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ABSTRACT: Hydrogen peroxide (H2O2) is a physiologic oxidant implicated in vascular cell signaling,
although little is known about the biochemical consequences of its reaction with endothelial cells.
Submicrometer-resolution hard X-ray elemental mapping of cultured porcine aortic endothelial cells (PAEC)
has provided data on the global changes for intracellular elemental density within PAEC and indicates an
efflux of metal ions and phosphorus from the cytoplasm after H2O2 treatment. The synchrotron-radiation-
induced X-ray emission experiments (SRIXE) show that H2O2-treated cells are irregularly shaped and
exhibit blebbing indicative of increased permeability due to the damaged membrane. The SRIXE results
suggest that H2O2-induced damage is largely restricted to the cell membrane as judged by the changes to
membrane and cytoplasmic components rather than the cell nucleus. The SRIXE data also provide a
mechanism for cell detoxification as the metal-ion efflux resulting from the initial H2O2-mediated changes
to cell membrane potentially limits intracellular metal-mediated redox processes through Fenton-like
chemistry. They may also explain the increased levels of these ions in atherosclerotic plaques, regardless
of whether they are involved in plaque formation. Finally, the SRIXE data support the notion that cultured
endothelial cells exposed to H2O2 respond with enhanced cellular metal-ion efflux into the extracellular
space.

An intact and functional endothelium is vital for the
maintenance of vascular homeostasis. It provides a physical
barrier (1) to exclude circulating blood components from
entering the sub-endothelial space, and endothelial cells
synthesize and release a range of vaso-active factors. Chief
among these factors is endothelium-derived nitric oxide

(•NO)1 produced through the action of nitric oxide synthase
(eNOS) onL-arginine. Endothelium-derived•NO is a media-
tor of vascular tone (2, 3), regulates the interaction of platelets
(4) and leukocytes (5) with the endothelium surface, and
restricts vascular smooth muscle cell (VSMC) proliferation
(6). The importance of•NO in vascular homeostasis is
emphasized by reports that an impaired endothelium-de-
pendent arterial relaxation (termed endothelial dysfunction)
predicts the occurrence of vascular disease (7). Moreover,
diseases such as atherosclerosis (8), diabetes mellitus (9, 10),
and essential hypertension (11) are characterized by a
dysfunctional endothelium that either is incapable of produc-
ing •NO or does so with reduced•NO bioavailability.

In addition to •NO, the endothelium produces an endo-
thelium-derived hyperpolarizing factor (EDHF), the identity
of which remains unclear. Candidates for this EDHF include
hydrogen peroxide (H2O2) (12), cytochrome P450-derived
epoxyeicosatrienoic acids (13), and endothelium-derived
potassium ions (14). Of these, H2O2 is increasingly viewed
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as an important modulator of cellular events relevant to
vascular function. Interestingly, H2O2 produced from the
dismutation of superoxide anion radical (O2

•-) and indepen-
dent of eNOS (15) acts as a signaling molecule (16),
enhances endothelial•NO production (17, 18), modulates
Ca2+-ion (19) and K+-ion (20) channel function, and inhibits
VSMC growth (21).

Several sources of vascular H2O2 have been investigated,
including O2

•- produced by uncoupled eNOS (22), endo-
thelial or plasma-derived xanthine oxidase (23), mitochon-
drial respiration (24), cytochrome P-450 (25), and both
endothelial (26) and VSMC NAD(P)H oxidase (27). Notably,
O2

•- impairs •NO bioactivity via the rapid formation of
peroxynitrite (28). Peroxynitrite is capable of damaging
eNOS directly (29) and indirectly (30) via oxidizing cofactors
for eNOS.

The concentrations of H2O2 responsible for normal cell
signaling are thought to be<1 µM (31), although pathologic
concentrations of H2O2 can be significantly higher. For
example, phorbol myristate acetate-activated blood leuko-
cytes at a density of 1.5-6 × 106 cells/mL produce 0.08-
0.48 mM H2O2 per hour (32), and enhanced H2O2 production
is associated with diseases such as diabetes (33, 34),
hypertension (35), and atherosclerosis (36). Moreover, the
EDHF effects of H2O2 in vitro are in the range of 10-100
µM (12). Despite this collective knowledge of the likely
sources and concentration range of vascular H2O2, its
apparent importance in the activation of Ca2+- and K+-ion
channels, and its relation to hyperpolarization of VSMC,
relatively little is known about the H2O2-induced global
changes to the intracellular ion distribution in endothelial
cells. Therefore, we have examined biochemical changes to
cultured porcine aortic endothelial cells (PAEC) induced by
a relatively low pathologic concentration of H2O2 (i.e., 50
µM) by using synchrotron-radiation-induced X-ray emission
(SRIXE) mapping to directly assess the intracellular elemen-
tal distribution.

MATERIALS AND METHODS

Materials.HEPES buffer, trypsin (type III),L-glutamine,
penicillin, streptomycin, fetal bovine serum (FBS), FLUO-
3AM, and 30% (w/v) reagent H2O2 were obtained from
Sigma. INDO-1 was purchased from Molecular Probes
(Eugene, OR). M199 medium was purchased from JRH
Biosciences (Lenexa, KS), and endothelial cell growth factor
was purchased from Starrate Inc. (Sydney, Australia). An
annexin V kit was obtained from BD Biosciences (San
Diego, CA). Other chemicals were of the highest possible
grade. Buffers were prepared with Millipore water and stored
at 4 °C prior to use.

Cell Culture.Porcine aortic endothelial cells (PAEC) were
obtained from Cell Applications (CA) and cultured in M199
medium supplemented with FBS (10%, v/v), 50µg/mL
heparin sulfate, 2 mmL-glutamine, 100 units/mL penicillin,
and 100µg/mL streptomycin at 37°C and 5% CO2(g), as
described previously (17). Prior to use, confluent PAEC,
between passages 3 and 6, were washed thoroughly with a
HEPES-buffered physiologic salt solution (PSS) (17) and
finally overlayed with HEPES-buffered PSS. The cells were
then treated or not (vehicle alone control) with H2O2 at the
final concentrations indicated in the figure legends. Treated

and control PAEC were further incubated at 37°C for 30
min, washed thoroughly with HEPES-buffered PSS, and
harvested after being treated with trypsin to remove the
adherent cells from the culture plate (17). Cell viability was
assessed throughout by trypan blue exclusion assays, which
showed that∼97% of control cells and∼95% of H2O2-
treated cells remained viable after being harvested (not
shown).

Preparation of Samples for SRIXE Analyses. Whole cell
samples of PAEC were prepared as described previously (37,
38). Treated and control PAEC (∼106 cells) were thoroughly
washed in phosphate buffer (50 mM, pH 7.4), harvested with
0.25% trypsin, and centrifuged, and the cell pellet was
washed twice with phosphate-buffered saline (50 mM, pH
7.4, 150 mM NaCl). At this stage, cells were round in shape
as assessed with a light microscope (10× magnification).
Next, cells were transported to the School of Chemistry (The
University of Sydney) in screw cap tubes placed in a plastic
tube holder, embedded in ice, and prepared for use within 2
h of isolation. Briefly, the cells were pelleted; the buffer was
exchanged with an ammonium acetate solution (200 mM,
Ajax), and a sample of the resultant cell suspension (1.0µL)
was placed on Formvar films supported by 200µm London
Finder grids to allow the location of individual cells to be
determined. The cells were flash-frozen in liquid nitrogen-
cooled isopentane and then freeze-dried (24 h at-56 °C
and 0.8 mbar). Cells were visualized on the Formvar grids
with light microscopy before and after being freeze-dried
and were macroscopically indistinguishable from cells im-
mediately after being harvested with trypsin.

SRIXE Analysis. Hard X-ray microprobe experiments were
performed on XOR beamline 2ID-D as described previously
(37, 39) using a monochromatic 10 keV X-ray incident beam,
and a He atmosphere to eliminate the Ar K-shell fluorescence
signal from air that masks the Cl and K signals. A number
of fluorescence maps were collected simultaneously for each
two-dimensional scan. Each map corresponded to the inte-
grated KR fluorescence signal of an element of interest.
Elements routinely analyzed within each isolated cell were
P, Cl, S, K, Ca, Cr, Fe, Cu, and Zn.

Briefly, whole cells were raster-scanned (using a 25 nm
accuracy Newport positioning stage) with a beam focused
to an∼0.3µm diameter using a dual phase-zone-plate-based
scanning hard X-ray microprobe (40). Individual cells on a
gold TEM grid were located by phase-contrast microscopy.
The grid markers were then imaged in the microprobe by
collecting the X-ray transmission of the sample using a CCD
camera placed behind a cadmium tungstate scintillator (41).
This procedure centered on a single cell within a scan area
of ∼20 µm × 20 µm. SRIXE elemental distribution maps
were acquired in fluorescence mode using 0.3µm steps with
a Canberra Ultra-LEGe single-element germanium detector
with a sampling time of 3 s per point. The detector had an
energy resolution of∼200 eV over the range of elements
examined, and signal integration was performed during
acquisition. An energy region for each characteristic KR
fluorescence peak was defined before data collection and
corresponded approximately to the area under the full width
at half-maximum of the peak. Elemental distribution maps
were then normalized to the incident beam intensity,
measured using an upstream N2-filled ionization detector (I0).
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For SRIXE quantitation, the arbitrary total amount of each
element investigated was determined as the area-integrated
I0-normalized fluorescence counts (within an energy region
of interest with no background corrections), and this value
was normalized to the cell volume of the identical cell
employed in the SRIXE analyses (i.e., each volume was
matched to the particular cell that was analyzed). Finally,
the volume-normalized data obtained for control or H2O2-
treated cells were averaged and expressed as means( the
standard deviation. Cell volumes were estimated by using
the average of the maximum and minimum radii across each,
presumed flattened, freeze-dried cell and extrapolating to
three dimensions. While the amounts of individual elements
can be compared between cells and treatments, it should be
noted that the results are arbitrary in value and cannot be
compared between elements, due to differing detection
sensitivities, windows, and overlaps of peaks. The SRIXE
results were not normalized against standards; however,
absolute values for Fe, Cu, and Zn were obtained from the
GFAAS results on bulk cells to calibrate the results. The
mean cell radius obtained for PAEC was 7.1( 0.9µm with
a corresponding mean volume of 1500( 600 µm3 (n ) 7
cells across the different treatment groups). Color maps were
generated using triangular connection interpolation and
visualized with OpenDX (http://www.opendx.org).

Assessment of Intracellular Calcium by Flow Cytometry.
The intracellular Ca2+ concentration was measured in
cultured PAEC after H2O2 treatment by incubating with the
fluorescent Ca2+-chelating agents INDO-1 or FLUO-3AM
(final probe concentration of∼2 µM) in HEPES-buffered
PSS for 60 min followed by a 30 min incubation in the
presence of media to de-esterify the probe as described
previously (42). Finally, the PAEC were harvested and
resuspended in PBS (50 mM, pH 7.4), and flow cytometry
was performed with an LSR II FlowSystem or FACSCALI-
BUR cytometer (BD Sciences). Intracellular Ca2+ was
quantified using a standard curve generated with a single
concentration of the probe [dissociation constantKd(Ca2+) )
0.23 and 0.14µM for INDO-1 and FLUO-3AM, respec-
tively] dispersed in Ca2+-free buffer by titrating with CaCl2,
as described previously (42). Where required, annexin V
binding was employed as described by the manufacturer to
measure the extent of apoptosis of PAEC exposed to H2O2;
propidium iodide staining was employed as a measure of
cell death. Flow cytometry was performed with a FASCALI-
BUR cytometer (BD Sciences).

Atomic Absorption Spectroscopy. Concentrations of Zn,
Cu, and Fe in cultured PAEC were determined with graphite-
furnace atomic absorbance spectroscopy (GFAAS) as de-
scribed previously (43). Replicate experiments were per-
formed and matched carefully to the protocol employed to
generate samples designated for SRIXE. Thus,∼1-2 × 106

PAEC, with and without H2O2 pretreatment, were washed
in phosphate buffer prepared with Milli-Q water that had
been pretreated with Chelex100 to remove contaminating
metals. Cells were harvested and centrifuged, and the cell
pellet was initially stored in a fashion similar to that of
samples employed in SRIXE analyses. At the appropriate
time, the cells were lysed by repeated (three times) freeze-
thaw cycles, and a sample (50µL) from each of the lysates
was removed for protein analyses. The remaining sample
from control or H2O2-treated cells was diluted with concen-

trated nitric acid, incubated at 20°C for 12 h, and then
analyzed for Zn, Fe, and Cu content by GFAAS. The
concentration of metal in the samples was then determined
by comparison with a corresponding standard curve, and the
absolute content of metal was normalized against the
corresponding total cell protein for each individual sample
after consideration for all dilution steps. Importantly, no
change in cell protein was determined in either treatment
group (not shown).

Electronic Absorbance Spectroscopy. The intracellular
contents of reduced glutathione (GSH) and glutathione
disulfide (GSSG), with and without H2O2 pretreatments, were
determined with a commercial kit (Cayman Chemicals, Ann
Arbor, MI). The cellular protein level was routinely measured
using the BCA assay as instructed by the manufacturer
(Sigma). Absorbance spectroscopy was performed using a
multiwell plate reader (model 550, Bio-Rad).

Statistical Analysis. All data are expressed as means(
the standard deviation, and statistical analyses were per-
formed using Prism (GraphPad, San Diego, CA). Mean data
were from four control and three H2O2-treated cells. Many
more cells were present on the grids, but time constraints
on the beamline prohibited further analyses. The cells that
were selected were those that did not overlap with other cells
or were contaminated from any dust or other debris, as
determined from optical microscopy. In addition, cells that
were irregular in shape were also excluded for both control
and H2O2-treated cells to reduce the likelihood of inclusion
of cells in advanced stages of apoptosis or necrosis. The fact
that the ratios of elements between the control and treated
cohort that were determined by bulk techniques (AAS) and
microprobe techniques were the same, within experimental
error, provides strong evidence for a lack of bias in the
selection procedure for single-cell analysis. Student’st-tests
were performed to determine changes between paired data
sets with Welch’s correction employed for unequal variances.
Significance was accepted at the 95% confidence interval
(P < 0.05).

RESULTS

H2O2 Affects the Cytosolic Elemental Distribution and
Membrane Integrity in Cultured PAEC. A comparison of the
intracellular distributions of the elements within control
PAEC and cells treated with 50µM H2O2 afforded a global
overview of the changes in intracellular elemental content
and distribution induced by exposure of cultured PAEC to a
low pathophysiologic concentration of the oxidant. The
representative elemental maps that are shown in Figure 1
indicate a general trend for cellular-ion efflux. Furthermore,
with the exception of Fe, elemental maps obtained from the
two treatment groups also showed a general trend for an
increased level of localization of K (not shown), Ca, and
the trace metals in the region of the cell defined by the areas
of high intensities in the phosphorus (DNA) and zinc (Zn
finger proteins) maps (Figure 1), which defines the nucleus
(44), indicating that the loss of these elements occurs mainly
from the cytoplasm (cf., elemental maps in Figure 1). While
there was little change to the elemental content of the
nucleus, the overall volume-normalized elemental density
decreased significantly for P, K, Ca, Cr, Fe, Ni, Cu, and Zn
in the H2O2-treated cells compared to control cells, and
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although the content of S and Cl in PAEC also decreased,
this was not significant (Table 1). Importantly, the average
cell radius did not differ significantly between treatment
groups, indicating that changes in the intracellular elemental
concentration rather than cell volume are responsible for the
decreased size-normalized elemental content (Table 1).

The SRIXE results showed that H2O2-treated cells were
invariably less regular in shape than the control cells (Figure
1). In addition, membrane blebbing was observed in the
treated cells. These observations indicate that H2O2 induced

damage to the cell membrane, and the SRIXE results showed
that large changes also occurred in the cytoplasm.

Independent Verification of the Elemental Concentrations
in PAEC.To confirm the trends established by the SRIXE
microprobe studies, a series of elemental analyses were
performed on control and H2O2-treated PAEC. Thus, the
concentrations of the elements Cu, Zn, and Fe in bulk cells
were determined by GFAAS in whole cell lysates obtained
from control and oxidant-treated PAEC (Table 2). Consistent
with the SRIXE data, the concentration of all three elements
decreased significantly in the H2O2-treated cells. Estimates
of changes to intracellular Cu (4.3-fold), Zn (3.1-fold), and
Fe (3.3-fold) levels with SRIXE expressed as a fold decrease
relative to the corresponding control were within the
experimental error of those determined by GFAAS for Cu
(4.5-fold), Zn (2.5-fold), and Fe (1.5-fold), thereby verifying
that the individual cell analyses were representative of bulk
cells, at least for these elements.

The intracellular contents of GSH and GSSG were
determined in cultured PAEC before and after they were
treated with H2O2 (Figure 2). The GSH content decreased
slightly (∼25%), but significantly, after treatment with 50
µM H2O2, while the intracellular GSSG content was un-
changed between control and H2O2-treated PAEC. The
glutathione redox status [measured as the [GSSG]/([GSH]
+ [GSSG]) ratio] was not significantly different between
treatment groups. As GSH represents a major source of
sulfur-containing molecules within cells, a decrease in S
content amounting to∼25% of the total cellular GSH alone
may be taken as support for the SRIXE data that also showed
a decreased intracellular S content in H2O2-treated PAEC
(∼40%); albeit, this was not statistically significant due to
the large variation in S content. Furthermore, our calculated
loss of intracellular GSH content is consistent with that from
an independent report indicating a similar loss of GSH
content from bovine pulmonary artery endothelial cells
exposed to H2O2 (45).

Next, the calcium concentration in PAEC before and
immediately after H2O2 treatment was indirectly assessed by
subsequently treating the confluent PAEC with the fluores-
cent probe INDO-1 and assessing changes in the fluorescence
of the cell population with flow cytometry, as shown in
Figure 3A. Consistent with data reported previously (19),
the intracellular free Ca2+ level increased 3-fold relative to
that of control cells after cells were exposed to 50µM H2O2

(Figure 3B). These data for the bulk cells conflict directly
with the efflux of Ca2+ ions determined by hard SRIXE
mapping of individual cells, although it is uncertain whether
this is due to an artifact of the technique employing the Ca2+

probe or the SRIXE results (see the Discussion).

To address the conflicting data for [Ca2+]i determined by
SRIXE mapping versus the Ca2+ probe combined with flow
cytometry, additional studies were performed with FLUO-
3AM as a second independent Ca2+ probe and at times that
closely matched the time frame required for preparation of
PAEC samples for SRIXE mapping as shown in Figure 4.
After a 30 or 60 min incubation with added H2O2 (final
concentration of 50µM) followed by a 60 min incubation
in the presence of FLUO-3AM, and subsequent de-esterifi-
cation of the probe (following the manufacturer’s instruc-
tions), [Ca2+]i increased time-dependently and remained

FIGURE 1: Elemental distribution in cultured PAEC before and after
treatment with H2O2. Confluent PAEC were equilibrated in HEPES-
buffered PSS and treated with HEPES-buffered PSS alone (Control)
or HEPES-buffered PSS containing 50µM reagent H2O2 (treatment)
for 30 min, and the intracellular contents of a range of elements
(including P, S, Cl, K, Ca, Cr, Fe, Ni, Cu, and Zn) were determined
by hard X-ray ion mapping as described in Materials and Methods.
Elemental maps are shown for P, Ca, Fe, Cu, and Zn (S, Cl, and K
maps and the X-ray scatter are shown in the Supporting Informa-
tion). Data are representative of maps obtained from at least three
independent cells. Arrows on the P map of the H2O2-treated cells
indicate regions of blebbing. Comparisons between individual ion
maps require careful evaluation of the corresponding color-
graduated density bars. Absolute elemental concentrations were not
determined in these experiments but were determined from the
GFAAS experiments. Areas of high density of P and Zn are
indicative of the cell nucleus (44). Note the relative change in the
elemental distribution that occurs after exposure to H2O2 is largely
localized to the cytoplasm, while the elemental distribution at the
nucleus remains largely unchanged. Data are representative of four
samples from the H2O2 treatment group or three samples from the
corresponding controls. The scan areas are 15µm × 15 µm for the
control and 15µm × 18 µm for the treated cell.
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elevated relative to the control value (vehicle alone) for the
period that was monitored (Figure 4). Thus, the results
obtained with FLUO-3AM resembled those obtained with
INDO-1.

Finally, the extent of apoptosis and necrosis was deter-
mined in PAEC in the absence (control) and presence of 50
µM H2O2 (Figure 5). These studies were performed over a
time frame that matched the time period spanning harvest
and transport of the cells prior to processing for SRIXE

analyses. Under these conditions, both the extent of annexin
V binding (apoptosis) and PI staining (necrosis) increased
marginally from∼4% in the control cells to∼7% in the
peroxide-treated cells after incubation for 1 h at 37°C. No
further increase in the level of annexin V binding or PI
staining was determined after incubation for a further 5 h.
These data show that there is a small initial increase in the
level of cell death following insult, but subsequently, the
remaining cells (∼85-90%) continue to be viable in the short
(1 h) or longer term (6 h).

DISCUSSION

Application of submicrometer-resolution hard X-ray fluo-
rescence elemental distribution mapping to PAEC has
provided data on the global changes for intracellular elemen-
tal density within these vascular cells and shows for the first

Table 1: Volume-Normalized Elemental Content within Porcine Aortic Endothelial Cells before and after Treatment with Reagent H2O2
a

elemental content of cells (arbitrary units)

treatment P S Cl K Ca Cr Fe Ni Cu Zn
radius
(µm)

control 0.61 (0.16) 0.76 (0.16) 7.42 (1.32) 1.70 (0.29) 0.36 (0.09) 0.23 (0.08) 0.19 (0.106) 0.21 (0.09) 18.34 (7.54) 1.29 (0.40) 6.63 (0.25)
H2O2-treated 0.37 (0.09) 0.46 (0.19) 5.04 (2.82) 0.35 (0.20) 0.09 (0.05) 0.05 (0.04) 0.06 (0.03) 0.03 (0.02) 3.99 (1.17) 0.52 (0.18) 6.67 (0.29)

P value 0.04 0.06 0.18 0.0001 0.002 0.006 0.007 0.007 0.009 0.01 0.63
ratio 1.6 1.7 1.5 4.9 4.0 4.6 3.2 7.0 4.6 2.5 1.0

a The relative intracellular elemental content was obtained by SRIXE microprobe studies as outlined in Materials and Methods. Confluent PAEC
(∼1 × 106 cells) were treated with or without added H2O2 (final concentration of 50µM) and worked up for XAS studies within 2 h of treatment,
prior to being freeze-dried. Individual elemental contents were determined and normalized against the corresponding cell volume using the cell
radius determined from each individual cell. Data represent the mean (standard deviation) from four (control) or three (H2O2-treated) data sets.
Statistical significance was accepted at the 95% confidence interval withP values determined by a Student’st-test using Welch’s correction for
unequal variances where appropriate. The relative elemental contents cannot be compared between elements.

Table 2: Metal-Ion Concentration in PAEC before and after
Treatment with Reagent H2O2

a

treatment Zn Cu Fe

control 33.9 (10.4) 33.6 (5.8) 84.3 (0.2)
H2O2-treated 11.0 (2.9)b 7.8 (2.2)b 56.4 (10.4)b

a Intracellular ion concentrations were obtained by AAS as outlined
in Materials and Methods and expressed in units of parts per billion
per milligram of cell protein and corrected for any dilutions of the raw
lysate. Confluent PAEC (∼1 × 106 cells) were treated with or without
added H2O2 (final concentration of 50µM) and worked up for AAS
studies within a 2-hr period post-treatment. Cellular concentrations of
individual ions were normalized against the corresponding total cell
protein determined from each individual preparation. The total cell
protein did not differ significantly between treatment groups. Data
represent the mean (standard deviation) from four control or H2O2-
treated data sets.b Significantly different from the corresponding control
(P < 0.05).

FIGURE 2: Intracellular GSH concentration decreases in cultured
PAEC after exposure to H2O2. PAEC (1× 106 cells/well) were
washed with HEPES-buffered PSS and then treated with vehicle
alone (control) or H2O2 (final concentration of 50µM). After 60
min, the PAEC were harvested and lysed by repeated freezing and
thawing, and the intracellular contents of reduced glutathione (GSH,
black bars) and oxidized glutathione (GSSG, hatched bars) were
measured as described in Materials and Methods. Data represent
means( the standard deviation for four independent preparations
of cultured PAEC. The asterisk indicates the value is significantly
different from that of corresponding control cells (P ) 0.045).

FIGURE 3: H2O2-mediated changes in calcium concentration in
cultured PAEC. Confluent PAEC (∼1 × 106 cells) were treated
with HEPES-buffered PSS (‚‚‚) or HEPES-buffered PSS containing
50 µM reagent H2O2 (s) for 60 min, and the intracellular content
of Ca2+ ions was determined by flow cytometry with INDO-1 as
described in Materials and Methods. Fluorescence was measured
in treated and untreated cells with (A) emission at 405 nm,
representing the level of INDO-1-bound intracellular Ca2+. The total
[Ca]i (B) was then determined using published methods (73). Note
that the time taken from treatment to sample workup includes a 60
min incubation period with added H2O2, and then a 90 min
preparation time before the cells were ready for analysis. Data
represent the means( the standard deviation for three independent
analyses using different PAEC preparations. The asterisk indicates
the value is significantly different from that of the corresponding
control (P < 0.05).
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time a general efflux of metals and phosphorus-containing
molecules from the cytoplasm after exposure to (patho)-
physiologic concentrations of H2O2. It is noteworthy that
mitochondria are cytosolic organelles, and therefore, changes
to the cytosolic content of ions within the endothelial cells
may well reflect changes in the ion content of the mitochon-
dria. The observation that both S and P contents of the
cytosol were decreased may then be interpreted as damage
to the mitochondrial DNA, which is more extensive and
persists longer than nuclear DNA damage. Additionally, the
SRIXE data show that the H2O2-treated cells are irregularly
shaped and exhibit blebbing. These morphological changes
are indicative of damage to the cell membrane that may
promote membrane permeability (46) without a marked
decrease in cell viability as judged by the small overall
change in the extent of apoptosis and necrosis. Taken

together, the SRIXE results show, for the first time, that
H2O2-induced damage is restricted mainly to the cell
membrane and cytoplasm of PAEC rather than the cell
nucleus, as judged by the observed changes to membrane
and cytoplasmic components. The SRIXE results also provide
a potential mechanism for cell detoxification due to the efflux
of metal ions, which result from the initial H2O2-mediated
changes to cell membrane and cytosol composition. Such
an efflux potentially limits further damaging intracellular
metal-mediated redox chemistry with H2O2 through Fenton-
like chemistry that enhances production of reactive oxygen
species. They may also explain the increased levels of such
ions in arterial plaques, whether or not they are involved in
the formation of the plaque. Overall, the SRIXE experiments
offer evidence to support the notion that endothelial cells
exposed to H2O2 in culture are susceptible to enhanced
mobilization of cellular metal ions mainly from the cell
cytoplasm into the extracellular space. The changes to the
cells are summarized in the scheme depicted in Figure 6. It
is important to note, however, that the observed elemental
efflux from the cytoplasm is not just due to damage in the
cell membrane as the ratio of elemental content in the control
versus treated cells varies depending on the element.
Moreover, even for a given element, such as S, the efflux
depends on whether it is GSH (reduction in intracellular
content) or GSSG where there is no change. Taken together,
this suggests specific transport mechanisms contribute, at
least in part, to the elemental efflux.

Modulation of K+-ion transport activity is emerging as
an important determinant of vasomotor function. The effect
of oxidative stress on ion transport proteins has been
investigated for a variety of cell types. For example, studies
that implicate H2O2 as a potential hyperpolarizing factor
consistently show that the peroxide activates high-, inter-
mediate-, and low-conductance KCa channels to release K+

from endothelial cells (12, 47). The K+ ions released by the
endothelium subsequently activate K+-ion conductance in
underlying VSMC that results in vessel hyperpolarization.
Also, H2O2 stimulates hyperpolarization by stimulating K+

efflux directly from VSMC (14). The SRIXE experiments
presented here are important in that they provide direct
evidence for the stimulated loss of K+ from the cytoplasm
of endothelial cells, with a 5-fold reduction in total cellular
K+ content under the experimental conditions reported here.
Such a reduction in intracellular K+ content is likely to have

FIGURE 4: H2O2-mediated changes in calcium concentration in
cultured PAEC. Confluent PAEC (∼1 × 106 cells) were treated as
described in the legend of Figure 3, and the intracellular content
of Ca2+ ions was determined by flow cytometry with FLUO-3AM
as described in Materials and Methods. Fluorescence was measured
in the control (‚‚‚) and H2O2-treated PAEC after 120 (s) and 150
min (- - -) with emission at 525 nm representing the level of FLUO-
3AM-bound intracellular Ca2+. Note that the time points selected
include a 30 or 60 min incubation period with 50µM H2O2,
followed by a 60 min incubation period with the fluorescent probe,
and then a 30 min incubation period in the presence of media prior
to analysis with flow cytometry. Data are representative of three
independent analyses using different preparations of cultured PAEC.

FIGURE 5: Treatment of PAEC with H2O2 marginally increases the
level of apoptosis and necrosis. Confluent PAEC were incubated
for 60 min in HEPES-buffered PSS alone (Control), for 60 min in
HEPES-buffered PSS containing 50µM reagent H2O2, or for 60
min in HEPES-buffered PSS containing 50µM reagent H2O2
followed by a further 5 h incubation in complete media. The
preparations were then cultured for a further 1 or 6 h at 37°C, and
the extent of annexin V binding (black bars) or propidium iodide
(PI) staining (white bars) were determined with a commercial kit
and using flow cytometry. Annexin V binding and propidium iodide
(PI) staining represent surrogate markers for apoptosis and necrosis,
respectively. Data represent the means( the standard deviation
for six independent analyses using different PAEC preparations.
Asterisks indicate the value is significantly different from that of
the corresponding control (P < 0.05).

FIGURE 6: Schematic of the changes occurring when endothelial
aorta cells are exposed to pathophysiological concentrations of
hydrogen peroxide under conditions of oxidative stress.
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an impact on the ability of endothelial cells to stimulate
VSMC hyperpolarization through mechanisms that rely on
the stimulated release of K+ ions (48). A recent study
investigating the role of K+-ion conductance in the NO-
independent component of the acetylcholine-induced vasodi-
lation is further supportive of this notion (49). Therefore,
depletion of K+ ions may explain the loss of vascular
function in vessels pretreated with H2O2, observed in some
(50-52) though not all studies (53).

The SRIXE experiments provide the first direct measure-
ments of the effects of both total elemental content and
intracellular elemental distribution in PAEC cells treated with
H2O2. The cryofixation/freeze-drying process that was em-
ployed protects the integrity of the cells (54), and it is not
subject to artifacts introduced by chemical pretreatments of
the cells that can affect the biochemical and functional
properties being measured, as is the case for many other
techniques. The integrity of the PAEC cells exposed to
hydrogen peroxide is further exemplified by the high level
of cell viability determined immediately prior to preparation
for SRIXE analyses. The SRIXE experiments show that the
H2O2-treated cells are more irregular and exhibit blebbing
compared to the control cells. Such changes in morphology
are indicative of damage to the cell membrane, which would
promote increased membrane permeability. Although PAEC
are adherent cells and, therefore, were harvested with trypsin
prior to SRIXE measurements, this removal of the adherent
cells from the culture plate itself is not likely to cause cell
blebbing, as blebbing was not observed for the control cells.
Therefore, our results indicate that the membrane in the
H2O2-treated cells is more damaged than in the corresponding
control cells, taking into account the processing for SRIXE
analyses. Taken together with the elemental maps, the SRIXE
results show that the damage induced by H2O2 under the
pathologic conditions that were used is restricted mainly to
the outer membrane and the cytoplasm of PAEC. Apparently,
H2O2 is consumed by reactions with membrane and intra-
cellular components in the cytoplasm before it reaches the
nucleus. GSH is a target in the cytoplasm for added H2O2,
as judged by the modest, though significant, decrease in the
cellular GSH level. The SRIXE results are also important
as they provide novel data to explain a potential mechanism
for cell detoxification of H2O2, with possible implications
for vascular disease. The efflux of metal ions resulting from
an initial H2O2 exposure reduces the potential for subsequent
damage due to intracellular metal redox chemistry with H2O2.
Of potential relevance in this context, extracellular fluids are
relatively rich in proteins that bind transition metals, thereby
rendering them less redox active (55). Transition metal efflux
from cells during periods of enhanced oxidative stress may
explain the presence of Cu and Fe in arterial plaques (56,
57), regardless of whether these metals are directly involved
in the formation of these plaques (58-60).

Apart from the obvious damage to the cell membrane
revealed by the SRIXE experiments, which is likely to
increase membrane permeability, other more specific mech-
anisms for metal efflux are possible. The observed decrease
in PAEC stores of Zn2+ can be readily explained through
the known interaction of H2O2 with metallothionein in
combination with enhanced Zn2+ efflux through Zn trans-
porter 1 (61). Thus, H2O2-induced oxidation of cysteine
sulfhydryl groups in metallothionein (62) results in the loss

of metal binding of the protein (63) and promotes the
temporal accumulation of cytosolic Zn2+ ions. As ac-
cumulated zinc may lead to toxicity, cells can protect
themselves by inducing Zn2+ efflux, as has been reported
for Fe2+ (64). A similar mechanism of intracellular Cu
mobilization through redox regulation of copper-bound
metallothionein (65) may result in the accumulation of
intracellular Cu.

In contrast to the known mechanisms for H2O2-mediated
efflux of K+ and Zn2+ and possibly Cu, such efflux has not
been reported previously for Fe, Ni, Cr, S, P, and Cl, although
the observed nonspecific damage to the cell membrane would
allow for a general ion and molecule efflux. Mobilization
of iron is complex with a requirement for Fe acceptors
specific for Fe(II) and Fe(III), iron-storage proteins, as well
a group of specific transferrin receptors, which are all
involved in intra- and extracellular Fe transport (66). The
expression of the transferrin receptor is dependent on iron-
regulatory proteins that are sensitive to cellular redox status
(67), and treatment of cells with menadione (a source of
H2O2) affects intracellular copper and iron homeostasis (68).
Interestingly, the combination of•NO and glucose can
stimulate efflux of Fe from cells together with glutathione
(69). Whether a similar role exists for H2O2 in the depletion
of cellular Fe levels together with S, possibly through the
enhanced efflux of reduced glutathione, remains to be
verified. Similarly, a Ca2+-activated chloride channel closely
regulates the Cl- content of endothelial cells (70), although
it is not clear whether exposure of endothelial cells to H2O2

modulates the Cl--channel function.
The conflicting data presented here for intracellular Ca2+

estimated by SRIXE and flow cytometry require some
discussion. The strong correlation between the GFAAS and
SRIXE determinations for the total cell content for Fe, Cu,
and Zn provides evidence that the SRIXE-derived changes
in Ca2+ content are indeed an accurate reflection of the
changes occurring under the treatment conditions. However,
one potential artifact in the assessment of Ca2+ by SRIXE
is the overlap of the Ca fluorescence peak with the much
stronger K fluorescence peak; a large reduction in the
intracellular K+ level could conceivably lead to an incorrect
observation of a reduced intracellular Ca2+ level. The
likelihood of similar artifacts occurring in the SRIXE-derived
data for elements other than Ca is very much lower as their
fluorescence detection windows are better separated from
adjacent fluorescence peaks and, therefore, adjacent fluo-
rescence peaks are not as dominant.

In contrast to SRIXE, the use of fluorescence probes is
an indirect method that requires chemical modification of
the Ca2+ environment, which can influence both the mobility
and distribution of the element within the cell, and may also
lead to an incorrect determination of the intracellular Ca2+

level. There are chemical reasons why the fluorescence
probes could lead to erroneous results. As shown by the
SRIXE experiments, there is considerable membrane damage
caused by the H2O2 treatment, and this is likely to result in
the membrane being more permeable to the fluorescent probe
in the treated as opposed to the control cells. Thus, the
increase in the magnitude of the fluorescence signal may
merely reflect an increase in the concentration of the probe
entering the cell. This could also be compounded by the fact
that the strong complexes formed between the probe and
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Ca2+ are likely to prevent, or at least restrict, the efflux
mechanisms. In particular, Ca2+ release channels contain a
number of redox-sensitive sulfhydryl groups (71), and their
activity can be modulated in response to S-nitrosylation (72).
Reactive sulfhydryl groups are also susceptible to oxidative
modification by H2O2 in a reversible process (73). Therefore,
it is possible that H2O2 is capable of modulating reactive
thiols in Ca2+ channel proteins within endothelial cells to
promote Ca2+ efflux. In support of this idea, the interaction
between Na+ and H2O2 stimulates Ca2+ mobilization, result-
ing in the release of Ca2+ from cells transfected with the
(Na+)Ca2+ cation exchange transporter (74), but such a
transporter would have to compete with the strong binding
of Ca2+ to the fluorescent probe to be effective. Together,
these factors may explain the conflicting data obtained in
this study between the determination of Ca2+ levels by
SRIXE and the determination by the use of a fluorescence
probe; however, we are unable, at present, to unambiguously
determine whether Ca2+ levels are elevated or decreased in
H2O2-treated PAEC, and this area warrants further investiga-
tion.

Overall, the results obtained in this study establish that
cultured endothelial cells respond to added H2O2 with a
general decrease in intracellular cytosolic elemental content.
This global change in cellular ion content is not associated
with a dramatic decrease in cell toxicity, since∼85-90%
of the cells remained viable immediately prior to being
processed for SRIXE analyses. One limitation of the current
study is that cell viability assays could not be performed
following cryo-processing. Although morphologically the
cells appeared to be unchanged, the possibility that cellular
necrosis could occur from this treatment remains; however,
the low-temperature freeze-drying process is unlikely to have
affected the distribution and concentration of the elements.
At present, the precise mechanism(s) for the general efflux
of all the elements monitored is not clear, but the modifica-
tion of membrane structure leading to nonspecific increases
in membrane permeability and ion-channel transport proteins
are implicated in these processes. Preservation of endothelial
cell function is paramount to maintenance of vascular
hemostasis, and a dysfunctional endothelium is implicated
as an early event in several vascular diseases. Whether the
biochemical changes induced in aortic endothelial cells by
a relatively low pathophysiologic dose of H2O2 are related
to the progression of diseases such as diabetes, atheroscle-
rosis, and hypertension is not known at present. Therefore,
the general efflux of elemental ions and their potential for
involvement in pathological processes warrant further in-
vestigation.
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