
INTRODUCTION

OXYGEN THERAPY is required in patients with acute respi-
ratory distress syndrome precipitated by sepsis, primary

bacterial or viral pneumonia, fat embolism, near drowning,
massive blood transfusion, and inhalation of smoke or other
toxic gases. Patients with chronic obstructive pulmonary dis-
eases due to emphysema, asthma, and bronchitis also require
oxygen intervention as a result of respiratory failure. Simi-
larly, ventilator-induced lung injury is known to occur as a re-
sult of prolonged exposure to high oxygen concentrations.
Thus, sustained elevation in inspired oxygen (FiO2 > 60%) re-

sults in inflammatory changes, alveolar infiltration, and even-
tually pulmonary fibrosis.

One of the earliest and most extensive targets of hyperoxic
injury is the pulmonary capillary endothelium. Endothelial
cells (ECs) exposed to hyperoxia show an increase in release
of lactate dehydrogenase, impaired cell growth, and increased
permeability (6). Morphological changes associated with hy-
peroxic cells include enlargement and early vacuolization,
gross distortions, regular stellate appearance after 24 h, and
detachment from the culture dish by 72 h (46), strongly sug-
gesting cytoskeletal alterations. Expression of intracellular
adhesion molecule increases in response to hyperoxia sug-
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ABSTRACT

We investigated the effect of hyperoxia on phospholipase D (PLD) activation in bovine lung microvascular en-
dothelial cells (BLMVECs). Generation of intracellular reactive oxygen species in BLMVECs exposed to hy-
peroxia for 2 or 24 h was three-fold higher compared with normoxic cells as measured by dichlorodihydroflu-
orescein di(acetoxymethyl ester) fluorescence. Exposure of BLMVECs to hyperoxia for 2 or 24 h attenuated
12-O-tetradecanoylphorbol 13-acetate (TPA)-mediated PLD activation compared with normoxic cells, how-
ever, hyperoxia did not alter basal PLD activity. Antioxidants, such as propyl gallate and pyrrolidine dithio-
carbamate, reversed the effect of hyperoxia on TPA-induced PLD activity. Furthermore, the TPA-induced
PLD activation was inhibited not only by the protein kinase C inhibitor, Go6976, but also by the tyrosine ki-
nase inhibitor, genistein, and by the Src kinase specific inhibitor, PP-2, suggesting the involvement of protein
kinase C and also tyrosine kinases in TPA-induced PLD activition. Western blot analysis of cell lysates from
the hyperoxic (2 or 24 h) BLMVECs stimulated with TPA with anti-phosphotyrosine antibody showed an at-
tenuation in overall tyrosine phosphorylation of proteins. In conclusion, we have demonstrated that hyper-
oxia enhanced the generation of reactive oxygen species in lung microvascular endothelial cells and attenu-
ated TPA-induced protein tyrosine phosphorylation and PLD activation. As protein tyrosine phosphorylation
and PLD play important roles in inflammatory responses, this could provide a mechanism for the regulation
of endothelial barrier function during hyperoxic lung injury. Antioxid. Redox Signal. 5, 217–228.
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gesting the possibility of increased adherence of neutrophils
to pulmonary endothelium (2, 21, 57), whereas expression of
vascular endothelial growth factor is decreased in rat lung
during hyperoxia, indicating that angiogenesis may be im-
paired (44).

The metabolic status of the cell during hyperoxia is also al-
tered. The tricarboxylic acid cycle is impaired (51) along with
a concomitant elevation of glycolytic activity in the lungs of
rats exposed to hyperoxia (1). Transcription of the antioxidant
enzyme, manganese superoxide dismutase, is induced sever-
alfold during hyperoxia, suggesting up-regulation of antioxi-
dant defense mechanism(s) (10). Hyperoxia also increases
the expression of a variety of stress-responsive genes, includ-
ing heme oxygenase-1, c-fos, c-jun, and CAAT-enhancer
binding (C/EBP) (9, 47). Macrophage cell line (RAW 264.7)
exposed to hyperoxia undergoes apoptosis through activation
of extracellularly regulated kinase (ERK) (22, 45). Whereas
the activity of phospholipase A2 decreased upon hyperoxic
exposure of lung (15), levels of arachidonic acid metabolites
such as leukotriene B4 and prostaglandins increased in bovine
pulmonary artery ECs (BPAECs) after 48 h of hyperoxia
(18). Reactive oxygen species (ROS) have been implicated in
hyperoxia-induced biochemical changes (52). Previous stud-
ies have demonstrated that exogenously administered ROS,
such as hydrogen peroxide (H2O2), fatty acid hydroperoxide,
4-hydroxynonenal, and oxidized low-density lipoprotein,
modulated signal transduction pathways of phospholipases
A2, C, and D in ECs (31, 33). Phospholipase D (PLD) plays
an integral role in many cellular events, such as membrane
trafficking, proliferation, senesence, mitogenesis, oncogene-
sis, and inflammation (24). PLD catalyzes the hydrolysis of
phosphatidylcholine to generate phosphatidic acid (PA) and
choline. PA is a lipid second messenger that mediates the
functional role of PLD (13). PA can be converted to other
bioactive lipids, such as diacylglycerol (DAG) and lysophos-
phatidic acid (LPA), by lipid phosphate phosphatase and
phospholipase A1/A2 (3, 55, 56), respectively. DAG activates
protein kinase C (PKC), whereas LPA is known to act through
the endothelial differentiation gene receptors regulating sev-
eral functions, such as cellular migration, proliferation, and
permeability (28). PLD is stimulated by various hormones,
neurotransmitters, growth factors, cytokines, and other ago-
nists that activate cell-surface receptors (11). Activation of PLD
requires its interaction with small G proteins, such as ADP-
ribosylation factor (Arf) and members of the Rho family of
GTPases (RhoA, Rac1, and cdc42). Regulation of oxidant-
induced PLD activation by PKC (27), Src (19, 42), and p38
mitogen-activated protein kinase is cell type-specific (36).

The aim of the present study was to investigate the effect of
intracellularly generated ROS on PLD activation in bovine
lung microvascular ECs (BLMVECs). We used hyperoxia as a
model system for generation of intracellular ROS, and our re-
sults show for the first time that the intracellular ROS gener-
ated during hyperoxia attenuated phorbol ester-induced PLD
activation in BLMVECs. Furthermore, coincubation of the
cells with antioxidants such as propyl gallate (PG) and pyrroli-
dine dithiocarbamate (PDTC) blocked the effect of hyperoxia
on phorbol ester-induced PLD activation. We also show that
the phorbol ester-induced PLD activation in BLMVECs is
tyrosine kinase-dependent. In BLMVECs, phorbol ester in-

creased tyrosine phosphorylation of proteins migrating at
,60 kDa and -125 kDa, and hyperoxia attenuated 12-O-
tetradecanoylphorbol 13-acetate (TPA)-induced total tyrosine
phosphorylation, as well as distribution within the cells.

MATERIALS AND METHODS

Materials

Minimum essential medium (MEM), sodium orthovanadate,
nonessential amino acids, trypsin-EDTA, penicillin–streptomycin,
fetal bovine serum, PG, PDTC, and TPA were obtained form
Sigma (St. Louis, MO, U.S.A.). Go6976, genistein, Brij 35
detergent (polyoxyethylene glycol dodecyl ether), and PP-2
were obtained from Calbiochem (San Diego, CA, U.S.A.).
BLMVECs (passage 4) were purchased from Cell Systems
(University of Washington, Seattle, WA, U.S.A.). EC growth
supplement and affinity-purified monoclonal anti-phosphotyro-
sine antibody (4G10) were obtained from Upstate Biotechnol-
ogy (Lake Placid, NY, U.S.A.). An enhanced chemilumines-
cence kit was from Amersham (Arlington Heights, IL, U.S.A.).
[32P]Orthophosphate (carrier free), [choline-methyl-3H]dipalmi-
toylphosphatidylcholine (DPPC) and [g-32P]ATP in 10 mM
Tricine buffer (specific activity 6,000 Ci/mmol) were purchased
from DuPont NEN (Boston, MA, U.S.A.).

EC culture

BLMVECs cultured in MEM were maintained at 37°C in
a humidified atmosphere of 5% CO2/95% air and grown to
contact-inhibited monolayers with a typical cobblestone mor-
phology (30). Cells from each primary flask were detached
with 0.05% trypsin, resuspended in fresh medium, and cul-
tured in complete medium, to 90% confluency before expo-
sure to normoxic or hyperoxic (95% O2/5% CO2) conditions.
Cells from passages 4–9 were used in all the experiments.

Retroviral infected stable human dermal
microvascular endothelial cell (HDMVEC) 
lines of PKCa and PKCe

Infectious amphotropic retroviruses were produced from
MSCV2.1 PKCa, PKCe, and control MSCV2.1 backbone
as previously described (43). In brief, the murine ecotropic
packaging line GP+ E-86 (E-86) (25) was transfected with
MSCV2.1 constructs, and transient supernatants collected 48
h later containing infectious virions were then used to infect
the amphotropic packaging line GP+ EnvAm12 (Am-12)
(25). Individual colonies of Am-12 were selected with G418
(0.75 mg of dry powder/ml) containing medium. Viral titers
from selected clones were evaluated by infection of NIH-3Y3
fibroblasts using dilutions of virus-containing supernatants
from multiple clones. G418-selected Am-12 clones were fur-
ther analyzed by Southern blot analysis to confirm the in-
tegrity of the provirus. Viral supernatants from three clones,
Am-12 MSCV2.1 PKCa, PKCee, and Am-12 MSCV2.1, pro-
ducing 106 colony-forming units/ml were used to infect HD-
MVECs, and clones of transduced HDMVECs, resistant to
250 mg/ml G418 were further characterized by Southern blot
analysis.
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Measurement of intracellular ROS production
through the oxidation of dichlorodihydrofluorescein
di(acetoxymethyl ester) (DCFDA)

Intracellularly generated ROS were measured by fluores-
cence microscopy based on the oxidation of DCFDA. Cells
grown on glass cover slips were placed in a Modular Incuba-
tor Chamber (Billups-Rothenberg, Del Mar, CA, U.S.A.),
which was flushed for 15 min with 95% O2/5% CO2 and
maintained for 2 h or 24 h at 37°C. The cells were washed
with buffer A (20 mM HEPES, 1.5 mM CaCl2, 4.9 mM KCl,
137 mM NaCl, 1.2 mM NaH2PO4, 1.2 mM MgSO4, 15 mM D-
glucose, pH 7.4) and incubated with 10 µM DCFDA (Molec-
ular Probes) in buffer A for 30 min. The nonpolar dye diffuses
passively into cells and is hydrolyzed by intracellular es-
terases to a nonfluorescent derivative, dichlorofluorescein
(DCF). The cover slips were then gently washed for 30 min
with indicator-free buffer A at room temperature to allow
deesterification of the eye. DCF fluorescence was recorded at
a field of two or three connected monolayer cells on a cover
slip in a perfusion chamber mounted on the stage of a modi-
fied Nikon Diaphot inverted epifluorescence microscope.
DCF fluorescence was excited at 480 ± 20 nm using a xenon
short arc lamp (UXL-75X c̄ Ushio Inc.) and band pass inter-
ference filters (Omega Optical) with selected wavelength
bands of emitted fluorescence at 535 ± 25 nm. Emitted DCF
fluorescence was collected and measured using a spectrofluo-
rometer (PTI DeltaScan). As DCF fluorescence intensity from
BLMVECs increased linearly during the measurement period
(,10 s), the slope of DCF fluorescence intensity increase was
used to quantify the intracellularly generated ROS.

Determination of PLD activation in intact ECs

BLMVECs in 35-mm dishes (5 2 105 cells/dish) were in-
cubated with [32P]orthophosphate (5 µCi/ml) for 18–24 h in
phosphate-free Dulbecco’s modified Eagle’s medium (DMEM)
containing 2% fetal bovine serum. Cells exposed to normoxia
were incubated at 37°C in 95% air/5% CO2, whereas cells ex-
posed to hyperoxia were flushed for 15 min with 95% O2/5%
CO2 in a Modular Incubator Chamber, after which the cells
were incubated at 37°C for the indicated time periods. The ra-
dioactive medium was aspirated, cells were incubated in
serum-free MEM or MEM containing agonist at concentra-
tions indicated in the presence of 0.05% butanol. Incubations
were terminated by addition of 1 ml of methanol/HCl (100:1,
vol/vol), lipids were extracted in chloroform/methanol/water
(1:1:0.9, by volume), and phosphatidylbutanol (PBt) (formed
an index of PLD activation) was analyzed by thin-layer chro-
matography (30). Radioactivity associated with [32P]PBt was
quantified by liquid scintillation counting. All experiments
were done in triplicate, values were normalized to 1 2 106

dpm in total lipid extract, and [32P]PBt formed was expressed
as disintegrations per minute per dish or percentage of control.

Measurement of PKC activity

BLMVECs grown in 100-mm dishes were incubated in nor-
moxia (95% air/ 5% CO2) or hyperoxia (95% O2/5% CO2) for 24
h. Medium was aspirated, and cells were exposed to serum-free
MEM or MEM containing 25 nM TPA under normoxic or hyper-

oxic conditions for 30 min. Cells were scraped into PKC assay
buffer [50 mM Tris (pH 7.5), 5 mM EDTA, 10 mM EGTA, 10
mM benzamidine, 0.3% (wt/vol) b-mercaptoethanol, 10 nM
okadaic acid, and protease inhibitors] and sonicated with a probe
sonicator (3 2 15 s). Cytosolic and particulate fractions were
isolated by centrifugation at 105,000 g for 90 min, and PKC ac-
tivity was measured in total cell lysates and cytosolic and partic-
ulate fractions using the Biotrak PKC enzyme assay kit from
Amersham Pharmacia Biotech (Buckinghamshire, U.K.).

Lipid peroxidation assay

Lipid peroxidation was determined by the thiobarbituric
acid reaction assay according to published procedures (41).
The extent of lipid peroxidation was calculated from a stan-
dard curve established using 1,1,3,3-tetraethoxypropane.
Lipid peroxidation was expressed as nanomoles of thiobarbi-
turic acid reactive substances (TBARS) formed per milligram
of protein.

In vitro PLD assay

Activities of PLD1 and PLD2 were determined in lysates
of cells exposed to normoxia and hyperoxia for 24 h by the
[3H]choline release assay (8, 42). After exposure to normoxia
and hyperoxia, cells were washed with ice-cold phosphate-
buffered saline, scraped, centrifuged for 5 min at 1,000 g, and
resuspended in 50 mM Na-HEPES buffer (pH 7.4) containing
1 µM dithiothreitol (DTT), 10 µg/ml protease inhibitors, 1
µg/ml aprotinin, and 1 µg/ml leupeptin, and cell lysates were
prepared by sonication of cells on ice at a setting of 5 with a
probe sonicator. Liposomal substrate [dioleoylphosphatidyl-
ethanolamine (DOPE)/phosphatidylinositol 4,5-bisphosphate
(PIP2)/DPPC in a molar ratio of 16:1.4:1] was prepared by son-
icating the lipid mixture with a probe sonicator at a setting of
6 for 5 2 30 s at room temperature in vesicle buffer contain-
ing 50 mM Na-HEPES (pH 7.5), 3 mM EGTA, 80 mM KCl, 1
mM DTT, and 3 mM MgCl2. [Choline-methyl-3H]DPPC was
added to the liposomal substrate to give 50,000–70,000 dpm/
assay. Equal volumes of cell lysates (10 µl) were added to the
reaction mixture containing the liposomal substrate in a final
volume of 100 µl in 50 mM Na-HEPES (pH 7.5), 3 mM
EGTA, 80 mM KCl, 1 mM DTT, 3 mM MgCl2, and 2 mM
CaCl2 and incubated at 37°C for 30 min. To differentiate be-
tween PLD1 and PLD2 activities, the incubation mixtures
contained Arf-guanosine 59-O-(3-thiotriphosphate) (1 µg) and
Rho-guanosine 59-O-(3-thiotriphosphate) (1 µg), wherever re-
quired (8). The reactions were terminated by the addition of
200 µl of 10% TCA and 100 µl of 1% bovine serum albumin.
The mixture was gently vortexed and centrifuged in a mi-
crofuge at 10,000 g for 5 min. Radioactivity in the supernatant
was measured by liquid scintillation spectroscopy. PLD activ-
ity was expressed as picomoles of the substrate hydrolyzed per
milligram of protein in 30 min.

Sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting

Proteins of BLMVECs were separated on 12% SDS-
PAGE gels, transferred to Immobilon-P membranes by elec-
troblotting, incubated with anti-phosphotyrosine antibodies
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(1:3,000 dilution) or anti-Src antibodies (1:500 dilution), and
visualized using a chemiluminescent kit (ECL, Amersham
Pharmacia Biotech) (35, 42).

Statistical analysis

All experiments were done in triplicate and data expressed
as means ± SD. Statistical comparisons were made by Stu-
dent’s t-test and by analysis of variance. Statistical signifi-
cance was accepted at p < 0.05. 

RESULTS

Hyperoxia increases generation 
of intracellular ROS

High oxygen tension is known to increase free radical pro-
duction in mammalian cells (18, 48). Incubation of BLMVECs
in 95% O2/5% CO2, compared with 95% air/5% CO2, increased
lipid peroxidation measured as TBARS and rate of intracellular
ROS generation as measured by DCFDA oxidation after 2 and
24 h of exposure (Fig. 1). Quantitative analysis of fluorescence

intensity revealed that ROS production in hyperoxic cells was
about threefold higher compared with normoxic cells at both
time points of exposure (Table 1). A similar increase in fluores-
cence intensity of DCFDA in the hyperoxic cells (2 or 24 h)
compared with control cells was also observed under fluores-
cence microscopy (data not shown). Exposure of BLMVECs to
hyperoxia did not cause cytotoxicity as measured by 2-[3H]de-
oxyglucose release (data not shown).

Hyperoxia attenuates agonist-induced 
PLD activation

As hyperoxia increased ROS generation in ECs, its effect
on agonist-induced PLD activation was studied. BLMVECs
were exposed to hyperoxia for 2 or 24 h and stimulated with
25 nM TPA for 30 min. Hyperoxia attenuated TPA-induced
PLD activation as quantified by [32P]PBt formation, an index
of PLD activation in intact cells (Fig. 2). Furthermore, the
TPA-induced [32P]PBt formation in hyperoxic cells was sig-
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TABLE 1. HYPEROXIA INCREASES DCFDA OXIDATION

Fluorescence intensity
(% control)

2 h 24 h

Normoxia 100 ± 7 100 ± 12
Hyperoxia 330 ± 40 256 ± 26

BLMVECs grown on glass cover slips were exposed to nor-
moxia or hyperoxia for 2 or 24 h as indicated in Fig. 1. Cells
were incubated with 10 µM DCFDA for 30 min, and fluores-
cence was recorded by a Nikon Diaphot inverted epifluores-
cence microscope. Intracellular oxidation of DCFDA due to
ROS generation over a 10-sec time period from normoxic and
hyperoxic cells is compared. Values are means 6 SD of three
independent determinations.

FIG. 1. Hyperoxia increases TBARS and intracellular gen-
eration of ROS. BLMVECs were grown on cover slips and
incubated in normoxia or hyperoxia for 2 h (A) or 24 h (B).
TBARS were assayed (A) in control and hyperoxic cells as de-
scribed in Materials and Methods. For ROS measurements,
cells were incubated with 10 µM DCFDA in MEM for 30 min.
The cover slips were washed to remove the dye not taken up by
the cells, and the fluorescence was recorded by a Nikon Di-
aphot inverted epifluorescence microscope. Autofluorescence
from unloaded cells was subtracted automatically from sample
fluorescence recordings. Slopes for intracellular oxidation of
the dye due to ROS generation over a 10-s time period from
normoxic and hyperoxic cells were compared (B). *Signifi-
cantly different (p < 0.05) from normoxic cells.

FIG. 2. Dose dependence of TPA-induced PLD activation
in BLMVECs. Cells (35-mm dishes) were labeled with
[32P]orthophosphate (5 µCi/dish) in phosphate-free DMEM for
24 h. Medium was aspirated, cells were incubated in normoxia
or hyperoxia for 2 h in the presence of vehicle or different con-
centrations of TPA, and incubations were continued for an ad-
ditional 30 min. Lipids were extracted under acidic conditions,
and [32P]PBt was quantified as described in Materials and
Methods. Values represent means ± SD of triplicate samples
from three experiments. *Significantly different (p < 0.05)
from normoxic control values. **Significantly different (p <
0.05) from TPA-treated normoxic cells.
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nificantly lower at all concentrations tested compared with
normoxic cells (Fig. 2). These data suggest that hyperoxia par-
tially reduced TPA-mediated PLD activation.

Antioxidants reverse the effect of hyperoxia 
on TPA-induced PLD activation

To support further the role of intracellularly generated ROS
during hyperoxia in modulating TPA-induced PLD activation,
the effects of PG and PDTC were investigated. BLMVECs la-
beled with [32P]orthophosphate for 18 h were treated with PG (1
mM) or PDTC (1 mM) and simultaneously exposed to hyper-
oxia for 2 h before challenging with vehicle or TPA (25 nM) for
30 min. As shown in Fig 3, both PG and PDTC reversed the ef-
fect of hyperoxia on TPA-induced PLD activation. Interestingly,
PG, but not PDTC attenuated TPA-induced PLD activation
under normoxic conditions. These results suggest that ROS
generated by hyperoxia modulate TPA-induced PLD activation.

Effect of Go6976 and PKC overexpression 
on TPA-induced [32P]PBt formation

As TPA directly activates classical and atypical PKC iso-
types (49), we examined the effect of PKC inhibitors on TPA-
induced PLD activation. Pretreatment of BLMVECs with
Go6976 (5 mM) for 30 min blocked TPA-mediated accumula-
tion of [32P]PBt (Fig 4). Western blotting of BLMVEC lysates
with different PKC isotype antibodies revealed that PKCa and
PKCe were the two major isoenzymes present in BLMVECs
(data not shown). To investigate the role PKCa and PKCe on
PLD activation, ECs stably overexpressing either PKCa or
PKCe isotypes were challenged with TPA. As shown in Fig.
5A, overexpression of PKCa increased TPA-induced [32P]PBt
formation by twofold under normoxic conditions, whereas ex-
posure of control and PKCa overexpressing cells to hyperoxia

attenuated TPA-induced [32P]PBt accumulation. However, ex-
posure of PKCe overexpressing cells to hyperoxia had no ef-
fect on TPA-induced [32P]PBt formation (Fig. 5B). These re-
sults indicate that PKCa may play a role in TPA-induced PLD
activation.
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FIG. 3. Antioxidants reverse the attenuation of TPA-induced PLD activation in hyperoxic BLMVECs. Cells (35-mm
dishes) were labeled with [32P]orthophosphate (5 µCi/dish) in phosphate-free DMEM for 24 h. Medium was aspirated, and cells
were incubated in normoxia or hyperoxia for 2 h in the presence of vehicle, PG (1 mM), or PDTC (1 mM). Medium was removed,
and the cells were stimulated with TPA (25 nM) for 30 min. Lipids were extracted under acidic conditions, and [32P]PBt was quan-
tified as described in Materials and Methods. Values represent means ± SD of triplicate samples from three experiments. *Signif-
icantly different (p < 0.05) from normoxic cells. **Significantly different (p < 0.05) from normoxia + TPA-treated cells. ***Sig-
nificantly different (p < 0.05) from hyperoxia + TPA-treated cells.

FIG. 4. Go6976 inhibits TPA-induced PLD activation in
BLMVECS. Cells (35-mm dishes) were labeled with
[32P]orthophosphate (5 µCi/dish) in phosphate-free DMEM for
24 h. Medium was aspirated, cells were incubated with Go6976
(1 µM) for 2 h in MEM, and then cells were stimulated with
TPA (25 nM) for 30 min. Lipids were extracted under acidic
conditions, and [32P]PBt was quantified as described in Materi-
als and Methods. Values represent means ± SD of three inde-
pendent experiments in triplicate. *Significantly different (p <
0.05) from normoxic cells. **Significantly different (p <
0.005) from normoxia + TPA treatments.
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Effect of hyperoxia on PKC activity

As our results show that TPA-induced PLD activation in hy-
peroxic cells was significantly lower as compared with that in
normoxic cells, we examined the effect of hyperoxia on PKC
activity in cell lysates and subcellular fractions. The total PKC
activity was 1.5-fold higher in particulate fractions of cells ex-
posed to hyperoxia compared with particulate fractions from
normoxic cells, consistent with earlier reports that ROS such as
hydrogen peroxide increased PKC activity (data not shown)
(27, 54). Also, [3H]phorbol dibutyrate ([3H]-PDBu) binding
studies with normoxic and hyperoxic cells showed no signifi-
cant difference between the two treatments (data not shown),

suggesting that exposure of BLMVECs to hyperoxia for 24 h
increased total PKC activity without altering binding capacity.
These results also suggest that the TPA-induced effect on PLD
in hyperoxia was likely due to modulation of PKC-dependent
target protein(s) downstream from PKC.

Tyrosine kinase inhibitors attenuate TPA-induced
PLD activation

We next examined the effects of genistein, an inhibitor of
protein tyrosine kinase, and PP-2, a specific Src kinase in-
hibitor, on PLD activation. Genistein (100 µM) significantly
inhibited TPA-induced [32P]PBt accumulation without alter-
ing the basal PLD activity (Fig. 6). The effect of genistein on
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FIG. 5. Phospholipase D activity in HDMVECs PKCa (A)
or PKC« (B). Vector control or PKCa (A) or PKCe overex-
pressing cells (35-mm dishes) were labeled with [32P]or-
thophosphate (5 µCi/dish) in phosphate-free DMEM for 24 h
in normoxia or hyperoxia. Cells were incubated in vehicle or
TPA (25 nM) for 30 min prior to acidic extraction of lipids.
[32P]PBt was quantified as described in Materials and Meth-
ods. Values represent means ± SD of triplicate samples from
three experiments. *Significantly different (p < 0.05) from nor-
moxic control. **Significantly different (p < 0.05) from nor-
moxia + TPA treatment.

FIG. 6. Tyrosine kinase inhibitors block TPA-induced
PLD activation in BLMVECS. Cells (35-mm dishes) were
labeled with [32P]orthophosphate (5 µCi/dish) in phosphate-
free DMEM for 24 h. Medium was aspirated, cells were incu-
bated with vehicle, genistein (100 µM), or PP-2 (5 µM) for 2 h
in MEM, and cells were stimulated with TPA (25 nM) for 30
min. Lipids were extracted under acidic conditions, and
[32P]PBt was quantified as described in Materials and Meth-
ods. Values represent means ± SD of triplicate samples from
three experiments. *Significantly different (p < 0.05) from
control cells. **Significantly different (p < 0.005) from TPA-
treated cells in the absence of genistein or PP-2.

FIG. 7. Hyperoxia enhances PLD1 and PLD2 activities in
cell lysates. BLMVECs (35-mm dishes) were incubated in
normoxia or hyperoxia for 24 h in MEM. Lysates from nor-
moxia- and hyperoxia-exposed cells were prepared as described
in Materials and Methods. Cell lysates were mixed with DOPE,
DPPC plus PIP2 liposomes, and PLD activity was determined in
vitro in the presence of Arf (1 µg) and Rho (1 µg), as described in
Materials and Methods. PLD activity is expressed as pmol [3H]
phosphatidylcholine hydrolyzed/30 min/mg of protein. Values
are means 6 SD (n = 3). *Significantly different from normoxia
control (p < 0.05). **Significantly different from normoxia con-
trol (p < 0.05). ***Significantly different from hyperoxia control
(p < 0.05).
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TPA-induced [32P]PBt formation was dose dependent with
,50% inhibition at 100 µM concentration of genistein (data
not shown). To clarify further the role of tyrosine kinase(s) on
TPA-induced PLD activation, we examined the effect of PP-2
on [32P]PBt formation. Pretreatment of BLMVECs with PP-2
(5 µM) inhibited TPA-induced [32P]PBt formation by ~50%

compared with control cells without PP-2 treatment. These
data suggest that TPA-induced PLD activation was dependent
on PKC-mediated activation of tyrosine kinases, probably Src
kinase.

Effect of hyperoxia on PLD1 and PLD2 activities
in cell lysates

We next investigated the effect of hyperoxia on PLD1 and
PLD2 activities in total cell lysates from normoxic and hyper-
oxic BLMVECs. Cell lysates from normoxic BLMVECs ex-
hibited PIP2-dependent release of [3H]choline from phos-
phatidylcholine that was ,1.5-fold higher in cells exposed to
hyperoxia for 24 h (Fig. 7). Addition of Arf or Rho further en-
hanced the PIP2 dependent PLD1 activity in control as well as
hyperoxic cell lysates (Fig. 7). These results demonstrate that
both PLD1 and PLD2 activities were higher in hyperoxic cell
lysates compared with normoxia, suggesting modulation of
TPA-dependent downstream target proteins in attenuating PLD
during hyperoxia.

TPA enhances protein tyrosine phosphorylation 
in BLMVECs

As presented in Table 2, BLMVECs exposed to hyperoxia
(2 and 24 h) exhibited enhanced overall tyrosine phosphoryla-
tion of proteins as determined by SDS-PAGE and western blot-
ting analysis utilizing anti-phosphotyrosine antibody. Previous
studies from our laboratory have shown that ROS activated
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TABLE 2. EFFECT OF HYPEROXIA ON TPA-MEDIATED PROTEIN

TYROSINE PHOSPHORYLATION

Protein tyrosine phosphorylation 
(% control)

Treatment 2 h 24 h

Vehicle TPA (25 nM) Vehicle TPA (25 nM)

Normoxia 100 244 100 987
Hyperoxia 114 95 225 470

BLMVECs (5 2 105 cells/dish) were exposed to normoxia or
hyperoxia for 2 h or 24 h. Cells were challenged with medium
or medium containing TPA (25 nM) for 30 min, and total cell
lysates were subjected to SDS-PAGE and Western blotting with
anti-phosphotyrosine antibody. Tyrosine-phosphorylated pro-
teins were detected as indicated in Fig. 8 and quantified by den-
sitometric scanning and image analysis. The densities of all the
tyrosine phosphorylated bands were summed up and expressed
as total protein tyrosine-phosphorylation. Values are averages
from three independent experiments.

FIG. 8. Tyrosine kinase inhibitors attenuate TPA-induced total tyrosine phosphorylation in BLMVECs. Cells (100 mm)
were pretreated with MEM or MEM plus genistein (25, 50, or 100 µM) for 2 h. Medium was aspirated, and cells were incubated in
MEM or MEM plus TPA (25 nM) for 30 min. Cell lysates (10 µg of protein) in RIPA buffer were subjected to SDS-PAGE, and
proteins were transferred to polyvinylidene difluoride membranes and immunoblotted with anti-phosphotyrosine antibody. Tyro-
sine phosphorylated proteins were detected by enhanced chemiluminescence.



PLD via a tyrosine kinase-dependent pathway in BPAECs (31).
However, in BPAECs, TPA (25–100 nM) had no effect on tyro-
sine phosphorylation of proteins as determined by Western
blotting with anti-phosphotyrosine antibodies (35). In contrast
to BPAECs, the TPA-induced PLD activation in BLMVECs
was partially blocked by genistein and PP-2, suggesting a role
for TPA-mediated tyrosine kinase stimulation. To characterize
further the effect of TPA on protein tyrosine phosphorylation,
BLMVECs were treated with MEM or MEM plus genistein
(100 µM) for 2 h before challenging with TPA (25 nM). As
shown in Fig. 8, TPA increased tyrosine phosphorylation of
proteins migrating at ,70 kDa and ,125 kDa compared with
control cells. Interestingly, a significant basal phosphorylation
of ,125-kDa and ,70-kDa proteins was observed in cells in-
cubated overnight in serum-deficient medium (0.5% fetal
bovine serum). Pretreatment of BLMVECs with genistein
blocked the TPA-induced increases in tyrosine phosphorylation
(Fig. 8). These results show that in BLMVECs, TPA-induced
protein tyrosine phosphorylation was attenuated by genistein, a
tyrosine kinase inhibitor.

DISCUSSION

In this study, we have investigated the role of intracel-
lularly generated ROS by hyperoxia in agonist-induced sig-
naling pathways in microvascular ECs. BLMVECs exposed
to hyperoxia (2–24 h) increased lipid peroxidation and ROS
production with no detectable cytotoxicity. However, TPA-
induced protein tyrosine phosphorylation and PLD activation
were attenuated by hyperoxia compared with normoxia. In
our experiments, it was important to test the possibility that
ROS generated intracellularly were contributing to the
changes in TPA-induced protein tyrosine phosphorylation
and PLD activation. PG has been shown as an efficient an-
tioxidant against superoxide anion and hydroxyl radical activ-
ity with low and little cytotoxic properties (5, 20). PDTC is
also used as an antioxidant with a broad specificity in radical
quenching (16). Pretreatment of cells with antioxidants such
as PG or PDTC reversed the effects of hyperoxia on TPA-
mediated responses. Treatment of cells with a cell-permeable
superoxide dismutase mimetic, MnTyp, did not alter the ef-
fects of hyperoxia on TPA-mediated responses (data not
shown). Interestingly, earlier studies with BPAECs showed
that TPA did not stimulate protein tyrosine phosphorylation
and TPA-mediated PLD activation was tyrosine kinase-
independent (30, 35). However, protein tyrosine phosphoryla-
tion in response to TPA was enhanced in lung microvascular
ECs and TPA-induced PLD activation was sensitive to tyro-
sine kinase inhibitors, such as genistein and PP-2.

Hyperoxia exposure is different from exogenous addition
of hydrogen peroxide to the ECs. We have measured ,2–3
mM hydrogen peroxide produced by human pulmonary artery
ECs upon exposure to hyperoxia for 3 h (Natarajan et al.,
unpublished observations). In our earlier studies, we used
100 mM hydrogen peroxide, which stimulated PLD activity in
BPAECs, whereas the current study utilized BLMVECs.
Therefore, the microvascular ECs that were used in the cur-

rent study apparently behave differently from the ECs ob-
tained from the macrovessels. In addition, low amounts of
hydrogen peroxide produced during hyperoxia will not induce
the same magnitude of activation of PLD as induced by
exogenous addition of 100 mM hydrogen peroxide. Also, in
our earlier studies, we challenged ECs with 100 mM of hydro-
gen peroxide for 30 min to 1 h as opposed to exposing the
BLMVECs in the current study for 2–24 h. It is also becom-
ing clearer that hyperoxia-induced signaling events are differ-
ent from those induced by exogenous addition of hydrogen
peroxide. It has been established by other investigators that
hyperoxia up-regulates several genes, including genes for an-
tioxidants and antioxidant enzymes, which may thus partici-
pate in offering an adaptive response to oxidative stress in
cells during prolonged hyperoxia. We have noticed that the
PLD response to oxidants in cells depends upon (a) type of
cell system studied, (b) type of oxidant utilized, (c) the pro-
cess of generation of oxidant, i.e., endogenous versus exoge-
nous, and (d) the adaptive response of the ECs to oxidative
stress. Therefore, it is not reasonable to anticipate inhibition
of PLD stimulation by TPA in BLMVECs upon exposure to
hyperoxia as opposed to activation of PLD by 100 mM hydro-
gen peroxide in BPAECs. It is conceivable to argue that
BLMVECs have a different strategy to handle ROS generated
during prolonged hyperoxia exposure wherein tight control of
PLD (attenuation) may play an adaptive role, and we are cur-
rently investigating the physiological significance and mech-
anism of attenuation and activation of PLD in different EC
lines exposed to different oxidants, hypoxia, and hyperoxia.

Exogenously added ROS activated PLD in ECs and fibrob-
lasts (27, 30, 31, 33). In BPAECs, the ROS-induced PLD activa-
tion was not blocked by inhibitors of PKC, such as bisindolyl-
maleimide or calphostin C, but was modulated by tyrosine
kinase inhibitors, genistein and PP-2 (42). Interestingly, in ECs
derived from macrovessels such as pulmonary artery, TPA did
not enhance protein tyrosine phosphorylation (32). However, in
the present study, in the lung microvascular ECs, TPA increased
protein tyrosine phosphorylation, which was blocked by genis-
tein, suggesting a PKC-dependent activation of tyrosine ki-
nases. A similar effect of genistein on TPA-induced PLD activa-
tion and protein tyrosine phosphorylation was observed in
osteoblasts (23). Phorbol ester-enhanced tyrosine phosphoryla-
tion of cellular proteins has been previously reported and was
associated with the intermediate activation of PKC. For exam-
ple, enriched fractions of integral membrane proteins from Jur-
kat cells showed an enhanced tyrosine phosphorylation in the
presence of TPA and PDBu (4). In human neuroblastoma cells,
the docking protein p130Cas was tyrosine-phosphorylated dur-
ing TPA-induced differentiation, which was blocked by the
PKC inhibitor GF109203X (14). Our results show that the basal
tyrosine phosphorylation was enhanced in hyperoxia compared
with that in normoxic cells; however, the TPA-induced tyrosine
phosphorylation was attenuated by hyperoxia. 

The mechanism(s) of TPA-induced PLD activation modu-
lated by hyperoxia is unclear. ROS generated in excess during
hyperoxia may modulate PKC activity, thereby altering the
TPA-mediated PLD stimulation. However, in BLMVECs, hy-
peroxia did not inhibit PKC activity as determined by in vitro
assay, suggesting involvement of signaling pathways down-
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stream from PKC. The possibility of changes in PLD activity
in response to hyperoxia was also considered; however, hy-
peroxia did not modulate the activities of PLD1 or PLD2 as
measured in cell lysates in the presence of PIP2 and/or Arf
and Rho. These results suggest that attenuation of TPA-
induced PLD activation by hyperoxia was not directly due to
modulation of PKC or PLD activity. We previously demon-
strated that diperoxovanadate, an oxidant and inhibitor of
protein tyrosine phosphatases, enhanced Src activity and ty-
rosine phosphorylation of Src (53). Src kinase activity is reg-
ulated by numerous phosphorylation sites. Phosphorylation
of Y-416 (autophosphorylation site) increases its activity,
whereas phosphorylation of Y-527 represses its activity. In
addition, Thr34, Thr46, and Ser72 are phosphorylated by cyclin-
dependent kinase 2 and cyclin B, and Ser12 and Ser48 are
phosphorylated during PKC activation (55). However, TPA-
induced PLD activation in BLMVECs was insensitive to PP-2
(data not shown), whereas genistein blocked [32P]PBt forma-
tion mediated by TPA (Fig. 6). Recent study suggests that
guanine nucleotide-exchange factor(s) for Arf is regulated by
unidentified tyrosine kinase(s) in HL-60 cells (17). It is pos-
sible that TPA-dependent activation of PKC modulates gua-
nine nucleotide-exchange factor(s) via genistein-sensitive ty-
rosine kinase, regulating PLD stimulation (Fig. 9). Our
current study shows that the TPA-mediated protein tyrosine
phosphorylation and PLD activation are attenuated by hyper-
oxia in BLMVECs. As hyperoxia increases lipid peroxidation
and ROS production in BLMVECs (Figs. 1 and 2), it is pos-
sible that the intracellularly generated ROS modulate the
genistein-sensitive tyrosine kinase and/or the guanine nucleo-
tide-exchange factors. Further investigations in regard to
identifying the particular genistein-sensitive tyrosine ki-
nase(s) that modulates guanine nucleotide-exchange factors
and regulation of TPA-mediated PLD activation under hyper-
oxia are necessary.

These are only a few reports on the effect of hyperoxia
on PKC or tyrosine kinases. In rat type 2 epithelial cells,

hyperoxia attenuated epidermal growth factor receptor phos-
phorylation (37). Our data show that TPA-induced tyrosine
phosphorylation was reduced after 2 or 24 h of hyperoxia.
Furthermore, immunofluorescence analysis of total tyrosine-
phosphorylated proteins showed differences in the localiza-
tion of the phosphorylated proteins. In normoxic cells, TPA
caused translocation of the tyrosine-phosphorylated proteins
to the plasma membrane; however, such a translocation was not
seen in hyperoxic cells challenged with TPA (data not shown).
Similar changes in the distribution of epidermal growth factor
and transforming growth factor-a receptors were observed in
the retina of rats exposed to hyperoxia (47). Hyperoxia also ac-
tivated mitogen-activated protein kinases (45), p53 (38), p21
ras (48), GADD (40), and bcl (39). Activation of these kinases
during hyperoxia has been implicated in the onset of apoptosis
in epithelial cells and macrophages.

The functional significance of decreased TPA-induced PLD
activation in hyperoxia is unclear. Agonist-induced activation
of PLD results in transient accumulation of PA, a known sec-
ond messenger in mammalian cells (13). PA is known to acti-
vate NADPH oxidase (26), bind to Raf, activate ERK (12, 50),
stimulate phosphatidylinositol 4-kinase (29), increase intracel-
lular Ca2+ (13), and cause actin-strain fibers (28). Additionally,
PA can be metabolized to LPA by phospholipase A1/A2 (3) or
DAG by lipid phosphate phosphatase (7). Both LPA and DAG
modulate a number of cell signaling enzymes and regulate
cellular functions. Although hyperoxia activated endothelial
NADPH oxidase (Natarajan et al., unpublished observations),
the role of PA generated by PLD signaling by hyperoxia in EC
barrier function is under investigation.

In conclusion, we have demonstrated that hyperoxia en-
hanced the generation of ROS in lung microvascular ECs and
attenuated TPA-induced protein tyrosine phosphorylation and
PLD activation. As PLD plays an important role in inflamma-
tory responses, this could provide a mechanism for the regu-
lation of endothelial barrier function during hyperoxic lung
injury.
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FIG. 9. Proposed mechanism of
hyperoxia-induced alteration of TPA-
induced activation of PLD in lung
microvascular ECs.
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ABBREVIATIONS

Arf, ADP-ribosylation factor; BLMVEC, bovine lung mi-
crovascular endothelial cell; BPAEC, bovine pulmonary
artery endothelial cell; DAG, diacylglycerol; DCF, dichloro-
fluorescein; DCFDA, dichlorodihydrofluorescein di(ace-
toxymethyl ester); DMEM, Dulbecco’s modified Eagle’s
medium; DOPE, dioleoylphosphatidylethanolamine; DPPC,
dipalmitoylphosphatidylcholine; DTT, dithiothreitol; EC, en-
dothelial cell; ERK, extracellular signal-regulated kinase;
HDMVEC, human dermal microvascular endothelial cell;
LPA, lysophosphatidic acid; PA, phosphatidic acid; PBt,
phosphatidylbutanol; PDBu, phorbol dibutyrate; PDTC,
pyrrolidine dithiocarbamate; PG, propyl gallate; PIP2, phos-
phatidylinositol 4,5-bisphosphate; PKC, protein kinase C;
PLD, phospholipase D; ROS, reactive oxygen species; SDS,
sodium dodecyl sulfate–polyacrylamide gel electrophoresis;
TBARs, thiobarbituric acid reactive substances; TPA, 12-O-
tetradecanoylphorbol 13-acetate.
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