ties for this apparent “zinc paradox,” where Zn*"
serves simultaneously as both a pro- and/or anti-
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antiapoptotic regulator. We speculate that this para-
dox is the result of differences in cellular availability
of zinc homeostatic mechanisms (i.e., zinc transport-
ers, metallothionein, etc.), antioxidant systems, and
ultimately different proteomic milieus across cells,
even similar cells in different metabolic circum-
stances. The presence—even transient presence—of a
particularly zinc-sensitive protein within a cell could
potentially have significant impact on how zinc
manifests pathological or beneficial effect. Clearly,
further examination and clarification of the funda-
mental biochemical interaction of Zn>" and proteins
in the context of cellular physiology is merited.
Also notable is the significance of glutathione
homeostasis during Zn*T-mediated oxidative stress,
despite the fact that several intracellular antioxidant
systems are known. These include the thioredoxin
(Watson et al. 2004) and peroxyredoxin (Novoselov
et al. 2000) antioxidant systems, along with canonical
systems of superoxide dismutase and catalase (Mach-
lin and Bendich 1987). As we find that addition of
exogenous GSH protects cells from an apoptotic
induction, this suggests the glutathione system is
more important than these other systems. We further
speculate that if glutathione levels could be enhanced,
this might provide a comprehensive mechanism to
protect cells from the induction of apoptosis. It would
also be interesting to determine if enhancing GSH
levels can protect cells from necrotic cell death.
However, further studies will be required to evaluate
GSH as a therapeutic agent. It should be noted that
the doses of exogenous Zn>" used here and in our
previously published studies appear to be high, and
the highest doses administered are likely unattainable
in normal physiological situations. This is due to the
difficulty of raising intracellular Zn>" without need
of chemical agents, notably zinc pyrithione (bis(2-
pyridylthio)zinc 1,1’-dioxide), thus allowing Zn**
doses that are more “physiological” (Tang et al.
2001). However, while use of these compounds is
possible, they are extremely toxic to cells and
introduce the possibility of confounding pharmaco-
logical effects which may be mistakenly attributed to
Zn’t. Furthermore, using ZnCl, in our “direct”
fashion is both direct and effective, given that
chloride ions are already present in multiple milli-
molar concentrations, so addition of up to one
additional millimole of chloride is relatively innoc-
uous, especially when compared to potential effects
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of anions of other zinc compounds, such as sulfate,
although relatively abundant, are orders of magnitude
more rare than chloride (Markovich 2001). So as long
as pH and osmotic pressures are accounted for, this
system provides a simple, repeatable method of
modulating intracellular Zn®". It should also be
noted that our ability to protect cells even in the face
of super-physiological levels of exposure further
reinforces the validity of this protective mechanism.
The ramifications of this robust protection may have
particular significance in instances of acute respira-
tory distress syndrome (ARDS) where patients are
exposed to toxic levels of metal fumes (Frutos-Vivar
et al. 2004) or exposure to aerosolized zinc nanopar-
ticles in smoke (Wilson et al. 2007). Indeed, we
speculate that virtually any non-enteric delivery of
bioavailable zinc particles/ions may pose a potential
hazard, as illustrated by recent events involving nasal
neuroreceptor toxicity arising from popular over-the-
counter nasally-delivered cold remedies containing
significant concentrations of bioavailable zinc, and
that caution is merited.

In conclusion, this study illustrates potentially new
avenues for understanding the specific role of intra-
cellular Zn" as a key mediator of the cell-fate
decision, and the specific mechanism by which Zn>"
can function in a pro-apoptotic role. We speculate
that developing novel methods of intervention based
on reducing free Zn>" levels could be considered in
cases of acute cellular oxidative or nitrosative stress.
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