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Abstract Oxidized-1-palmitoyl-2-arachidonyl-sn -glycerol-3-
phosphocholine (Ox-PAPC) has been demonstrated to ac-
cumulate in atherosclerotic lesions and regulates expression
of more than 1,000 genes in human aortic endothelial cell
(HAEC). Among the most highly induced is heme oxygenase-
1 (HO-1), a cell-protective antioxidant enzyme, which is sensi-
tively induced by oxidative stress. To identify the pathway by
which Ox-PAPC induces HO-1, we focused on the plasma
membrane electron transport (PMET) complex, which con-
tains ecto-NADH oxidase 1 (eNOX1) and NADPH:quinone
oxidoreductase 1 (NQO1) and affects cellular redox status
by regulating levels of NAD(P)H. We demonstrated that
Ox-PAPC and its active components stimulated electron
transfer through the PMET complex in HAECs from inside
to outside [as determined by extracellular 2-(4-iodophenyl)-3-
(44-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1)
reduction] and from outside to inside of the cell (as deter-
mined by intracellular NBT reduction). Chemical inhibitors
of PMET system and siRNAs to PMET components (NQO1
and eNOX1) significantly decreased HO-1 induction by Ox-
PAPC. We present evidence that Ox-PAPC activation of nu-
clear factor (erythroid-derived 2)-like 2 (Nrf2) in HAEC plays
an important role in the induction of HO-1 and PMET in-
hibitors blocked Nrf2 activation by Ox-PAPC. We hypothe-
sized that PMET activation by Ox-PAPC causes intracellular
NAD(P)H depletion, which leads to the increased oxidative
stress and HO-1 induction. Supporting this hypothesis, cotreat-
ment of cells with exogenous NAD(P)H and Ox-PAPC sig-
nificantly decreased oxidative stress and HO-1 induction by
Ox-PAPC. Taken together, we demonstrated that the PMET
system in HAEC plays an important role in the regulation of
cellular redox status and HO-1 expression by Ox-PAPC.—
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Oxidation product of phospholipids with arachidonic
acid at the sn2 position accumulate in the atherosclerotic
lesions and other chronic inflammatory sites (1, 2). Mini-
mally modified low-density lipoprotein whose bioactive
component is oxidized-1-palmitoyl-2-arachidonyl-sn-glycerol-
3-phosphocholine (Ox-PAPC) was shown to activate
monocyte-endothelial cell interaction (2, 3). We recently
demonstrated that a 4 h treatment with Ox-PAPC regu-
lates more than 1,000 pro- and antiatherogenic genes in
human aortic endothelial cell (HAEC) (4, 5). These in-
clude genes shown to control inflammation, sterol synthe-
sis, unfolded protein response, thrombosis, and redox
status (4, 5). Previously, we identified active components
of Ox-PAPC namely 1-palmitoyl-2-(5,6-epoxyisoprostane
E2-sn-glycerol-3-phosphocholine) (PEIPC), 1-palmitoyl-2-
glutaroyl-sn-glycerol-3-phosphocholine (PGPC), and POVPC
(1-palmitoyl-2-oxovaleroyl-sn-glycerol-3-phosphocholine)
with PEIPC being the most active component (2, 3, 6). We
and others have shown that heme oxygenase-1 (HO-1) is
strongly induced by Ox-PAPC and PEIPC in endothelial
cells (5, 7, 8). HO-1 is sensitively induced by oxidative stress
and has been shown to be cell-protective and antiathero-
genic enzyme in endothelial cells (9, 10). The expression
of HO-1 is regulated by several transcriptional factors in-
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cluding nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
(7, 11). In the absence of stimulation, Nrf2 is associated
with kelch-like ECH-associated protein 1 (Keap1), which
is a negative regulator of Nrf2; however increased oxidative
stress induces Nrf2 to be released from keap1 and trans-
located into the nucleus (12, 13). However the mechanism
for the induction of oxidative stress in the cells and sub-
sequent Nrf2 activation by Ox-PAPC in HAEC is not
known. Our studies present evidence that plasma mem-
brane electron transport (PMET) system plays a role in
Nrf2 activation by Ox-PAPC.

The PMET system transfers electrons from intracellular
electron source (NAD(P)H) to the extracellular acceptors
such as oxygen or artificial probe 2-(4-iodophenyl)-3-(44-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1)
(14, 15); or electrons can be transported from the extracel-
lular source like exogenous donors such as NAD(P)H to
the intracellular NAD(P)1 or artificial acceptor nitroblue-
tetrazolium (NBT) (16) (Fig. 1). Additionally electrons from
exogenous NAD(P)H can be transferred to the extracellu-
lar electron acceptor by the cell-surface PMET system (17).
The PMET system is involved in the regulation of cellu-
lar redox status by regulating NAD(P)H levels in the cells
(18). NADH has direct antioxidant effects and NADPH is
an essential cofactor for the regeneration of glutathione
and thioredoxin, which are important antioxidant free thiol
systems in the cells (19). The PMETcomplex has been shown
to be composed of ecto-NADH oxidase (eNOX) at the extra-
cellular surface of the plasma membrane, a recycling qui-
none molecule in the intermembrane space transferring
electrons between NQO1 and eNOX, and NAD(P)H:qui-
noneoxidoreductase 1 (NQO1) at the inner surface of plasma
membrane (18, 20, 21) (Fig. 1). Three subtypes of eNOX
have been identified, namely ecto-NADHoxidase 1 (eNOX1),
eNOX2, and aging-related NADH oxidase (arNOX) (20).

Recently, arNOX was shown to produce extracellular super-
oxide in the lymphocyte and platelets from aged person
suggesting a role of PMET system with age-related diseases
(22, 23). It was originally thought that PMET activity is pas-
sively regulated by intracellular NAD(P)H level. However,
recently it has been shown that homocysteine increased
PMET activity in endothelial cells, suggesting that the
PMET system may be regulated by molecules (24). In the
current study we demonstrated that, in HAEC, Ox-PAPC
activates the PMET system inducing oxidative stress and
leading to HO-1 induction.

MATERIALS AND METHODS

Materials and reagents
PAPC, POVPC, and PGPC were purchased from Avanti Polar

Lipids. PAPC was oxidized by air exposure for 48 h and the com-
position of Ox-PAPC was analyzed by electrospray ionization-mass
spectrometry as described (6). PEIPC was prepared as described
(25). The Nrf2 antibody was purchased from Santa Cruz. Anti-
bodies for GAPDH, NQO1, and histone were purchased from
Cell Signaling. Diphenyleneiodonium (DPI), NBT, protease inhibi-
tor, and phosphatase inhibitor cocktails were purchased from Sigma.
Dicoumarol (DC) was purchased from Calbiochem. 2-(4-Iodo-
phenyl)-3-(44-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
(WST-1) and 1-methoxy-5-methylphenazinium, methylsulfate
(mPMS) were purchased from Dojindo. Minimally modified
LDL was prepared by oxidation of human LDL as described (26).

Cell culture
Postconfluent HAECs passage 4–8 were used for this study.

HAEC were isolated and maintained as described (27). For gene
regulation, HAECs were incubated in M199 media containing
1% FBS for 4 h. For the activation of transcription factor Nrf2,
cells were treated for 2 hrs with stimuli in M199 containing

Fig. 1. Schematic diagram of trans plasma membrane electron transport (PMET) activities directed from
inside to outside (in→out) and from outside to inside (out→in) of the cells. PMET complex is composed
of extracellular surface component ecto-NADH oxidase 1 (eNOX1), and intermembrane recycling quinone,
and intracellular surface component NADPH:quinone oxidoreductase 1 (NQO1). A: Trans-PMET activity
directed from the intracellular NAD(P)H to the extracellular electron acceptor such as O2 or artificial
probe 2-(4-iodophenyl)-3-(44-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1), which is cell-
impermeable. B: Trans-PMET activity directed from the extracellular electron source, such as protein-thiols
or exogenous NAD(P)H, to the intracellular electron acceptor, such as NAD(P)1 or artificial electron accep-
tor nitrobluetetrazolium (NBT). WST-1 and NBT develop color changes by reduction.
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0.2% FBS. Unless otherwise specified, cells were pretreated with
inhibitors for 1 h and cotreated with stimuli for specified times.

Gene silencing by siRNA-transfection
Scrambled control and siRNAs specific to eNOX1 (Hs_

FLJ10094_1_HP, Hs_FLJ10094_4_HP), NQO1 (Hs_NQO1_1_HP,
Hs_NQO1_8_HP), and Nrf2 (Hs_NFE2L2_4_HP) were pur-
chased from Qiagen. HAECs were transfected with siRNA using
Lipofectamine 2000 (Invitrogen) following the recommended
protocol by the manufacturer (28). After 2–6 days of culture,
silencing of target genes was confirmed by QRT-PCR and West-
ern blotting. Two siRNAs were used for each gene to control off-
target effects.

QRT-PCR
Total RNA and cDNAwere prepared using RNA extraction and

cDNA synthesis kit (Bio-Rad). SYBR: green master mixture and
PCR amplification system from Applied Biosystems were used for
quantitative PCR. The primer sequences used for Quantitative
RT-PCR (QRT-PCR) were: GAPDH, F:5′-CCT CAA GAT CAT
CAG CAA TGC CTC CT-3′, R:3′-GGT CAT GAG TCC TTC CAC
GAT ACC AA-5′; HO-1, F:5′-ATA GAT GTG GTA CAG GGA GGC
CAT CA-3′, R:5′-GGC AGA GAATGC TGA GTT CAT GAG GA-3′;
IL-8: F:5′-ACC ACA CTG CGC CAA CAC AGA AAT-3′, R:5′-TCC
AGA CAG AGC TCT CTT CCA TCA GA-3′; eNOX1, F: 5′-TGA
GCA AGA GAT GGA GGA AGC CAA -3′, R:5′-ATT CCG GAG
CTC CTC AGA ATG CTT-3′; eNOX2, F:5′-AGT ATT TGT GGG
TGG TCT GCC TGA-3′, R: 5′-ACC ATG TAC TCC TCA GCA
AAG CGA-3′; NQO1, F: 5′-AAG GAT GGA AGA AAC GCC TGG
AGA -3′, R:5′-GGC CCA CAG AAA GGC CAA ATT TCT-3′;
NQO2: F:5′-AGT GGA AAC CCA CGA AGC CTA CAA-3′, R:5′-
TGA ACC AGT ACA GCG GGA ACT GAA-3′; Nrf2: F: 5′-AGC
ATG CCC TCA CCT GCT ACT TTA-3′, R: 5′-ACT GAG TGT
TCT GGT GAT GCC ACA-3′.

Immunoblotting (Western blot)
Laemmli buffer (Bio-Rad) containing protease and phospha-

tase inhibitor cocktails and PMSF (1 mM) was used for total cell
lysate preparation. Nuclear fraction was isolated as described in
the previous report (29). The protein samples were separated on
4–20% Tris-glycine SDS-PAGE gel (ISC Bioexpress) using stan-
dard protocol for gel running and blotting (28, 30). Blots were
incubated with antibodies in 5% fat-free milk or 3% BSA in TBST
(Tris-buffered saline, 0.1% Tween 20) for 1 hr at room tempera-
ture or overnight at 4°C. Blots were developed and the image
was acquired using chemiluminescence kit (Amersham) and
VersaDoc Imaging System-Model 5000 (Bio-Rad). Quantity One:
program was used to measure band densities in the gel image.

Assay for trans-PMET activity
To measure the trans-PMET activity (in→out), which transfer

electrons from the intracellular electron source NAD(P)H to
the extracellular acceptor, the method described in the previous

report was used (17). Briefly, HAECs in 96-well formats were in-
cubated with stimuli in Hankʼs Balance Salt Solution containing
WST-1 (500 mM) and mPMS (1 mM) in total volume of 100 ml.
WST-1 accepts electrons from PMET complex only in the pres-
ence of an electron mediator mPMS and develops a yellow color
(17). After incubation for the specified time, the absorbance at
440 nm was measured as an indicator of trans-PMET activity
(in→out). A blank test was performed in the absence of cells
but in the presence of stimuli, and the blank values were sub-
tracted from the values with cells. For the measurement of
trans-PMET activity directed from the exogenous NAD(P)H to
the intracellular electron acceptor (out→in), a cell-permeable
artificial electron acceptor NBT was employed. Briefly, after
washing twice with PBS confluent HAECs in 96-well dishes were
incubated with stimuli in Hankʼs Balance Salt Solution contain-
ing NBT (400 mM) and NADH (100 mM) or NADPH (500 mM) in
total volume of 100 ml. NBT forms blue formazan upon reduction
in the cells and NAD(P)H is generally regarded as cell-impermeable
(18, 31). After washing twice with PBS, unincorporated NBT
was discarded by washing with methanol (150 ml). Formazan in
the cells was dissolved in 60 ml of 2M KOH and 90 ml of DMSO,
and the absorbance at 690 nm was measured as an indicator of
formazan formation in the cells.

Detection of intracellular reactive oxygen species formation
For the detection of reactive oxygen species in the cells, a

DCF assay was employed. Briefly cells were grown in 4 well-glass
chamber slides to confluence. Cells were preincubated with DCF
(5 mM, molecular probes) for 30 min in assay media (M199 plus
1% FBS) at 37°C in CO2 incubator. After removing DCF solu-
tion, cells were treated with stimuli (e.g., Ox-PAPC) in assay
media. The green fluorescence (excitation: 488 nm, detection:
505 nm) was measured using an inverted confocal microscope.
Readings were analyzed at the times shown. The PASCAL program
was used for imaging and analysis of the signal. Minimum laser in-
tensity and exposure time were used to prevent nonspecific bleach-
ing of the cells during the observation. For the quantification of
the signal, the mean signal intensity of 10 cells randomly chosen
was used. The same intensity of laser and settings for image acquir-
ing were used for the comparison of multiple observations.

Statistical analysis
Two-tailed unpaired Studentʼs t -test was used to evaluate the

difference between two groups. The P value ,0.05 was regarded
as a statistically significant.

RESULTS

Ox-PAPC increased trans-PMET activity (in→out) in HAEC
As shown in Table 1, HAECs express components of

PMET system (eNOX1, eNOX2, NQO1, and NQO2) with

TABLE 1. Relative mRNA levels of eNOX1, eNOX2, NQO1, and NQO2 in human aortic endothelial cell (HAEC)

Gene GAPDH eNOX1 eNOX2 NQO1 NQO2

Ct value 13.83 6 0.153 24.33 6 0.141 23.73 6 0.141 15.93 6 0.153 21.0 6 0.00
Relative mRNA copy numbera 1,000 0.69 1.05 233.94 6.98

a Value means mRNA copy number per thousand copies of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA in HAEC. Copy numbers were calculated from Ct value of QRT-PCR. Each primer set showed
ideal double expansion in PCR reactions as determined by standard reactions using known amounts of templates
in the reactions. There was no formation of primer dimers, which was determined by melting dissociation curve.
Values are mean 6 SD of triplicate PCR reactions.
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NQO1 being a highly abundant protein. To measure the
trans-PMET activity (in→out), we employed artificial elec-
tron acceptor WST-1 which is a cell-impermeable and
develops a yellow color upon reduction (16). The PMET
complex cannot transfer electrons directly to WST-1 with-
out mediator mPMS (18). As shown in Fig. 2A, Ox-PAPC
dose-dependently increased trans-PMET activity (in→out)
in HAEC. In the absence of mPMS, WST-1 reduction by
Ox-PAPC itself was negligible (Fig. 2A) indicating that
our assay is a true measure of trans-PMET (in→out) activ-
ity in the cells. The bioactive components of Ox-PAPC,
PEIPC (Fig. 2A), and, to a much smaller extent, POVPC
(Fig. 2B) also significantly increased trans-PMET activity
(in→out) in HAEC. Minimally modified LDL, which con-
tains Ox-PAPC, also significantly increased trans-PMET ac-
tivity (in→out); normal LDL was without effect (data not
shown). Previous reports showed that DPI inhibits PMET
activity in cells (18). DPI is an efficient inhibitor of flavo-
enzyme, including NQO1, a PMET component (32). As
shown in Fig. 2C, DPI efficiently inhibited Ox-PAPC-
induced trans-PMET (in→out) activity, likely acting on

the flavoprotein NQO1. A specific inhibitor of NQO1
DC (33, 34) also dose-dependently inhibited Ox-PAPC-
induced trans-PMET activity (in→out) in HAEC (Fig. 2C).
In the absence of cells, Ox-PAPC, PEIPC, and POVPC,
DPI and DC did not show significant interactions with
WST-1 in the range of concentrations used in the assay.

Ox-PAPC activated trans-PMET activity (out→in) in HAEC
Interestingly, Ox-PAPC dramatically increased electron

flow from exogenously added NAD(P)H into the cells
as determined by the reduction of cell-permeable probe
NBT (Fig. 3A). The effect of NADH on intracellular
NBT reduction was slightly more potent than that effect
of NADPH (NADPH data not shown). In the absence of
NADH, Ox-PAPC alone increased intracellular NBT reduc-
tion with a peak at about 5 ug/ml (Fig. 3A, light bars)
with a bell-shape curve. However, in the presence of
NADH, Ox-PAPC increased NBT reduction about 10-fold
(Fig. 3A, dark bars), which was dose-dependent up to
about 100 ug/ml. Three bioactive components of Ox-
PAPC also increased intracellular NBT reduction in

Fig. 2. Oxidized-1-palmitoyl-2-arachidonyl-sn -glycerol-3-phosphocholine (Ox-PAPC), PEIPC, and POVPC increase trans-PMET (in→out)
activities. A: The trans-PMET activity (in→out) induced by various concentration of Ox-PAPC and PEIPC was measured using WST-1
as probe for 4 hr incubation in the presence or absence of electron mediator 1-methoxy-5-methylphenazinium, methylsulfate (mPMS)
(1uM). B: The activation of trans-PMET (in→out) system by POVPC was measured for 4 h as in A. C: Human aortic endothelial cells
(HAECs) were pretreated with the indicated concentrations of diphenyleneiodonium (DPI) and dicoumarol (DC) for 1 hr, and trans-PMET
activity (in→out) was measured in the presence of Ox-PAPC (50 mg/ml) and the same levels of DPI or DC for 2.5 h additional incuba-
tion. All values are mean 6 SEM of 4–6 reactions per treatment. * P , 0.05, ** P , 0.01, *** P , 0.001 compared with the control values
(no Ox-PAPC or no inhibitor).
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HAEC (Fig. 3B) with PEIPC being the most potent stimu-
lator. PEIPC (0.1 ug/ml) induced more NBT reduction
than 50 ug/ml of Ox-PAPC, PGPC, or POVPC. PMET
inhibitors DPI and DC significantly inhibited Ox-PAPC-
induced intracellular NBT reduction in the cells (Fig. 3C).
Importantly NAD(P)H alone did not induce any significant
intracellular NBT reduction in the cells without Ox-PAPC.
Ox-PAPC and its components, DPI, and DC did not show
significant interactions with NBT without cells.

PMET components (NQO1 and eNOX1) are involved
in the induction of HO-1 by Ox-PAPC. In order to deter-
mine the role of PMET system in regulation of HO-1 by
Ox-PAPC, we silenced two PMET components using siRNA
transfection. As shown in Fig. 4A, NQO1 mRNA level was
decreased by 75% by siRNA transfection. As was seen for
dicumarol (Fig. 3C), NQO1 gene silencing significantly
decreased extracellular WST-1 reduction by Ox-PAPC
thus blocking trans-PMET (in→out) activity in the cells
(Fig. 4B). The basal level of WST-1 reduction was also
decreased by NQO1 silencing. Previous reports showed
that Ox-PAPC decreased intracellular NAD(P)H level in
bovine vascular endothelial cells (35), suggesting that
NAD(P)H depletion might be an important factor for oxi-

dative stress induced by Ox-PAPC. We hypothesized that
trans-PMET (in→out) activity induced depletion of intra-
cellular NAD(P)H levels, causing an increase of cellular
oxidative stress. Because HO-1 is sensitively induced by
oxidative stress, we examined the silencing effects of PMET
components on HO-induction by Ox-PAPC. Interestingly,
NQO1 gene silencing significantly decreased HO-1 induc-
tion by Ox-PAPC (Fig. 4C); however, NQO1 silencing did
not affect the induction of interleukin-8 (IL-8), which is a
representative proinflammatory and proatherogenic cyto-
kine induced by Ox-PAPC in HAEC. As shown in Fig. 4D,
NQO1 inhibitor DC also significantly decreased HO-1 in-
duction by Ox-PAPC in HAEC; however, IL-8 induction by
Ox-PAPC was also not affected by dicoumarol. We tested
the effects of the silencing of eNOX1, which is another
component of PMET complex. We relied on the QRT-PCR
to confirm the silencing of eNOX1 because of the lack of
eNOX1-specific antibody. As shown in Fig. 4D, the eNOX1
mRNA level was decreased substantially by siRNA to eNOX1.
Importantly eNOX1 gene silencing also significantly in-
hibited the induction of HO-1 but not of IL-8 by Ox-PAPC
(Fig. 4E). We concluded that HO-1 expression is regulated
by trans-PMETactivity (in→out) in the presence of Ox-PAPC.

Fig. 3. Ox-PAPC and its active components increased trans-PMET activities (out→in). A, B: HAECs were incubated for 1 hr with Hankʼs
Balanced Salt Solution containing NBT (400 mM) and NADH (100 mM) in the presence of various levels of Ox-PAPC (A), or Ox-PAPC
(50 mg/ml), PEIPC (0.1mg/ml), 1-palmitoyl-2-glutaroyl-sn -glycerol-3-phosphocholine (PGPC) (50 mg/ml), POVPC (50 mg/ml) (B). Cells
were rinsed, lysed, and levels of reduced NBT were determined. C: HAECs were pretreated with vehicle, DPI (6.5 mM), and DC (200 mM)
for 1 hr. Trans-PMET activity (out→in) was measured as in A and B after addition of Ox-PAPC (50 mg/ml) for 1 hr. Values were mean 6
SD of duplicate reactions. * P , 0.05, ** P , 0.01, *** P , 0.001 compared with the control values (no Ox-PAPC or no inhibitor). These
experiments are representatives of three giving similar results.
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Exogenous NAD(P)H decreased intracellular
oxidative stress and HO-1 induction by Ox-PAPC
in HAEC

Our data suggest that the supplementation of cells with
NAD(P)H in the cells blocks the increase of oxidative
stress by Ox-PAPC. We therefore tested the effects of exoge-
nously NAD(P)H on the induction of oxidative stress and
HO-1 expression by Ox-PAPC in HAEC. As shown in
Fig. 5A, exogenous NAD(P)H in HAEC efficiently de-
creased intracellular reactive oxygen species formation
in the cells as determined by DCF assay that measures the
formation of hydrogen peroxide (H2O2) and peroxinitrite
(ONOO-) in the cells. Correspondingly, exogenous NADH
also significantly decreased HO-1 induction by Ox-PAPC
(Fig. 5B). Because NAD(P)H is cell-impermeable, trans-
PMET activity (out→in) is likely to be involved in this
process. Conclusively the electrons derived from the ex-
tracellular NAD(P)H may be transported into the cells

through trans-PMET activity (out→in) and reduce oxida-
tive stress in the cells.

Activation of Nrf2 plays a role in the Ox-PAPC-mediated
regulation of HO-1 by the PMET system

Since Nrf2 had previously been shown to be a strong
regulator of HO-1 transcription in other cell types, we
tested the importance of Nrf2 for the induction of HO-1
in response to Ox-PAPC. The transfection of siRNA to
Nrf2 substantially decreased Nrf2 expression levels in
HAEC (Fig. 6A). Nrf2 silencing significantly downregu-
lated HO-1 induction by Ox-PAPC (Fig. 6B). In Fig. 4D
and 4F, we demonstrated that NQO1 inhibitor DC and
eNOX1 silencing significantly inhibited HO-1 induction
by Ox-PAPC in HAEC. DC (Fig. 6C) as well as eNOX1
silencing (Fig. 6D) significantly inhibited Nrf2 activation
by Ox-PAPC in the cells as shown by the blocking of nu-
clear transport of Nrf2. We employed two siRNAs with

Fig. 4. NQO1 and eNOX1 regulate Ox-PAPC-induced heme oxygenase-1(HO-1) expression in HAEC. A: Scrambled (sc) or siRNAs specific
to NQO1 (NQO1 si) were transfected into HAEC. After 2 days, mRNA and protein levels of NQO1 were measured using QRT-PCR and
Western blotting as described in the procedure. B: Cells treated with siRNA to NQO1 or scrambled control were used for measurement
of trans-PMET activity (in→out) induced by Ox-PAPC (50 mg/ml, Ox50) as determined by WST-1 reduction. C: Cells were treated as in B,
and HO-1 and interleukin-8 (IL-8) transcriptional levels induced by Ox-PAPC (50 mg/ml, Ox50) were determined by QRT-PCR. D: HAECs
were pretreated with DC (20 mM) for 1 hr and cotreated with Ox-PAPC (50 mg/ml, Ox50) for 4 hrs. HO-1 and IL-8 mRNA levels in-
duced by Ox-PAPC were determined by QRT-PCR. E: Cells were transfected with scrambled (sc) or siRNA specific to eNOX1 (eNOX si).
After 5–6 days, mRNA levels of eNOX1 were measured using QRT-PCR. F: Cells were treated as in E, and HO-1 and IL-8 transcriptional
levels induced by Ox-PAPC (50 mg/ml, Ox50) were then determined by QRT-PCR. Values are mean 6 SEM of triplicate reactions. ** P ,
0.01, *** P , 0.001; ns: not significant.
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different nucleotide sequences for eNOX1 silencing in
the cells and both were active. We conclude that PMET
activation by Ox-PAPC regulates Nrf2 activation.

DISCUSSION

These studies were directed at identifying the mecha-
nism of HO-1 transcriptional regulation by Ox-PAPC. HO-1
levels have been shown to be regulated by oxidative stress
in a number of different systems. We sought to identify the
oxidative stress signaling pathway(s) involved in Ox-PAPC
regulation of HO-1 transcription. In the current study, we
present evidence that the trans-PMET activity is a key factor
in induction of HO-1 in HAEC. HAEC were shown to con-
tain PMET proteins with NQO1 being a highly abundant
protein (Table 1). We demonstrated that Ox-PAPC activated
movement of electrons from inside of the cell to the extra-
cellular electron acceptor WST-1. The most active com-
ponent of Ox-PAPC, PEIPC, also stimulated trans-PMET
(in→out) activity in HAEC. In an artificial system, where
cell-impermeable NAD(P)H was added to the cell, Ox-PAPC
was able to stimulate the movement of electrons from out-
side to inside of the cells as determined by increase of NBT
reduction in the cells.

We hypothesized that the Ox-PAPC induced a decrease
in NAD(P)H by PMET (in→out) leading to HO-1 induc-
tion. This hypothesis was based on several published ob-
servations. In tumor cells, in to out stimulation has been
shown to reduce NAD(P)H levels in the cells (15, 18).
Furthermore, previous studies showed that NAD(P)H was

decreased by treatment of endothelial cells with Ox-PAPC
and that oxidative stress was increased (35). We also ob-
served an increase in oxidative stress with Ox-PAPC treat-
ment in HAEC (Fig. 5A). In support of this hypothesis,
silencing of eNOX1 and NQO1 as well as use of NQO1
inhibitor DC (Figs. 4C, D, F) decreased HO-1 induction
by Ox-PAPC. The siRNA to NQO1 was probably less effec-
tive because NQO1 levels are high in HAEC and we could
not achieve complete protein knockdown in the cells. DPI,
a general flavoprotein inhibitor, which can inhibit the ef-
fect of NQO1, was also effective in inhibiting HO-1 induc-
tion by Ox-PAPC (data not shown). A role for PMET and
NAD(P)H depletion in HO-1 induction by Ox-PAPC was
confirmed by showing that addition of NAD(P)H to the
cells (which would be expected to raise NAD(P)H levels
by PMET out to in) decreased oxidative stress and HO-1
induction (Fig. 5). Although NAD(P)H is a cofactor of
NADPH oxidase (NOX) potentially increasing oxidative
stress, the overall effect in HAEC and in some other cell
types is antioxidant (19). DC showed similar effects in DCF
assay (data not shown). Interestingly, the PMET system
did not regulate the proinflammatory effects of Ox-PAPC as
shown by a lack of effect of the silencing of eNOX1, NQO1,
and DC on IL-8 induction by Ox-PAPC. We have previously
observed that different signaling pathways mediate HO-1
and IL-8 induction in HAEC (4, 28, 30, 36).

We also gained some insight into the mechanism by
which PMET activation by Ox-PAPC increased HO-1 tran-
scription. We demonstrated that activation of Nrf2 played
an important role in the induction of HO-1 by Ox-PAPC
since siRNA to Nrf2 decreased HO-1 induction by 50%

Fig. 5. NAD(P)H decreased oxidative stress and HO-1 induction by Ox-PAPC in HAEC. (A) The formation
of intracellular reactive oxygen species was measured by DCF assay as described in method section. After
30 min incubation with DCF, HAECs were treated with media (C); Ox-PAPC (50 mg/ml, Ox50), alone
or plus NADH (0.5 mM); or NADPH (0.5 mM) for 40 min. Relative mean fluorescence intensity from
10 randomly chosen cells was used for graph with fold increase from the basal signal. B: HAECs were
untreated or treated with Ox-PAPC (50 mg/ml, Ox50) with or without NADH (0.5 mM) for 4 hrs, and HO-1
transcriptional levels were determined by QRT-PCR as described in Materials and Methods. NAD(P)H
(0.5 mM) did not induce any cell toxicity or change of cell morphology. Values are mean 6 SEM of tripli-
cate reactions. ** P , 0.01.
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(Fig. 6B). We further demonstrated that siRNA to eNOX1
and DC both decreased Nrf2 activation by Ox-PAPC
(Figs. 6C–D). The most likely mechanism for Ox-PAPC
activation of Nrf2 by the PMET system relates to the de-
crease in NAD(P)H caused by PMET in to out. This de-
crease would be expected to increase oxidative stress,
with subsequent activation of Nrf2. Previous studies have
demonstrated the activation of Nrf2 by oxidative stress.
Although Ox-PAPC can activate electron movement from
NAD(P)H both in and out of cells, based on our data, the
dominant direction of movement in response to Ox-PAPC
(without electron donor in the medium) is in to out. The
inhibition by NQO1, eNOX1 silencing, and DC of HO-1
induction by Ox-PAPC was only partially suggesting ad-
ditional transcriptional factors might be involved in regu-
lating HO-1 expression by Ox-PAPC in HAEC. Previous
reports showed that PPARg and CREB are also involved
in regulating HO-1 induction in some types of endothelial
cells (7, 37, 38). The relationship between the PMET sys-
tem and PPARg and CREB in the action of Ox-PAPC will
be an important area to address in the future.

The activation mechanism of the PMET complex by
Ox-PAPC is not identified in the current study, but the
characteristics of the activation have been shown. Ox-
PAPC activates trans-PMET activities in both directions
(in→out and out→in), depending on the location of elec-
tron sources NAD(P)H. This suggested that Ox-PAPC has
a general effect on the PMET system to increase the effi-
ciency of electron flow and the direction of electron move-
ment seems to be determined by the location of electron
sources. These data also suggest that Ox-PAPC may in-
crease the quinone recycling in the plasma membrane to
increase the efficiency of electron flow across the plasma
membrane via the PMET system. We previously reported
that Ox-PAPC causes depletion of cholesterol in the plasma
membrane in HAEC (39), which may alter membrane
fluidity and thus recycling efficiency of quinone molecule.
Previous reports also showed that the incorporation of
oxidized phospholipids into the membrane can alter mem-
brane structure (40, 41) and fluidity (42). To our knowl-
edge, no studies on the effects of changes in membrane
fluidity on the PMET system have been reported.

Fig. 6. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) regulates HO-1 induction by Ox-PAPC and Ox-PAPC activation of Nrf2
is mediated by PMET. A: Nrf2-specific siRNA efficiently silenced Nrf2 in HAEC as determined by QRT-PCR (A) and Western blotting
of Nrf2 using total cell lysates. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein levels were determined to normalize band
density. B: Nrf2 silencing decreased HO-1 induction by Ox-PAPC (50 mg/ml, Ox50) (4 hrs) as determined by QRT-PCR. Values are mean 6
SEM of triplicate reactions. *** P , 0.001. C: HAECs were pretreated with DC (20 mM) for 1 h and cotreated with or without Ox-PAPC
(50 mg/ml, Ox50) for an additional 2 hrs. Nuclear fractions were isolated and Nrf2 levels in the nuclear fractions were determined by
Western blotting using Nrf2 antibody. Histone levels were determined for normalization of Nrf2 bands. This Western blot was a repre-
sentative of at least three repeated experiments with similar results. D: HAECs were transfected with scrambled (sc) or two sets of eNOX1
siRNAs (#1 and #2) for 5–6 days. Cells were then incubated with or without Ox-PAPC (50 mg/ml, Ox50) for 2 hrs. Nuclear fractions were
isolated and Nrf2 levels in the nuclear fractions were determined as in C. The Nrf2 antibody showed a nonspecific as well as specific band
in Western blot assay. The lower band is nonspecific (n.s.). We confirmed the identity of the top band as Nrf2 by showing reduction of band
intensity by silencing as shown in A. This Western blot was a representative of at least three repeated experiments with similar results.
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However, several groups showed that membrane fluidity is
an important factor for the efficiency of electron transport
by quinone recycling as shown in mitochondrial electron
transport system (43, 44).

In summary our studies present evidence that the PMET
system is activated by Ox-PAPC and involved in the regu-
lation of HO-1 induction by Ox-PAPC through activation
of Nrf2. These studies suggest that PMET system is an
important regulator of redox status in endothelial cells
and a potential regulator of atherogenesis in the vascu-
lar system.
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