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We have developed a new phosphorescent probe,
PdTCPPNa,, whose luminescence properties are af-
fected by local variations of intracellular oxygen
tension (PO,). Spectrofluorometric measurements
on living human umbilical venous endothelial cells
loaded with this molecule show that a decrease in
extracellular oxygen tension induces a decrease of
PO,, illustrating the phenomenon of oxygen diffu-
sion and validating the use of this probe in living
cells. Moreover, KCN- or 2,4-dinitrophenol-induced
modifications of respiration do not lead to detect-
able PO, variations, probably because O, diffusion is
sufficient to allow oxygen supply. On the contrary,
activation by acetylcholine or endothelial nitric ox-
ide synthase (eNOS), which produces NO while con-
suming oxygen, induces a significant decrease in
PO,, whose amplitude is dependent on the acetylcho-
line dose, i.e., the eNOS activity level. Hence, acti-
vated cytosolic enzymes could consume high levels
of oxygen which cannot be supplied by diffusion,
leading to PO, decrease. Other cell physiology mech-
anisms leading to PO, variations can now be studied
in living cells with this probe. o 2002 Eisevier science
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In the cellular respiratory function, part of the
energetic metabolism is accompanied by an oxygen
intake and a CO, discharge in the environment (1).
In addition, nonmitochondrial enzymes, not involved
in the respiratory function, can also use oxygen:
nitric oxide synthase (NOS) is a cytoplasmic enzyme
which produces a vasomodulator and neuromodula-
tor gas, nitric oxide (NO), from the precursor
L-arginine, while consuming oxygen (2). In animal
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cells, extracellular oxygen influx occurs by diffusion
through the cell membrane and the intracellular me-
dium, according to the gradient of concentration ex-
isting because O, is consumed into cells. Using data
from the literature (3, 4), the maximum oxygen flow
entering a cell (diameter: 10 uwm) by simple diffusion
can be calculated in the range of 3 X 10" mol
O,-s '-cell™.

In biological tissues, various means can be used to
measure oxygen, such as spectrophotometry (5), oxy-
gen microelectrodes (6, 7) and oxygraphy, the latter
technique having allowed calculation of basal respira-
tory O, consumption in human umbilical vein endothe-
lial cells (HUVEC): 4 X 10" mol O, s - cell™* (8).
Also, noninvasive molecular probes, whose lumines-
cence properties are affected by oxygen, have also been
developed to study intracellular (PO,) or extracellular
oxygen tension. For instance, the phosphorescent
albumin-bound-Pd meso-tetra (4-carboxyphenyl) por-
phyrin, has been intravenously injected for in vivo
tissue PO, measurements in Hamster Skinfold (9) and
in rat skeletal muscle (10). Recently, other investiga-
tors have measured intracellular PO, modifications in
response to variations of extracellular PO, in isolated
dead muscle skeletal fibers (poisoned with 2 mM
NaCN) from Xenopus laevis by microinjection of
albumin-bound Pd meso-tetra (4-carboxyphenyl) por-
phyrin (11).

In the present work, we have improved the solu-
bility of the phosphorescent oxygen probe Pd-meso-
tetra (4-carboxyphenyl) porphyrin (12) by using a
chemically-prepared and purified tetra sodium salt
derivative (PdTCPPNa,). In contrast to the porphy-
rin microinjection technique used by Lo et al. in their
studies on poisoned cells (12), our probe presents the
capability of being loaded noninvasively in living
cells. On living human umbilical venous endothelial
cells (HUVEC), we have studied the relative impacts
on PO, of two physiological intracellular mecha-
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FIG. 1. Emission spectrum of the water soluble PATCPPNa, illuminated by a 514-nm laser beam (A). Adherent HUVEC loaded with

PdTCPPNa, observed by confocal laser scanning microscopy in differential interferential contrast (left) and fluorescence (right) (B). The

images presented are representative of two experiments.

nisms consuming O,, i.e., mitochondrial respiration
and extramitochondrial NO synthesis, together with
the effect of hypoxia on the intracellular PO,, in-
duced by a decrease of the extracellular PO,.

The spectrofluorometry measurements indicate that
both extracellular PO, decrease and endogenous endo-
thelial nitric oxide synthase (eNOS) activation induce
a transient decrease in intracellular PO,, whereas
modulation of the mitochondrial respiration does not
result in a significant variation of PO,. These findings
lead to the hypothesis that maximal O, diffusion across
the cell membrane is sufficient for continuous oxygen
supply in mitochondrial respiration, whereas O, diffu-
sion is insufficient to continuously provide with O, the
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activated cytoplasmic enzymes, such as eNOS, that
consume high levels of O,.

MATERIALS AND METHODS

Pd-meso-tetra (4-carboxyphenyl)porphyrin tetra sodium salt deriv-
ative. Pd-meso-tetra (4-carboxyphenyl)porphyrin (0.185 g) (Porphy-
rin Products) was neutralized by addition of 13 ml NaOH (0.065 N).
The resulting red solution was stirred for 2 h at room temperature
and filtered, before being evaporated near to dryness (=0.5 ml). The
precipitate, Pd-meso-tetra (4-carboxyphenyl)porphyrin tetra sodium
salt (PdTCPPNa,), was filtered off, washed with ethanol, and dried
under vacuum. Yield, 90%, 169 mg.

Intrinsic luminescent properties of the initial molecular phospho-
rescent probe are not affected by this treatment: emission spectra of
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PdTCPPNa, in water solution, obtained with a 514-nm laser beam,
also shows a maximum emission peak at 710 nm (Fig. 1A).

Similar to previously published investigations (13, 14), the O,-
dependence of the probe phosphorescence is described by the Sterm—
Volmer relationship: 7o/t = 1 + Kk, 7o PO,, where 7, and 7 are the
phosphorescence lifetimes (decay) in the absence of O, and at a given
PO,, respectively, and k, (the quenching constant) is a second-order
rate constant that is related to the frequency of collisions between O,
and the excited triplet state of PATCPPNa,. An intracellular oxygen
tension (PO,) decrease in the environment increases the phospho-
rescence intensity (1) and lengthens the phosphorescence decay () of
PdTCPPNa,, and inversely. Here, | and 7 were followed, as markers
of the PO, variations, in acellular solutions or in PATCPPNa,-loaded
endothelial cells.

Human umbilical venous endothelial cells (HUVEC). HUVEC
were used for several reasons. The endothelial cells have a glycolytic
potential enabling them to stand hypoxia or short duration anoxia
(15). Also, endothelial cells allow the investigation of three different
mechanisms for inducing potential changes in PO,: (i) decrease in
extracellular oxygen (by argon bubbling), (ii) use of uncouplers and
inhibitors of the mitochondrial respiration, and (iii) stimulation or
blockade of eNOS.

HUVEC were obtained according to a protocol derived from the
Jaffe’'s method and, for investigations of PO, by fluorescence confocal
microscopy, HUVEC were cultured on dishes whose bottom was a
glass slide coated with 0.25 mg - ml~* fibronectin (16, 17).

Determination of optimal active concentrations of KCN and DNP
using the oxygraphy technique. Respiration rate of HUVEC sus-
pended in PSS (2 ml, 5 X 10° cells - ml ") was measured polarograph-
ically in a stirred oxygraph vessel (37°C) including a Clark oxygen
electrode. Different concentrations of the respiration inhibitor potas-
sium cyanide (KCN) or of the uncoupler of mitochondrial phospho-
rylative oxidation 2,4-dinitrophenol (DNP) were then added and the
effect on cellular O, consumption was recorded.

Control of probe penetration in the cells. Fluorescence images of
adherent HUVEC were acquired by using a Zeiss LSM 410 confocal
laser scanning microscope (Zeiss). Excitation, 514 nm; dichroic, 560
nm; emission collection, 665 nm long pass. Each image (optical
sections passed through the nuclei) is the average of four successive
image acquisitions.

Intracellular oxygen measurement in suspended HUVEC. Sub-
confluent adhering HUVEC were washed twice with PSS and
trypsinized. Trypsinization was stopped by addition of PSS contain-
ing 50% human serum. Cells were then centrifuged 5 min at 200g
and resuspended in 6 ml PSS with 0.45 mg - ml~* pluronic F-127, 5
mg - ml~* BSA added. Sixty microliters of a 10 mM PdTCPPNa,
solution was added to a 6-ml cell suspension (final concentrations:
100 uM PdTCPPNa,) before a 60-min incubation at 37°C, 5% CO,,
humid atmosphere, in the dark. The cells were then washed of
the extracellular fluorescent probe by four centrifugation cycles (5
min, 200g) and pellet resuspension in 6 ml PSS containing 4 mM
octanoate (~10° cells - ml™%).

eNOS is activated using 0.1, 1, and 10 uM acetylcholine (Ach) (18)
or inhibited using 10 uM N-w-nitro-L-arginine methyl ester (L-
NAME), an analogue of the precursor L-arginine which cannot be
used by eNOS (19). L-NAME was added to the HUVEC suspension
during PATCPPNa, incubation (60 min). The cell suspension was
then washed out of the probe and L-NAME by centrifugation and
resuspension in PSS before measurement.

In addition, to evaluate the interaction between PdTCPPNa, and
the chemicals used in this study, the chemicals were added to a 10
uM PdTCPPNa, solution (without cells) during the phosphorescence
emission acquisition.

Two different parameters were measured, depending on the
experimental condition: phosphorescence intensity (1) and phos-
phorescence decay (7). rand | were obtained using a pulsed water
cooled continuous wave ArGa laser excitation (514 nm) and a
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FIG. 2. Absence of interaction of NO, Ach, and L-NAME on the
luminescence properties of PATCPPNa, (10 uM) in PSS. (A) Effects
of 1 uM acetylcholine or 10 uM L-NAME on the 10 uM porphyrin
solution. (B) Effects of 1 uM acetylcholine and 10 uM L-NAME on the
10 uM porphyrin solution and corresponding control tracing. (C)
Sensitivity of the porphyrin probe (10 uM) to successive additions of
10 and 100 nmol NO. Arrows, product addition. A representative
tracing is shown (n = 2 in each case).

continuous laser beam (514 nm), respectively, and the 90° phos-
phorescence emission was detected at 710 nm with a AsGa pho-
tomultiplier.

Probe and chemicals. Chemicals were obtained from Sigma ex-
cept potassium cyanide (KCN) and 2,4-dinitrophenol (DNP) provided
by Merck. PATCPPNa, is prepared as reported above.

Computer analysis. Exponential decay curve analysis was per-
formed by using the Origin 5.0 Microcal Origin software. For sus-
pended HUVEC intracellular origin measurements, phosphores-
cence acquisition was performed by using software written by the
authors. Averaging of 100 successive exponential decays was used to
measure T.
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FIG. 3. Effect of argon bubbling on the phosphorescence inten-
sity of PATCPPNa,-loaded HUVEC suspension. The argon bubbling
starts at time 0 min.

RESULTS
Optimization of Experimental Conditions

Validation of the loading protocol. Figure 1B illus-
trates that PdTCPPNa, enters human umbilical ve-
nous endothelial cells (HUVEC), as seen from the flu-
orescence confocal microscopy signal (optical slices
passing through the nuclei). The weakness of the in-
tracellular fluorescence is expected because of the low
quantum yield of this probe.

The strong photobleaching due to the repeated
laser scanning of the whole microscopic field did not
allow further sequential acquisition of images using
the confocal microscopy technique. Consequently, all
further experiments were carried out on HUVEC
suspensions.

Optimal concentrations of KCN and 2,4-dinitro-
phenol for modulation of mitochondrial respiration in
endothelial cells. On HUVEC suspension, using the
oxygraphy technique, uncoupling by 100 uM DNP
stimulates the respiratory rate up to 2-fold within a
few seconds, and 1 mM KCN is an optimal concen-
tration which induces almost an immediate 10-fold
inhibition of respiration. However, 1 mM KCN also
induces a rapid morphological deterioration of cells
observed in confocal microscopy. Since 100 uM KCN
does not induce cell morphological changes while still
inhibiting the respiratory rate by 2-fold (data not
shown), 100 uM KCN and 100 M DNP have been used
as respiration modulators in the following experi-
ments.

Lack of interaction between the PATCPPNa, and
the chemicals added. It has been verified that ace-
tylcholine and L-NAME do not directly affect the
optical properties of PATCPPNa, by direct molecular
interaction in an acellular physiological solution
(Figs. 2A and 2B). Besides, we have observed that
the average values of the measured probe phospho-
rescence decays are different in physiological solu-
tion and in cells (about 6 and 90 us, respectively).

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

This can result from the different molecular environ-
ment around the probe. In accordance with the lit-
erature (12), we have observed, using bovine serum
albumin (BSA) addition to PdTCPPNa, solutions,
that the presence of protein induces an increase in
the probe luminescence. The same phenomenon
likely occurs when the probe is loaded in the protein-
rich cytoplasm of the cell.
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FIG. 4. Effect of 100 uM DNP (A) and 100uM KCN (B) on the
phosphorescence decay of 100 uM PdTCPPNa,-loaded HUVEC sus-
pension. A control tracing is shown in C. A representative tracing is
shown (n = 2 in each case).
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FIG. 5. Acetylcholine (Ach, 1 uM) induces a transient lengthening of phosphorescence decay () on 100 uM PdTCPPNa,-loaded HUVEC
(A). Control tracing (B). Effect on 100 uM PdTCPPNa,-loaded HUVEC, of 1 uM Ach immediately after incubation with 10 uM L-NAME (C)
and 2 h after the end of L-NAME incubation (D). A representative tracing is shown in each case (A, n = 3; B, C, D, n = 2).

Experimental Results

Intracellular PO, variations during modification of
extracellular oxygen tension. Argon bubbling (50 min)
of a suspended HUVEC loaded with PATCPPNa, was
used to deplete the extracellular medium of solubilized
0,, and phosphorescence intensity was recorded.
PdTCPPNa, phosphorescence intensity increased by
7-fold, plateauing after 25 min (Fig. 3). This indicates
that PATCPPNa, strongly responds to the intracellular
PO, decrease induced by extracellular decrease in ox-
ygen tension.

Mitochondrial respiration and PO, variations. Un-
der these conditions, the measurement of phosphores-
cence decay (7) avoids the problem of working with the
very weak signal of PATCPPNa,. As shown in Fig. 4,
the addition of 100 M DNP or 100 uM KCN does not
modify the initial value of the phosphorescence decay
(7) over 30 min in PdTCPPNa,-loaded HUVEC, sug-
gesting that mitochondrial respiration does not signif-
icantly influence PO.,.

Nonrespiratory oxygen consumption by eNOS and
variations of PO,. Addition of 0.1, 1, and 10 uM ace-
tylcholine to HUVEC induce transient and dose-
dependent increases in 7 (Fig. 5A and Figs. 6A-6C),
generally occurring after 2-5 min (up to 10 min in a
few experiments), whereas no increase in 7 is observed
in the corresponding control experiments (Fig. 5B).
These results suggest a significant reduction of the
intracellular PO, under acetylcholine stimulation. The
average percentages of increase in amplitude of the
phosphorescence decay peaks, compared to baseline,
are in the range of 4.2% (0.1 uM Ach), 23% (1 uM Ach),
and 81.6% (10 uM Ach) (Fig. 6D). A statistical analysis
using a one-way ANOVA showed that the average per-
centages of increase in the amplitude of the phospho-
rescence decay peaks are significantly dependent upon
the acetylcholine dose (P < 0.05).

Figure 5C shows that there is no increase in 7 in
response to 1 uM acetylcholine immediately after in-
cubation with L-NAME. This tracing is comparable to
the control (Fig. 5B). Nevertheless, 2 h after the end of
L-NAME incubation, after eNOS activity resumed, the
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FIG. 6. Dose effect of acetylcholine (Ach) on the phosphorescence
decay (7) of 100 uM PdTCPPNa,-loaded HUVEC. The amplitude of
the phosphorescence decay peak induced by Ach addition increases
with Ach concentration: 0.1 uM (A), 1 uM (B), and 10 uM (C). A
representative tracing is shown in each case (A,n = 5;BandC,n =
4). The arrows indicate the time of Ach addition (A, B, and C). The
average percentages of increase in amplitude of the phosphorescence
decay peaks induced by Ach, compared to baseline, were calculated
for each Ach dose using the results from all experiments and are
represented in D.

acetylcholine-induced 7 elevation—therefore PO, de-
crease—is restored (Fig. 5D). The fact that no detect-
able modification of luminescence, following Ach addi-
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tion on L-NAME-treated HUVEC, indicates a causal
relationship between O, consumption related to eNOS
activation and the transient increase in 1. Moreover,
the literature mentioned that a few porphyrins are
sensitive to NO (20) or can be used as NO probe (21).
Consequently, 10 and 100 nmol NO (final concentra-
tions: 3 and 30 uM, respectively) have successively
been added to a PATCPPNa, solution (10 uM) in PSS,
in order to verify that NO does not modify the value of
7 corresponding to our probe (Fig. 2C). Therefore, these
results depict actual PO, modifications rather than NO
level detection.

DISCUSSION

The present in vitro study validate a novel technique
for measuring intracellular PO, variations in acellular
solutions as well as in living cells. Although, values of
basal phosphorescent decay in acellular solutions (Fig.
2) and in living cells (Figs. 4 and 5) are different be-
cause the local environment surrounding the probe in
the cell is likely to affect its response to PO, variations.
PdTCPPNa, loaded into human umbilical venous en-
dothelial cells (HUVEC) exhibits spectral properties
similar to the well characterized phosphorescent oxy-
gen probe Pd meso-tetra (4-carboxyphenyl) porphyrin
(12). Moreover PATCPPNa, could be used for the mea-
surement of intracellular oxygen tension (PO,) varia-
tions in living HUVEC, as shown by the intracellular
response to extracellular PO, decrease induced by ar-
gon bubbling (Fig. 3). The original loading protocol
used in this study, in contrast with microinjection tech-
niques which allows measurements in a few cells at a
given time (11), enables the study of intracellular PO,
in a population of millions of cells. Furthermore, mi-
croscopy studies do not show any morphological cell
damage due to PdTCPPNa, loaded in HUVEC, even
under focused light (Fig. 1B). In addition, the fact that
low intracellular concentrations of PATCPPNa, were
used is likely to keep the effect of any reactive O,
species produced, due to energy transfer from the por-
phyrin probe in its excited state to molecular oxygen, at
a very low level.

Extracellular oxygen transport toward the inside of
the cell occurs by diffusion according to the gradient of
concentration and tends to maintain a constant PO,.
Using data from the literature (3, 4), theoretical max-
imum oxygen flow entering the cell by diffusion can be
estimated in the range of 3 X 107 mol O, - sec™* - cell *
and oxygen uptake measured by oxygraphy in HUVEC
(37°C) has been found at a basal level, about 75 times
lower: 4 X 107" mol O, - s™* - cell* (8). Therefore, phys-
iological modulations of mitochondrial respiration,
which usually vary by a factor 2—4 times (8), should
have no impact on intracellular PO,, because O, diffu-
sion flow allows a O, influx 20- to 50-fold higher. Thus,
it is not surprising that, in these conditions, modula-
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tion of mitochondrial respiration using 100 uM KCN or
100 uM DNP, which respectively inhibits and stimu-
lates respiratory function by 2-fold, does not measur-
ably modify PO, (Fig. 4).

Besides, oxygen consumption independent from
respiration and resulting from activation of endothe-
lial nitric oxide synthase (eNOS) has been evaluated.
The use of a NO sensitive microelectrode previously
allowed to calculate NO concentration, at a distance
of 50 um from the surface of rat aorta endothelial
cell, in the range of 6.2 X 10" mol NO -s*-cell™*
(22). Therefore, since NO synthesis has a stoichiometry
of 1/1 with regard to consumed O,, the basal production
of NO by eNOS in rat aorta single endothelial cell
requires the consumption of about 6.2 X 10~** mol
0O, - s ' - cell ™. Moreover, eNOS has been shown to be
activated by endothelial cell stimulation with acetyl-
choline (Ach), leading to activation of NO release
(23). In the endothelium from rabbit aorta, Ach in-
creases NO extracellular level—therefore produc-
tion—by =~10 times (23) and probably more if intra-
cellular NO degradation is taken into account.
Therefore, the corresponding quantity of O, tran-
siently consumed by Ach-stimulated eNOS can be
evaluated in the range of 10 times the basal con-
sumption, i.e., 6.2 X 107*® mol O, - s * - cell™*. This
value is about 2-fold higher than the maximum rate
of O, diffusion through the cell membrane. Conse-
quently, eNOS activation is a physiological mecha-
nism which can induce a much stronger decrease in
intracellular PO, than modulation of respiration.
Our experiments corroborate this calculation, since
0.1-10 uM acetylcholine induce transient and dose-
dependent increases in PdTCPPNa,-loaded cell
phosphorescence decay, indicating a corresponding
PO, reduction (Fig. 5A and Fig. 6). On the contrary,
no change in porphyrin phosphorescence was ob-
served when cell respiration was increased or de-
creased by the use of DNP or KCN (Fig. 4). Also, as
expected, no PO, variation is detected in response to
acetylcholine when eNOS is blocked by L-NAME
(Figs. 5C and 5D).

The present results suggest that other oxygen-
related mechanisms of the cell physiology can now be
further investigated using cell loading with PdTCP-
PNa,.
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