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Abstract
Oxidative stress contributes to disease and can alter endothelial cell (EC) function. EC from
different vascular beds are heterogeneous in structure and function, thus we assessed the apoptotic
responses of EC from lung and heart to oxidative stress. Since protein kinase Cδ (PKCδ) is
activated by oxidative stress and is an important modulator of apoptosis, experiments assessed the
level of apoptosis in fixed lung and heart sections of PKCδ wild-type (PKCδ+/+) and null
(PKCδ−/−) mice housed under normoxia (21% O2) or hyperoxia (~95% O2). We noted a
significantly greater number of TUNEL-positive cells in lungs of hyperoxic PKCδ+/+ mice,
compared to matched hearts or normoxic organs. We found that 33% of apoptotic cells identified
in hyperoxic lungs of PKCδ+/+ mice were EC, compared to 7% EC in hyperoxic hearts. We
further noted that EC apoptosis was significantly reduced in lungs of PKCδ−/− hyperoxic mice,
compared to lungs of PKCδ+/+ hyperoxic mice. In vitro, both hyperoxia and H2O2 promoted
apoptosis in EC isolated from microvasculature of lung (LMVEC), but not from the heart
(HMVEC). H2O2 treatment significantly increased p38 activity in LMVEC, but not in HMVEC.
Inhibition of p38 attenuated H2O2-induced LMVEC apoptosis. Baseline expression of total PKCδ
protein, as well as the caspase-mediated, catalytically active PKCδ cleavage fragment, was higher
in LMVEC, compared to HMVEC. PKCδ inhibition significantly attenuated H2O2-induced
LMVEC p38 activation.. Conversely, overexpression of wild-type PKCδ or the catalytically-
active PKCδ cleavage product greatly increased H2O2-induced HMVEC caspase and p38
activation. We propose that enhanced susceptibility of lung EC to oxidant-induced apoptosis is
due to increased PKCδ→p38 signaling, and we describe a PKCδ-centric pathway which dictates
the differential response of EC from distinct vascular beds to oxidative stress.
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Introduction
Increased oxidative stress and reactive oxygen species (ROS) are observed in many acute
and chronic disease states, including atherosclerosis, chronic obstructive pulmonary disease
(COPD), pulmonary hypertension, acute lung injury (ALI), and acute respiratory distress
syndrome (ARDS) (Aoki et al., 2001; Bowers et al., 2004; Chow et al., 2003; Jeremy et al.,
2002; Kirkham and Rahman, 2006; Singh and Jialal, 2006). One of the mechanisms by
which oxidative stress plays a role in the pathophysiology of these diseases is by modulation
of endothelial function (Davignon and Ganz, 2004; Orfanos et al., 2004). Endothelial
dysfunction results in increased monolayer permeability, surface activation, abnormal
angiogenesis, and apoptosis (Bosch et al., 2010; El Solh et al., 2007; Lum and Roebuck,
2001; Vallet and Wiel, 2001; van den Oever et al., 2010). ROS induce apoptosis through
multiple mechanisms; including caspase activation, mitochondrial dysfunction, direct DNA
damage, and activation of other pro-apoptotic downstream signaling molecules (Irani, 2000).

Numerous studies have implicated oxidative stress as a cause/ factor in endothelial cell
dysfunction and apoptosis; however, there is little data addressing the differential responses
of endothelial cells derived from different vascular beds to oxidative stress (Lum and
Roebuck, 2001). It is now well recognized that endothelial cells from different vascular beds
vary in structure, function, and phenotypic characteristics (Aird, 2007a; Aird, 2007b; Yano
et al., 2007). Induction of apoptosis is dependent upon many factors, including genotypic
and phenotypic characteristics of individual cells, as well as the environmental milieu of the
target tissue; thus it is likely that endothelial cell heterogeneity includes differences in
susceptibility to apoptotic stimuli (Aird, 2007a; Aird, 2007b; Yano et al., 2007).

The lung is unique in that it possesses two distinct blood supply networks and three potential
sources of tissue oxygenation (Ng et al., 2002). In addition, the pulmonary and systematic
circulations behave differently in response to alterations in oxygen levels. While the
systemic vasculature dilates in response to hypoxia, hypoxia causes vasoconstriction in the
pulmonary circulation. Thus, it is possible that the response of lung endothelial cells to
oxidant injury may differ from that of endothelial cells from systemic vascular beds, such as
the heart. In this study, we compared the responses of microvascular endothelial cells from
the lung and heart to oxidant injury. We investigated the susceptibility of each endothelial
cell type to ROS-induced apoptosis and the mechanism(s) by which apoptosis was induced.

We show that lung microvascular endothelial cells are more susceptible to oxidant-induced
apoptosis, as compared with heart microvascular endothelial cells. We also present data
indicating that the PKCδ/ p38 pathway is important in mediating differences in
susceptibility to ROS-induced apoptosis of endothelial cells from heart versus lung.

Materials and Methods
PKCδ+/+ and PKCδ−/− Mice

PKCδ+/− breeding pairs were a kind gift from Dr. Brooke Mossman (U. Vermont,
Burlington, VT) (Shukla et al., 2007), originally derived by Dr. Keiichi I. Nakayama
(Miyamoto et al., 2002). These mice were subsequently maintained and bred into the
C57BL/6 background in the Providence VA Medical Center animal facility. Animals were
given food and water ad libitum and monitored daily. The genotype of the mice was
confirmed via polymerase chain reaction (PCR) using the following primers (Integrated
DNA Technologies): common primer 1, 5’GGAAGAATAAGAAACTGCATCACC3’;
amplification of wild type product (240 bp), primer 2,
5’GAAGGAGCCAGAACCGAAAG3’; and amplification of disrupted PKCδ product (150
bp), primer 3, 5’TGGGGTGGGATTAGATAAATG3’, as described by Dr. Keiichi I.
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Nakayama (Riken BRC, RBRC00457). In parallel, spleen tissue from PKCδ transgenic mice
was examined by Western blot analyses using antibodies directed against the –COOH
terminus of PKCδ to confirm levels of protein expression.

For experiments, age- and sex-matched adult PKC+/+ or PKC−/− mice (C57/B6 background),
were caged under normoxia or hyperoxia (~95% O2) for 72h in a Biospherix A-Chamber,
interfaced with a Biospherix ProOx sensor and regulator (Biospherix, Ltd., Lacona, NY).
Lungs and hearts were removed following anaesthetization and exsanguination, and fixed
with 10% formalin (lungs were inflation fixed).

All animal protocols were approved by the Providence VA Medical Center and Brown
University IACUC and comply with the Health Research Extension Act and PHS policy.

Cells and Reagents
Rat lung microvascular (LMVEC) and rat heart microvascular endothelial cells (HMVEC)
were purchased from Vec Technologies (Rensselaer, NY). Von Willebrand factor (vWF)
and VE-cadherin expression, and uptake of acetylated low density lipoprotein, was
confirmed. Cells of the same passage (3–11) were used for comparison. Both endothelial
cell types were cultured in complete medium MCDB-131 (Vec Technologies). During
experiments, the complete medium was removed and the endothelial cells were cultured in
reduced serum medium, which contained 1 part complete MCDB-131 medium and 9 parts
basal MCDB-131 medium (i.e., medium lacking any serum or growth factors).

Antibodies and reagents used were obtained from the following vendors: vWF, Dako; VE-
cadherin and cytochrome c, Santa Cruz Biotechnologies; caspase-3, total and
p~p38(T180/Y182) and total and p~AktS473, Cell Signaling Technology; HSP90, HSP70, and
fluorescently-conjugated acetylated LDL, Invitrogen; GRP94, procaspase-9, and
procaspase-12, Stressgen/Assay Designs, Inc.; procaspase-8, Stratagene/Agilent
Technologies, Inc.; GRP78, Griffonia simplicifolia, Glycine max, Helix pomatia, and
rottlerin, Sigma Aldrich; immunohistochemical enzyme substrates, Vector Laboratories;
TUNEL Apoptosis Detection kit, Millipore; Antioxidant Assay kit, Cayman Chemicals. The
eukaryotic expression vector encoding HA-tagged PKCδ-CAT was obtained from Addgene
(Cambridge, MA); GFP expression vector was purchased from Clontech Laboratories
(Mountain View, CA); and the eukaryotic vector encoding GFP-conjugated to wild type
PKCδ was obtained from Dr. Peter Blumberg (National Cancer Institute) (Wang et al.,
1999).

Transfection
Transient transfection of LMVEC and HMVEC was performed using Polyjet reagent
(SignaGen), according to the manufacturer’s protocol. Optimal overexpression of GFP,
PKCδ-CAT, or wild type PKCδ was confirmed to occur in EC transfected with the
eukaryotic expression vectors at 48h post-transfection.

Apoptosis Assessment
Apoptosis was assessed in cultured EC and paraffin-embedded tissue slices via TdT-
mediated dUTP nick end labeling (TUNEL) staining, as described (Harrington et al., 2000).

To assess caspase activity, EC were harvested and lysed in 10mM HEPES, pH 7.5, 40mM
β-glycerophosphate, 50mM NaCl, 2mM MgCl2, and 5mM EGTA. Following freeze-thaw,
debris was removed by centrifugation. Caspase activity was quantified as described
(Harrington et al., 2001).
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DNA laddering was assessed as described in (Embree-Ku et al., 2002).

Antioxidant Capacity Measurements
Equivalent numbers of LMVEC and HMVEC were collected, re-suspended in assay buffer
(5mM potassium phosphate, pH 7.4, 0.9% NaCl, and 0.1% glucose), and sonicated.
Following centrifugation, supernatant antioxidant capacity was determined using an
Antioxidant Assay kit (Cayman Chemical Company), as per manufacturer’s protocol. This
assay measures the oxidation of 2, 2’-Azino-di-[3-ethylbenzthiazoline sulphonate] (ABTS)
in a two step reaction. First, metmyoglobin catalytically reacts with hydrogen peroxide
forming a ferryl myoglobin radical; which in turn oxidizes ABTS. The radical cation,
ABTS®·+, generated is green in colored and measured spectrophotometrically at an
absorbance of 405 nm. Antioxidants within experimental samples suppress this reaction by
scavenging electrons and inhibiting the formation of the ABTS cationic radical. Trolox [6-
Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid], a water soluble tocopherol analog,
is used as a positive control in the assay, serving to inhibit the formation of the radical cation
in a dose-dependent manner. The antioxidant capacity of our experimental samples was
determined by normalizing to equivalent Trolox units.

Immunohistochemistry
Paraffin-embedded lungs and hearts were sliced into 6µm sections, de-paraffinized, re-
hydrated, and processed for antigen retrieval and quenched. Serial sections were
immunohistochemically-stained for apoptotic cells using TUNEL. EC were identified using
vWF antibodies and nuclei were counterstained with methyl green.

Paraformaldehyde-fixed LMVEC and HMVEC were incubated with the fluorescently-
conjugated lectins, Griffonia simplicifolia, Glycine max, and Helix pomatia, as previously
described (King et al., 2004; Lu et al., 2009). In parallel, fixed LMVEC and HMVEC were
immunofluorescently stained for vWF, VE-cadherin, or cytochrome c, using established
protocols (Harrington et al., 2003; Harrington et al., 2005; Klinger et al., 2007). Acetylated
LDL uptake was assayed by incubating LMVEC or HMVEC with fluorescently-tagged
acetylated LDL for 1h, followed by paraformaldehyde fixation and fluorescence
microscopy.

Statistical Analyses
For ≥3 groups, significance was evaluated using ANOVA with Fisher’s least significance
difference test. For two groups, significance was assessed using Students’ unpaired t-test or
paired t-test. Significance was reached when p<0.05. Data are presented as the mean ± S.E.
or ± S.D.

Results
Higher Incidence of Endothelial Cell Apoptosis in Hyperoxic Lungs versus Hearts; PKCδ
Deficient Mouse Lungs Display Less Hyperoxia-induced Apoptosis

PKCδ, an important modulator of apoptosis, is constitutively activated by caspase-3 in
response to oxidative stress. Thus, using PKCδ null (PKCδ−/−) and wild-type (PKCδ+/+)
mice, we assayed the number of apoptotic cells in lungs and hearts of the mice following
72h of normoxia or hyperoxia (Figure 1). In the PKCδ+/+ mice, we noted significantly more
apoptotic cells in the lungs of mice exposed to high levels of O2, relative to normoxic mice
(Figure 1C). In contrast, hyperoxia did not increase apoptosis in the hearts. We next
immunohistochemically analyzed the fixed organ sections from PKCδ+/+ mice which were
serially stained for DNA fragmentation using a TUNEL assay and for von Wildebrand factor
(vWF), to identify if the apoptotic cells were endothelial cells (Figure 1D). Upon
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enumeration of TUNEL positive endothelial cells in approximately twenty 1000X fields, we
noted ~33% of the TUNEL positive cells to be endothelial cells in the lung following
hyperoxia exposure, while only ~7% of the TUNEL positive cells were endothelial cells in
hearts obtained from the same hyperoxic animal (Figure 1E). The level of endothelial cell
apoptosis in the lungs of hyperoxic PKCδ−/− mice was significantly less (15.845 ± 7.031%;
n=3; p<0.03) than that noted in hyperoxic PKCδ+/+ mouse lungs (32.942 ± 1.910%; n=6)
(Figure 1F), and not statistically different from normoxic PKCδ+/+ or PKCδ−/− mouse lungs.
These data demonstrate a differential response of the endothelium from distinct organ
vascular beds to undergo apoptosis in settings of acute oxygen injury; an apoptotic response
that is dependent upon PKCδ.

Characterization of LMVEC and HMVEC
To determine if endothelial cells responded similarly to oxidant injury in vitro, we used
primary cultures of endothelial cells isolated from the periphery of the lung or heart of rats.
Both the primary cultures of lung microvascular endothelial cells (LMVEC) and heart
microvascular endothelial cells (HMVEC) displayed typical cobblestone morphology
(Supplemental Figure 1A). To confirm the endothelial cell phenotype, we first assayed the
cells for expression of several classic markers of endothelial cells, including vWF, VE-
cadherin, and uptake of acetylated LDL using immunofluorescence microscopy. As
expected, both endothelial cell types stained positive for vWF and VE-cadherin and took up
acetylated LDL (Supplemental Figures 1B–1D). Previous work has characterized lung
macrovascular and microvascular endothelial cells using a series of lectins (King et al.,
2004; Lu et al., 2009). Using the same series of lectins, we noted equivalent levels of
staining in both endothelial cell types with Griffonia simplicifolia and Glycine max (Table
1). Conversely, Helix pomatia staining was low in both the LMVEC and HMVEC. Further
experiments characterizing the endothelial cell markers and lectin staining patterns in early
passaged (P4) and late passaged LMVEC (P11) and HMVEC (P10), demonstrated
maintenance of these characteristics over passages (Table 1).

Response of LMVEC and HMVEC to Oxidative Stress
We investigated the response of LMVEC and HMVEC to apoptosis induced by oxidative
stresses. Endothelial cells were incubated in the presence or absence of the indicated amount
of H2O2 or under normoxic or hyperoxic conditions. Analysis of genomic DNA
demonstrated DNA laddering in LMVEC exposed to both types of oxidative stresses (Figure
2A). Further experiments showed a significant increase in caspase activity in LMVEC upon
exposure to 0.5mM H2O2 (Figure 2B) and a greater number of TUNEL positive LMVEC
upon exposure to hyperoxia (Figure 2C). Interestingly, HMVEC cultured under the same
conditions did not undergo a significant level of apoptosis in response to either oxidative
stress (Figures 2A – 2C).

Antioxidant Capacity of the LMVEC and HMVEC
To explore the possibility that the differential apoptotic response of the LMVEC and
HMVEC following exposure to oxidative stress was due to differing levels of antioxidant
activities within the endothelial cells, we quantitated the overall antioxidant levels. As
shown in Figure 3, the antioxidant levels in LMVEC were not statistically different from
those noted in HMVEC; thus, it appears that the differential response of the two types of
endothelial cells to oxidative stresses is not due to altered antioxidant capacity.
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Effects of Oxidative Stresses on Apoptotic and Unfolded Protein Response (UPR)
Pathways in LMVEC and HMVEC

Reactive oxygen species (ROS) have been shown to promote apoptosis via the intrinsic
pathway through alterations in mitochondrial function and by activation of the UPR pathway
(Buytaert et al., 2007). Thus, we next examined if ROS promoted endothelial cell apoptosis
through the classical pathways (i.e., extrinsic or intrinsic pathways) or by promoting
endoplasmic reticulum stress and apoptosis through a UPR-mediated pathway, by assaying
the activation of caspases known to be involved in these pathways. Caspase-8, caspase-9,
and caspase-12 have been described as initiator caspases, involved in the extrinsic-,
intrinsic-, and UPR-mediated apoptotic pathways, respectively. Thus, we assayed the effects
of ROS exposure on the protein levels of the inactive, pro-peptide forms of these caspases.
We did not observe a significant difference in the levels of procaspase-8, -9, or -12 in
LMVEC as compared with HMVEC upon exposure to H2O2 (Figure 4A). We noted an
increase in the expression of the UPR-associated chaperone proteins GRP94 and GRP78, but
not of the cytosolic chaperone proteins HSP90 or HSP70, in both LMVEC and HMVEC
upon H2O2 exposure (Figure 4B), suggesting a similar level of UPR activation in both
endothelial cell types. Similar results assaying either the pro-caspases or UPR-associated
chaperone proteins were obtained in both endothelial cells cultured under normoxic and
hyperoxic conditions (data not shown). In addition, we did not detect any significant
difference in LMVEC and HMVEC lysates from the various experimental conditions in the
level of cleaved, fluorescent VEID-AFC, LEHD-AFC, or ATAD-AFC in in vitro activity
assays for caspase-6, -9, or -12, respectively (data not shown). Furthermore, pretreatment of
LMVEC or HMVEC with caspase inhibitors z-IETD-fmk (caspase-8), z-LEHD-fmk
(caspase-9), or z-ATAD-fmk (caspase-12) did not significantly affect the degree of
apoptosis in any experimental condition (data not shown).

Upon activation of the intrinsic pathway, cytochrome c is released from the mitochondria
into the cytosol. Thus, to further examine the response of the endothelial cells to oxidative
stress we next assessed the effect of hyperoxia or H2O2 on cytochrome c subcellular
localization. We noted a defined staining pattern of cytochrome c around the nucleus in both
endothelial cell types cultured under normoxic conditions (Figure 4C). We further noted that
upon exposure to hyperoxia (Figure 4D) or H2O2 (data not shown), cytochrome c was more
diffusely localized throughout the cytosol in both the LMVEC and HMVEC.

Differential Activation of p38 by ROS in Lung and Heart Endothelial Cells
To assess the effect of oxidative stress on p38 activation, we next exposed LMVEC or
HMVEC to H2O2 for varying times in serum-reduced medium and lysates were assayed for
the phosphorylated, active form of p38 (T180/Y182). We noted a delayed activation of p38 in
both cells types with increased levels of phosphorylated p38 occurring at 30 minutes
following exposure to H2O2 and levels diminishing by 60 minutes of exposure. We noted an
approximate 75-fold elevation in the level of p38 phosphorylation in the LMVEC at 30
minutes exposure to H2O2 (Figures 5A and 5B), relative to vehicle exposed LMVEC.
Conversely, the level of p38 phosphorylation in H2O2-exposed HMVEC was not statistically
increased relative to the level noted in vehicle exposed HMVEC (p = 0.349).

We next examined the differential role of p38 in mediating ROS-induced apoptosis in
LMVEC, relative to HMVEC. We noted that chemical inhibition of p38 significantly
attenuated H2O2-induced caspase activity in LMVEC (Figure 5C). Thus, the data suggest
that the enhanced level of activated p38 in response to oxidant stress in LMVEC, but not
HMVEC, plays an important role in mediating ROS-induced apoptosis.
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Increased PKCδ Expression May Predispose LMVEC to Increased p38 Activation and ROS-
Induced Apoptosis

PKCδ has been reported to function as a pro-apoptotic mediator by signaling through p38
(Ryer et al., 2005), thus, we next explored how changes in PKCδ activation correlated with
oxidant-induced activation of p38 in LMVEC, relative to HMVEC. We noted an increased
presence of the pro-apoptotic PKCδ proteolytic cleavage fragment in LMVEC, as compared
to HMVEC, under both normoxic and hyperoxic conditions (Figure 6A). Based on these
findings, we then examined total PKCδ protein expression in LMVEC versus HMVEC,
using equal numbers of each cell type, at the same passage. As shown in Figures 6B and 6C,
LMVEC have a greater level of PKCδ protein expression, relative to HMVEC. We next
examined how inhibition of PKCδ might affect p38 activation in LMVEC. We noted that
pre-incubation of LMVEC with the PKCδ chemical inhibitor, rottlerin, significantly
attenuated p38 activation (Figures 7A and 7B) and apoptosis (Figures 7C–7E) in response to
H2O2. The data thus suggest a potential dual role for PKCδ in ROS-induced LMVEC
apoptosis, both as an upstream regulator of p38 activation and as an inducer of DNA-
damage through its caspase-3-dependent cleavage fragment.

Overexpression of wild type or catalytically activated PKCδ increases HMVEC
susceptibility to ROS-induced p38 activation and apoptosis

To determine if HMVEC could become susceptible to ROS-induced apoptosis, we next
enhanced PKCδ protein expression in HMVEC by transfecting with cDNA encoding PKCδ
catalytically active fragment (PKCδ-CAT) or wild type (PKCδ wt) and exposed the cells to
H2O2. HMVEC overexpressing either PKCδ-CAT or PKCδ wt displayed significantly
increased p38 activation in response to H2O2, as compared with GFP-overexpressing
HMVEC (Figures 8A–B, 8D–E). While HMVEC transfected with GFP cDNA demonstrated
an increased level of caspase activity upon H2O2 exposure, relative to untransfected
HMVEC exposed to H2O2 (Figures 2B, 8C, 8F), HMVEC overexpressing PKCδ-CAT or
PKCδ wt displayed a significant elevation in caspase activity, as compared to GFP-
overexpressing HMVEC, following H2O2 treatment (Figures 8C, 8F). This data further
supports the hypothesis that the differential apoptotic response of LMVEC and HMVEC to
oxidant stress is due to the difference in the level of active PKCδ.

Discussion
In the present study, we demonstrated heterogeneity in the apoptotic responses of
endothelial cells from the lung and heart to oxidant-induced injury. We showed that in mice
exposed to hyperoxia, pulmonary endothelial cells underwent significantly more apoptosis,
compared to heart endothelial cells. This was confirmed with cultured lung microvascular
endothelial cells (LMVEC), which displayed increased caspase-3 activation and DNA
laddering in response to both hyperoxia and H2O2, compared to cultured heart
microvascular endothelial cells (HMVEC). The higher incidence of ROS-induced apoptosis
correlated with signficantly increased activation of p38 MAP kinase (p38) and increased
production of the caspase-induced PKCδ cleavage product in LMVEC, as compared with
HMVEC. Further analysis revealed that endothelial cells derived from the lung express more
PKCδ protein than endothelial cells from the heart. To assess the significance of PKCδ
protein level on EC susceptibility to ROS-induced apoptosis, we altered its activation in
both LMVEC and HMVEC. Both rottlerin-induced PKCδ inhibition in cultured pulmonary
endothelial cells and genetic deletion of PKCδ−/− in mouse lungs significantly attenuated
oxidant-induced p38 activation and programmed cell death, respectively. Conversely,
overexpression of a constitutively activated PKCδ cleavage product or PKCδ wt in cultured
heart endothelial cells increased both p38 activation and caspase activation in response to
H2O2. Thus, our findings support the concept of endothelial cell heterogeneity based on
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tissue of origin, and suggest that the level of PKCδ protein and production of its cleavage
product may be a critical factor dictating the response of endothelial cells to oxidant-induced
injury.

Depending upon the type of vessel (artery, vein, or capillary) and the particular organ in
which it resides, each endothelial cell is exposed to a unique extracellular milieu and is
subjected to varying environmental stresses; as a result, endothelial cells differ in both
phenotypic and genotypic characteristics. Chi and colleagues demonstrated site-specific
differences in the transcriptomes of endothelial cells isolated from different portions of the
vasculature (Chi et al., 2003). This study revealed striking differences in the genetic
program between microvascular and macrovascular endothelial cells, as well as between
arterial and venous endothelial cells. Endothelial heterogeneity has also been shown within
vascular beds of the same organ. Dini and Carla demonstrated heterogeneity of the hepatic
sinusoidal endothelium with regard to recognition of apoptotic cells (Dini and Carla, 1998).
In this study, they noted two distinct subsets of endothelial cells correlating with either
recognition of or removal of apoptotic peripheral lymphocytes. Within the pulmonary
vasculature, Lu et al. demonstrated a difference in the TGFβ-1-induced apoptotic response
between endothelial cells derived from the pulmonary conduit vessels and those derived
from the lung microvasculature (Lu et al., 2009)

In the current study, we examined and compared the response of microvascular endothelial
cells derived from the lung and heart to ROS exposure. While endothelial cells of the
kidney, spleen, heart, and lung are all subjected to fluctuations in oxidant exposure, lung
endothelial cells are exposed to the highest oxygen concentrations in the body. As noted by
Aird, pulmonary endothelial cells also undergo the most drastic changes in oxidant exposure
throughout their lifetime, receiving less than 10% of the maternal cardiac output during
embryogenesis, as compared with 100% of the fully oxygenated cardiac output after birth
(Aird, 2007b). It was therefore intriguing that we noted increased apoptosis of LMVEC as
compared with HMVEC in response to reactive oxygen species (ROS).

Both heart and lung endothelial cell populations displayed similar ROS-induced changes in
both the classical and UPR-mediated apoptotic pathways, and there did not appear to be any
significant differences in the antioxidant capacity of either cell type. However, p38 and
PKCδ were differentially regulated in the two cell types. The stress-activated p38 kinase has
a well established role in mediating cellular apoptosis (Deschenes et al., 2001); activation of
this kinase has been shown to mediate cytoskeletal changes associated with membrane
blebbing, as well as both caspase-dependent and independent nuclear condensation and
fragmentation. The two main upstream activators of p38 are the MAP kinase kinase
proteins, MKK3 and MKK6 (Sorkin et al., 2009; Zhu et al., 2001). Activation of these
proteins can be stimulated by a number of signaling molecules, including PKCδ (Uddin et
al., 2002). Activation of PKCδ has been shown to be a crucial component of oxidant-
induced apoptosis in a variety of cell types (Efimova et al., 2004; Kato et al., 2009). In
human keratinocytes, activation of PKCδ by a variety of stressors, including H2O2, causes
the sequential activation of RAS, MEKK1, and MEK6 (Dashti et al., 2001; Efimova et al.,
2004; Ono and Han, 2000). Subsequent activation and nuclear localization of p38 is required
for H2O2-induced keratinocyte apoptosis. Overexpression of dominant negative PKCδ
prevents p38 activation and translocation, suggesting that PKCδ kinase activity is necessary
for mediating ROS-induced apoptosis (Efimova et al., 2004).

There are several known mechanisms of PKCδ activation: diacylglycerol-induced activation
subsequent to serine/threonine phosphorylation at motif sites; tyrosine phosphorylation;
homotypic binding; and generation of a small molecular weight cleavage fragment by
proteolytic cleavage (Kikkawa et al., 2002). Tyrosine phosphorylation and caspase-induced
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cleavage of PKCδ appear to be the primary mechanisms involved in mediating oxidant-
induced apoptosis (Brodie and Blumberg, 2003). Specifically, the PKCδ cleavage product
mediates DNA cleavage and nuclear fragmentation, and serves to regulate transcription of
p53, Rad9, topoisomerase IIα, lamin-β, p73β, and DNA-dependent protein kinase (Brodie
and Blumberg, 2003). In the current study, we noted greater total PKCδ protein expression
in LMVEC than in HMVEC. We also observed an increased presence of the PKCδ catalytic
cleavage fragment in normoxic LMVEC, as compared with normoxic HMVEC, and an
increase in cleavage fragment production in response to ROS in LMVEC, but not HMVEC.

The current study is the first to report that PKCδ is differentially expressed in endothelial
cells derived from different vascular beds, and that this difference is associated with altered
susceptibility to oxidant-induced apoptosis, both in vitro and in vivo. There are several
possible mechanisms by which PKCδ protein expression may be differentially regulated in
lung and heart endothelial cells. One possibility is that transcriptional activation of PKCδ is
enhanced in lung microvascular endothelial cells, compared to heart endothelial cells. Very
little is known regarding the transcriptional regulation of PKCδ; promoter studies have
revealed several putative binding sites for various transcription factors, including p63, p73,
and NFκB (Greene et al., 2010; Ponassi et al., 2006). It is also possible that the turnover of
PKCδ protein is somehow delayed in lung microvascular endothelial cells, as compared to
cardiac microvascular endothelial cells. Finally, a second isoform of PKCδ (PKCδII) was
noted in mice, which possessed similar kinase activity but was insensitive to caspase-
induced cleavage (Sakurai et al., 2001). Thus, it is possible that the heterogenic response
could also be due to higher PKCδII expression in HMVEC. Future studies are needed to
investigate the underlying mechanism of differential expression and activity of PKCδ in
lung- and heart-derived endothelial cells, especially under oxidative stress.

In addition to p38, PKCδ has also been implicated in the phosphorylation and subsequent
activation of the serine/ threonine kinase, Akt (Sud et al., 2008). Akt has been shown to
mediate a myriad of cell functions, including production of endothelial nitric oxide via
eNOS, regulation of glycogen synthesis, cell cycle regulation, and promotion of cell survival
(El-Deiry, 2001; Roberts et al., 2004; Sud et al., 2008; Thakkar et al., 2001). In this study,
we noted a temporal difference in oxidant-induced Akt activation, with HMVEC displaying
a delay in activation relative to LMVEC (Supplemental Figure 2). Pre-treatment of LMVEC
with any concentration of the Akt inhibitor, wortmanin, however, was unable to attenuate
oxidant-induced caspase activation (data not shown), suggesting that, although altered in
response to oxidative stress, Akt activation was not a critical component of the differential
apoptotic response noted in LMVEC and HMVEC.

Further study is necessary to elucidate the mechanism(s) responsible for mediating
differential expression of PKCδ in endothelial cells of the heart and lung, and the possible
homeostatic basis for this difference. Identification of both upstream and downstream targets
of PKCδ should help to further define the oxidant-induced apoptotic pathway and provide
potential targets for attenuation of lung injury in response to ROS. In addition, the
elucidation of mechanisms which dictate the different response of microvascular endothelial
cells, isolated from different organs, to the same stress may provide an approach for tissue
and/ or vascular bed specific targeting for therapeutic modulation in pathophysiological
settings.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lung endothelial cells are more susceptible to hyperoxia-induced apoptosis than heart
endothelial cells; PKCδ deficiency is protective against lung endothelial cell apoptosis
Age and sex-matched PKCδ+/+ or PKCδ−/− mice were caged in normoxic (room air) or
hyperoxic (~95% O2) environments for 72h. The organs from PKCδ+/+ mice were harvested
and immunohistochemically processed either for fragmented DNA, using TUNEL, (panels
A and B) or for the identification of apoptotic endothelial cells, using antibodies directed
against vWF and counterstained using TUNEL and methyl green for nuclei (panel D).
Panels A and B, representative sections of TUNEL stained normoxia and hyperoxia exposed
lungs (panel A) and hearts (panel B) are shown at 400X magnification in bright field.
Arrows indicate cells with TUNEL staining. Panel C, four random fields from each section
viewed at 400X magnification were quantitated for the number of apoptotic cells per field. n
= 4; * p < 0.05 vs. normoxic lungs. NS, not significant. Panel D, representative section of a
hyperoxic mouse lung section co-stained for vWF (VIP positive; purple staining) and
fragmented DNA, using TUNEL (diaminobenzidine (DAB) positive; brown staining)
viewed at 1000X magnification in bright field; scale bar = 20µm. Panel E, random fields
(16–27 fields) containing apoptotic cells from each section viewed at 1000X magnification
were quantitated for the number of TUNEL positive endothelial cells relative to the total
number of TUNEL positive cells in the cumulative fields of the PKCδ+/+ organ sections. n =
5. * p < 0.0001. Panel F, the number of apoptotic endothelial cells were quantitated in lung
sections from PKCδ+/+ and PKCδ−/− mice exposed to normoxia or hyperoxia co-stained for
vWF and fragmented DNA, using TUNEL. n = 3–5. *p < 0.0001.
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Figure 2. Oxidative stress promotes greater degree of apoptosis in LMVEC
Panel A, microvascular endothelial cells cultured in serum deficient medium were exposed
to normoxia, 21% O2, (lane 1) or hyperoxia, 95% O2, (lane 2) for 24h, UV light for 3
minutes and cultured an additional 18h (lane 3), or 0.5mM H2O2 for 24h (lane 4) or vehicle
(H2O) (lane 5). Genomic DNA was isolated and electrophoretically resolved on 2% agarose
gel. Representative gels are shown. n = 3. Panel B, microvascular endothelial cells were
cultured in complete medium (C) or reduced serum medium and exposed to indicated
concentration of H2O2 for 6h. Equivalent amounts of lysates were assayed for caspase
activity, using release of the fluorescent conjugate (AMC) from the peptide substrate,
DEVD. Data is presented as the mean ± S.E. n= 3 – 4; *p < 0.05 vs. complete medium (C)
or vehicle treated (0) cells. NS, not significant. Panel C, microvascular endothelial cells
were cultured in reduced serum medium under settings of normoxia or hyperoxia for 24h
and apoptosis was detected via TUNEL staining. Data is presented as the mean ± S.E. of
percent apoptotic cells relative to total cells present. Normoxic endothelial cells, n = 9;
hyperoxic endothelial cells, n = 11; *p < 0.0005. NS = not significant.
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Figure 3. Equivalent levels of antioxidant capacity in both types of microvascular endothelial
cells
Equivalent amounts of cells grown in complete medium were collected by scraping and the
antioxidant levels were quantitated within equivalent amounts of lysate of LMVEC and
HMVEC using a spectrophotometric antioxidant assay. n = 6.
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Figure 4. Oxidative stress promotes similar effects on caspase activation, UPR-associated
chaperone proteins, and cytochrome c release in lung and heart microvascular endothelial cells
Microvascular endothelial cells cultured in reduced serum medium were exposed to vehicle
or H2O2 overnight. Equivalent amounts of lysates were resolved by SDS-PAGE and
immunoblotted for indicated proteins. Representative gels are presented. n = 3. (panels A
and B). Microvascular endothelial cells were cultured in reduced serum medium in settings
of normoxia (panel C) or hyperoxia (panel D) for 24h. Cells were fixed and
immunofluorescently stained for cytochrome c and viewed at 1000X magnification. Nuclei
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are counterstained with DAPI. Scale bar = 20µm. Representative images are presented. n =
3.
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Figure 5. Differential activation of p38 by oxidative stress in microvascular endothelial cells
Panel A, equivalent amounts of LMVEC or HMVEC, cultured in reduced serum medium,
were exposed to 0.5mM H2O2 for 30 minutes. Equivalent amounts of lysates were resolved
by SDS-PAGE and immunoblotted for phosphorylated p38 (T180/Y182). The membranes
were stripped and reprobed for total p38. Representative immunoblots are shown, n = 3.
Panel B, data is presented as the mean ± S.E. of the level of phosphorylated p38 relative to
total p38 and normalized to the level of active p38 in vehicle treated endothelial cells. n = 3;
*p < 0.001 vs. HMVEC. Panel C, LMVEC were pretreated with 100nM SB203580 for 30
minutes and then exposed to vehicle or 0.5mM H2O2 for 6h. Equivalent amounts of lysates
were assayed for caspase activity, the release of the fluorescent conjugate (AMC) from the
peptide substrate, DEVD. Data is presented as mean±SE. n = 6. *p < 0.0001 vs. vehicle ±
SB203580. **p < 0.05 vs. 0.5mM H2O2 without SB203580.
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Figure 6. Increased PKCδ expression and cleavage fragment production in LMVEC as
compared to HMVEC
Panel A, equivalent numbers of LMVEC or HMVEC, grown in reduced serum medium,
were exposed to 0.5mM H2O2 for 30 minutes (or UV light for 3 minutes). Equivalent
amounts of lysates were resolved by SDS-PAGE and immunoblotted using an antibody
directed against the carboxyl terminus of PKCδ. Blots were stripped and reprobed for β-
actin to confirm equal protein loading. A representative immunoblot is shown, n = 4. Panel
B, lysates collected from equal numbers of LMVEC and HMVEC (1.5 × 105 cells) were
resolved by SDS-PAGE and immunoblotted for PKCδ. Blots were stripped and reprobed for
β-actin to confirm equal protein loading. A representative immunoblot is shown, n=3. Panel
C, data is presented as the mean ± S.E. of the level of PKCδ protein relative to β-actin
protein. n = 3; *p < 0.05.
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Figure 7. Inhibition of PKCδ attenuates oxidant-induced p38 activation in LMVEC
Panel A, Equal numbers of LMVEC were incubated with 10 µM rottlerin or vehicle for 30
minutes, followed by exposure to 0.5 mM H2O2 for 30 minutes. Equivalent quantities of
lysates were resolved by SDS-PAGE and immunoblotted for phosphorylated p38 (T180/
Y182). The membranes were stripped and reprobed for total p38. Representative
immunoblots are shown, n = 3. Panel B, data is presented as the mean ± S.E. of the level of
phosphorylated p38 relative to total p38. *p < 0.0001 vs. vehicle. Panels C and D, Equal
numbers of LMVEC were incubated with 10 µM rottlerin (or vehicle) for 30 minutes,
followed by exposure to 0.5 mM H2O2 for 6 hours. Panel C, equivalent amounts of lysates
were assayed for caspase activity, based on the release of the fluorescent conjugate (AMC)
from the peptide substrate, DEVD. Data is presented as the mean±S.E. n = 4; *p < 0.05 vs.
or vehicle treated cells. Panel D, equivalent amounts of lysates were immunoblotted with an
antibody for cleaved caspase-3. PC = UV-irradiated positive control (Panel D). Panel E, data
is presented as the mean±S.E. of the level of cleaved caspase-3 (17 kDa fragment) relative to
β-actin, normalized to the level noted in LMVEC pretreated with vehicle and then incubated
with vehicle for 30 minutes. n = 3; *p < 0.05 vs. all other conditions.
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Figure 8. Increased susceptibility to ROS-induced p38 activation and apoptosis in HMVEC
overexpressing PKCδ
HMVEC were transfected with cDNA encoding the catalytic cleavage product of PKCδ
(PKCδ-CAT) (Panels A–C), with cDNA encoding wild type PKCδ (PKCδ wt) (Panels D–
F), or GFP cDNA, as control, for 48h and then transfected HMVEC were expose to H2O2
for 30 minutes. Panels A and D, Equivalent amounts of lysates were resolved by SDS-
PAGE and immunoblotted for phosphorylated p38 (T180/Y182). The membranes were
stripped and reprobed for total p38. Representative immunoblots are shown, n = 3. Panels B
and E, data is presented as the mean±S.E. of the level of phosphorylated p38 relative to total
p38. *p < 0.005 vs. PKCδ cDNA transfected endothelial cells exposed to vehicle; #p < 0.02
vs. GFP exposed to H2O2. Panels C and F, HMVEC transfected with GFP or PKCδ-CAT or
PKCδ wt were cultured in complete medium (C) or reduced serum medium and exposed to
H2O2 for 6h. Equivalent amounts of lysates were assayed for caspase activity, the release of
the fluorescent conjugate (AMC) from the peptide substrate, DEVD. Data is presented as the
mean±S.E. n= 3; * p < 0.0001 vs. all other conditions.
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Table 1

Characterization of Microvascular Endothelial Cells

LMVEC HMVEC

P4 P11 P4 P10

vWF +++ +++ +++ +++

VE-cadherin +++ Not done +++ Not done

Ac-LDL +++ +++ +++ +++

Griffonia simplicifolia +++ +++ +++ +++

Glycine max +++ +++ +++ +++

Helix pomatia + + + +

N=3 for each staining
Level of immunofluorescence signal: +, low; ++, moderate; +++, high.
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