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Endothelial barrier disruption is a hallmark of multiple organ injury (MOI). However, mechanisms
governing the restoration of endothelial barrier function are poorly understood. Here, we uncovered an
NF-kB-to-AP-1 switch that regulates the transition from barrier injury to repair following endotoxemic
MOI. Endothelial NF-kB mediates barrier repair by inhibiting endothelial cell (EC) apoptosis. Blockade of
endothelial NF-kB pathway activated the activator protein (AP)-1 pathway (NF-kB-to-AP-1 switch), which
compensated for the anti-apoptotic and barrier-repair functions of NF-kB. The NF-kB-to-AP-1 switch
occurred at 24 hours (injury to repair transition phase), but not at 48 hours (repair phase) post-LPS, and
required an inflammatory signal within the endothelium. In the absence of an inflammatory signal, the
NF-kB-to-AP-1 switch failed, resulting in enhanced EC apoptosis, augmented endothelial permeability, and
impeded transition from barrier injury to recovery. The NF-kB-to-AP-1 switch is a protective mechanism to
ensure timely transition from endothelial barrier injury to repair, accelerating barrier restoration following
MOI.

M
ultiple organ injury (MOI) resulting from sepsis, trauma, hemorrhage and other pathological conditions
is characterized by endothelial barrier disruption and increased endothelial permeability1–6.
Inflammatory and injurious insults cause endothelial injury and disrupt endothelial barrier integrity,

resulting in leakage of fluid and protein into interstitial spaces, edema formation, multiple organ inflammation,
and ultimately MOI1–6. Repair of the injured endothelium and restoration of normal endothelial barrier function
are major factors determining organ function recovery from injury. However, there has been little research into
the in vivo mechanisms regulating the transition from barrier injury to repair and regulating endothelial barrier
recovery7–9. Three previous reports have demonstrated that foxhead box M1 (FoxM1)-mediated transcription of
genes, controlling cell proliferation and regulating inter-endothelial junctions, are important for endothelial
barrier repair following LPS-induced lung injury7–9. Other mechanisms and pathways regulating endothelial
barrier repair following MOI remain largely unexplored. There has been no study investigating mechanisms
regulating the transition from endothelial barrier injury to repair phases. As a consequence, the mechanisms and
pathways regulating the transition from barrier injury to repair and endothelial barrier repair following MOI are
poorly understood.

Endothelial barrier injury and repair are interrelated. Severity of injury not only determines the extent of repair,
but also affects the process and speed of transitioning from injury to repair. Many genes, particular those encoding
signaling molecules, are multifaceted and likely to play roles in both injury and repair. To conclusively define the
role of a given gene in regulating the transition from barrier injury to repair and in regulating barrier repair, it is
necessary to block the gene function only at the transition phase or at the repair phase, and not to interfere with
that gene function during the organ injury phase. Only in this way, can the precise action of the gene or signaling
molecule be revealed, and its regulation of injury-to-repair transition, or barrier repair, be defined unambigu-
ously. No such study has been reported.

A major hurdle to the performance of such in vivo studies is the lack of useful animal models. Many transgenic
(TG) or knockout mice may not be useful for such studies, because the gene of interest is inactivated during
embryonic development (well before the occurrence of organ injury). Studies using those mouse models cannot
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tell whether the beneficial (or detrimental) effect of the gene inac-
tivation is a result of reduced (or enhanced) barrier injury, or a result
of an enhanced (or reduced) barrier repair. Furthermore, genes
important for endothelial repair can be essential for endothelial
development. Disruption of the expression of these genes during
embryonic development can result in endothelial structural and
functional defects10,11. It has been reported that TG mice with
endothelial specific overexpression of a mutant I-kBa (I-kBamt)
had a reduced endothelial cell (EC) tight junction density and
impaired endothelial barrier function10. Conditional deletion of I-
kB kinase b gene in ECs, using the Cre/loxP recombination system,
has also been shown to increase basal endothelial permeability11.
Thus, disruption of NF-kB signaling during embryonic development
impairs basal endothelial barrier function.

We have previously created and characterized TG mice with EC-
restricted expression of I-kBamt in a doxycycline (Dox) inducible
manner (EC-I-kBamt mice)12. Using these mice in the current study,
we developed a strategy to inhibit endothelial NF-kB activity at 24
(transition phase) or 48 (active repair phase) hours after LPS chal-
lenge in a stage-specific, and cell-targeted manner. By doing so, our
original goal was to define the role of endothelial NF-kB activity in
regulating endothelial barrier recovery. In the course of our study, we
uncovered an ‘‘NF-kB-to-AP-1 switch’’ mechanism. We found that
intrinsic endothelial NF-kB activity promotes endothelial barrier
repair by inhibiting EC apoptosis. Blockade of the endothelial NF-
kB pathway led to the activation of the activator protein (AP)-1
pathway, which compensated for the anti-apoptotic and barrier-
repair functions of NF-kB. The NF-kB-to-AP-1 switch occurred at
the transition phase (24 hours), but not at the repair phase (48
hours). Blockade of the NF-kB-to-AP-1 switch increased EC apop-
tosis, augmented endothelial permeability, and impeded the trans-
ition from endothelial barrier injury to repair phases. Thus, we have
uncovered a novel NF-kB-to-AP-1 switch mechanism that serves as
a protective mechanism to ensure a timely transition from endothe-
lial barrier injury to repair phases following endotoxemic MOI,
accelerating the restoration of normal endothelial barrier function.

Results
Dox-induced I-kBamt expression at, or after, the peak of organ
injury inhibits NF-kB activity. To inhibit endothelial NF-kB
activity at 24 or 48 hours after LPS challenge, in a temporally-
controlled manner, we first wanted to verify whether Dox
treatment of the TG mice at or after peak of organ injury could
effectively inhibit endothelial NF-kB activity. To determine the
minimum time required for the induction of I-kBamt mRNA
expression following Dox injection, we carried out qRT-PCR
analysis, which showed that I-kBamt mRNA was barely detected
at 4 hours, detected at relatively high level at 6 hours, and at higher
levels at 12 and 24 hours after Dox injection in the lungs (Figure 1A).
This result suggests that 4–6 hours is required to induce I-kBamt
mRNA expression, which peaked around 12 hours after LPS
challenge (Figure 1A). Therefore, in our subsequent studies, we
injected mice with Dox at 12 (for 24 hour group) or 36 hours (for
48 hour group) after LPS injection. Taking into account the times
required to translate I-kBamt mRNA into protein and to transport
the newly synthesized I-kBamt protein into the nucleus, the 12 hour
time window allowed Dox treatment to induce sufficient I-kBamt to
effectively inhibit endothelial NF-kB activity at the desired time
point.

We next examined if treatment of TG mice with Dox, at the peak of
organ injury, effectively inhibits NF-kB activity at an organ level.
Mice were injected with LPS and then with Dox 12 hours later to
inhibit NF-kB activation at 24 hours (peak of organ injury). Using
p65 nuclear translocation as a marker of NF-kB activation, we per-
formed immunofluorescent (IF) double staining of lung sections, in
which cell nuclei were stained red and p65 stained green. In cells with

p65 nuclear translocation, cell nuclei contain yellow dots. The num-
ber of yellow nuclei was significantly higher in the lungs of the 24
hour WT group than in TG and control lungs at the same time point
(Figure 1B). These data suggest that LPS significantly increased NF-
kB activity in WT lungs and that Dox-induced I-kBamt expression
inhibited NF-kB activity in TG lungs. While it is not to illustrate an
EC-selective NF-kB inhibition with IF staining alone, our previous
study has clearly demonstrated that Dox-induced I-kBamt express-
ion and NF-kB inhibition are restricted to the EC in the TG mice
used here12. Taken together, we have confirmed that Dox-induced I-
kBamt expression, at peak of organ injury, significantly inhibits
endothelial NF-kB activity in TG mice.

We further confirmed EC-targeted NF-kB inhibition in the TG
mice by measuring heart and lung tissue levels of vascular adhesion
molecule-1 (VCAM-1) protein, which is an NF-kB-dependent gene
product and is widely used as a marker of endothelial NF-kB activa-
tion. Western blot analysis showed that the lungs and hearts of WT
animals at 24 and 48 hours post-LPS had higher tissue levels of
VCAM-1 than TG mice at both time points (Figures 1C to 1F),
further confirming that treatment of TG mice with Dox at or after
the peak of organ injury inhibits endothelial NF-kB activity.

Characterization of natural course of endothelial barrier injury
and repair following endotoxemic MOI. To better understand the
process of transitioning from endothelial barrier injury to repair, we
characterized the natural course by measuring endothelial permea-
bility from onset of endotoxemia to full recovery (Figures 2A and
2B). Based on the progressive increase between 0 and 24 hours and
progressive decrease between 24 and 96 hours in endothelial
permeability, we defined 0–24 and 24–96 hours, respectively, as
barrier injury and repair phases. Endothelial permeability peaked
at 24 hours, implying that endothelial injury and repair forces are
balanced at this time point. We considered 24 hours as a transition
phase from barrier injury to repair. To define the role of intrinsic
endothelial NF-kB activity in regulating the barrier injury to repair
transition and in regulating endothelial barrier repair, our
subsequent studies were focused on 24 (transition phase) and 48
hours (active repair phase).

Inhibition of endothelial NF-kB activity at 24 or 48 hours has
contrasting effects on endothelial permeability. We administered
Dox at 12, 36 or 84 hours after LPS to inhibit endothelial NF-kB
activity during transition, active repair or late repair phase separately.
We then measured endothelial permeability. Endothelial NF-kB
blockade at 96 hours had no effect on endothelial permeability
(Figures 2C and 2D), which is consistent with endothelial barrier
function having recovered (Figures 2A and 2B). Endothelial NF-
kB blockade at 48 hours augmented endothelial permeability
(Figures 2C and 2D), indicating that endothelial NF-kB activity is
critically required for endothelial barrier repair and restoration. By
contrast, endothelial NF-kB blockade at 24 hours attenuated LPS-
induced endothelial permeability (Figures 2C and 2D). Thus, stage-
specific blockade of endothelial NF-kB activity at 24 and 48 hours
had contrasting effects on endothelial permeability.

Inhibition of endothelial NF-kB activity at 48, but not at 24, hours
enhances EC apoptosis. Endothelial apoptosis is an important cause
of endothelial permeability13–17. To explain why endothelial NF-kB
blockade at 24 and 48 hours had different effects on endothelial
permeability, we compared the effects of endothelial NF-kB
blockade on EC apoptosis in the lungs between 24 and 48 hours
post-LPS. We chose to study lungs because they are enriched in
ECs. We labeled apoptotic ECs using CD31 and Tunel (terminal
deoxynucleotidyl transferase dUTP nick end labeling) double
staining. We verified that the CD31 antibody reacts with ECs, but
does not cross-react with epithelial cells or basal membrane
components (Supplementary Figures 1A and 1B), and that CD31
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and Tunel staining reliably labels apoptotic ECs in lungs (Supple-
mentary Figures 1C and 1D).

LPS significantly increased the number of Tunel1/CD311 apop-
totic ECs, and the number of apoptotic ECs peaked at 24 hours and
then were reduced at 48 hours after LPS administration (Figure 3).
Inhibition of endothelial NF-kB activity at 24 hours had no effect on
EC apoptosis. By contrast, inhibition of endothelial NF-kB activity at
48 hours markedly increased the number of apoptotic ECs (Figure 3),
and the timing of this increase correlated well with the augmented
endothelial permeability caused by endothelial NF-kB blockade at 48
hours (Figures 2C vs 3B). This result suggests that an increased EC
apoptosis underlies the augmented endothelial permeability caused
by endothelial NF-kB inhibition at 48 hours.

LPS increased both the pro-apoptotic protein, Bax, and anti-apop-
totic protein, Bcl-2, expression in the lungs, which peaked at 24 and
48 hours, respectively (Supplementary Figure 2). Consistent with the
effects on EC apoptosis, endothelial NF-kB blockade at 24 hours had
no effect on Bax and Bcl-2 expression, but at 48 hours significantly
enhanced Bax and inhibited Bcl-2 expression (Supplementary
Figure 2).

Inhibition of EC apoptosis reverses the augmented endothelial
permeability at 48 hours. To confirm that an enhanced EC
apoptosis is the cause of the augmented endothelial permeability
associated with endothelial NF-kB inhibition at 48 hours, we
treated mice with a caspase inhibitor, Z-VAD-FMK, which has
been widely used to inhibit cell apoptosis in various models, includ-
ing sepsis18,19. LPS caused an increase, in WT mice (without
endothelial NF-kB inhibition), and a greater increase, in TG mice
(with endothelial NF-kB inhibition), in endothelial permeability
(Figure 4), demonstrating an augmentation of endothelial permea-
bility by endothelial NF-kB blockade. Z-VAD-FMK treatment
reversed the augmented endothelial permeability (Figure 4), esta-
blishing a link between the enhanced EC apoptosis and augmented
endothelial permeability caused by endothelial NF-kB inhibition at
48 hours.

Inhibition of endothelial NF-kB activity at 24, but not at 48, hours
leads to NF-kB-to-AP-1 switch. To uncover the mechanisms
underlying the different effects of endothelial NF-kB blockade on
EC apoptosis between 24 and 48 hours, we analyzed lung tissue levels

Figure 1 | Dox-induced I-kBamt expression at or after peak of organ injury inhibits endothelial NF-kB. (A): Time course of Dox-induced I-kBamt

mRNA expression. TG mice were injected with saline or doxycycline (Dox, 0.5 mg/mouse, i.p.), and lungs harvested at 4, 6, 12 and 24 hours after Dox or

24 hours after saline (Con) injection. Tissue level of I-kBamt mRNA was quantified by qRT-PCR, and expressed as fg I-kBamt cDNA in 500 ng total

cDNA. *, p , 0.05, compared to Con and 4 h groups. Mean 6 SEM of 5 mice per group. (B): Dox-induced I-kBamt expression at peak of organ injury

inhibits NF-kB activity. Mice were injected with saline (Con groups) or LPS (5 mg/kg, i.p., 24 hour groups), and then with Dox (0.5 mg/mouse, i.p.) 12

hours later to inhibit endothelial NF-kB at 24 hours post-LPS, when lung cryosections were prepared. Cell nuclei were stained red using propidium iodide

(IP) and p65-expresing cells stained green using fluorescent antibody. Cell nuclei become yellow in cells with p65 nuclear translocation (an indicator of

NF-kB activity). LPS increased number of PI1/p651 yellow nuclei in WT-24 lungs, but not in TG-24 lungs, indicating an inhibition of NF-kB activity in

TG mice. Scale bar, 50 mm. Representative of 3 independent experiments. Arrow indicates detailed view showing that number of PI1/p651 nuclei was

significantly reduced in TG lungs. (C–F): Dox-induced I-kBamt expression inhibits VCAM-1 expression. Mice were injected with saline or LPS, and then

with Dox 12 (for 24 hour group) or 36 (for 48 hour group) hours after LPS injection to inhibit endothelial NF-kB in TG mice at 24 or 48 hours, when tissue

levels of vascular cell adhesion molecule-1 (VCAM-1) were determined. (C) and (D): Western blot photographs show that LPS-induced VCAM-1

expression was inhibited in TG mice. Cropped blots are used. Full-length blots are shown in Supplementary Figure 4. (E) and (F): The VCAM-1 bands

were quantified using densitometry and expressed as 3102 pixels. *, p , 0.05, compared with controls. #, p , 0.05, compared to WT-24 or WT-48 group.

Mean 6 SEM of 5 mice per group.
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of a panel of apoptosis regulating proteins. We found that tissue
levels of AP-1 family of proteins, c-Jun and c-Fos, were
differentially affected by endothelial NF-kB blockade at 24 and 48
hours. Endothelial NF-kB blockade at 24 hours increased nuclear
levels of c-Jun and c-Fos proteins by 2-fold, whereas endothelial NF-
kB blockade at 48 hours reduced the nuclear level of c-Jun but had no
effect on the nuclear level of c-Fos protein (Figures 5A–5D).

IF staining demonstrated that TG lungs 24 hour after LPS chal-
lenge had significantly higher numbers of CD311/c-Jun1 ECs com-
pared to TG lungs after 48 hour, or WT lungs after 24 or 48 hours
(Figure 5E). Thus, blockade of the endothelial NF-kB pathways led to
the activation of AP-1 pathway (NF-kB-to-AP-1 switch), which
occurred at 24 (transition phase), but not at 48 hours (repair phase).

Blockade of the NF-kB-to-AP-1 switch mechanism at 24 hours
promotes EC apoptosis. To understand the biological function of
the NF-kB-to-AP-1 switch, we inhibited the compensatory AP-1
activity induced by endothelial NF-kB blockade at 24 hours, and
examined the effect of this inhibition on EC apoptosis. We
inhibited AP-1 activity by overexpressing a dominant negative c-
Jun, TAM67, which specifically inhibits AP-1 activity20,21, and by
pretreating mice with SP60012, which selectively inhibits JNK
activity22.

Previous reports show that intravenous administration of DNA-
liposome complexes resulted in transgene expression predominantly
in the lungs, particularly in lung ECs23. We took advantage of this
gene transfer approach to deliver the TAM67 transgene into lung

ECs. IF staining showed that lung sections from mice transfected
with pCMV-TAM67 displayed a many fold increase in numbers of
CD311/c-Jun1 ECs, compared to lung sections from mice transfected
with the pCMV-vector alone (Supplementary Figure 3). This result
confirms that TAM67 was overexpressed predominantly in lung
ECs.

Tunel and CD31double staining showed that LPS significantly
increased the number of Tunel1/CD311 apoptotic ECs in lungs
(Figure 6). Inhibition of the compensatory AP-1 activity by
TAM67 overexpression or by SP600125 treatment augmented
LPS-induced increase in the number of apoptotic ECs in the presence
(TG lungs), but not in the absence (WT lungs), of endothelial NF-kB
blockade (Figure 6). Thus, blockade of the NF-kB-to-AP-1 switch at
24 hours augmented EC apoptosis, which mimics the effect of
endothelial NF-kB blockade at 48 hours. This result indicates that
activation of the NF-kB-to-AP-1 switch mechanism is responsible
for the lack of effect of endothelial NF-kB inhibition on EC apoptosis
at 24 hours. Differential activation of the switch mechanism explains
the contrasting effects of endothelial NF-kB blockade on EC apop-
tosis between 24 and 48 hours.

Blockade of NF-kB-to-AP-1 switch mechanism at 24 hours
augments endothelial permeability. To better understand the
physiological function of the switch mechanism, we blocked the
NF-kB-to-AP-1 switch by TAM67 overexpression, which inhibited
the compensatory AP-1 activity and thereby the switch mechanism.
We then examined the effect of this blockade on endothelial

Figure 2 | Contrast effects of endothelial NF-kB inhibition at 24 and 48 hours on endothelial permeability. (A) and (B): Natural course of endothelial

barrier injury and recovery: WT mice were injected with saline (Con) or LPS (5 mg/kg, i.p.), and endothelial permeability in lungs and heart measured at

12, 18, 24, 36, 48, 96 or 144 hours after LPS injection using Evan blue dye (EBD) leakage index as an indicator. Transition from barrier injury to repair

phase occurs at 24 hours, and active barrier repair phase occurs at 48 hours after onset of endotoxemia. Means 6 SEM of 5 mice per group. *, p , 0.0.5,

compared to controls. (C) and (D): Contrast effects of endothelial NF-kB inhibition at 24 and 48 hours on endothelial permeability: TG mice were

injected with saline (Con) or LPS and then with Dox (0.5 mg/mouse, i.p.) 12 (24 hour groups), 36 (48 hour groups) or 84 (96 hour groups) hours after

LPS injection Endothelial permeability was measured at 24, 48 or 96 hours after LPS injection. Inhibition of endothelial NF-kB at 48 (active repair phase),

but not at 24 (transition phase), hours augmented endothelial permeability. Means 6 SEM of 6 mice per group. *, p , 0.0.5, compared to controls.

#, p , 0.05, compared to respective WT-24 or WT-48 groups.
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permeability. LPS significantly increased lung endothelial permea-
bility in both WT and TG mice (Figure 7). TAM67 overexpression in
WT mice at 24 hours (no NF-kB inhibition and no NF-kB-to-AP-1
switch) had no effect on LPS-induced endothelial permeability.
However, in TG mice at 24 hours (with NF-kB inhibition and NF-
kB-to-AP-1 switch), there was an augmentation in the LPS-induced
endothelial permeability (Figure 7A). TAM67 overexpression in TG
mice at 48 hours (with NF-kB inhibition, but no NF-kB-to-AP-1

switch) had no effect on endothelial permeability induced by LPS
plus NF-kB inhibition (Figure 7B). This result shows that blockade of
the NF-kB-to-AP-1 switch mechanism augmented LPS-induced
endothelial permeability, suggesting a barrier-protective function
for the switch mechanism.

An inflammatory signal is necessary for the NF-kB-to-AP-1
switch. In searching for an answer to why NF-kB-to-AP-1 switch

Figure 3 | Endothelial NF-kB inhibition at 48, but not 24, hours enhances EC apoptosis. Mice were injected with saline or LPS as described above, and

then with Dox 12 (24 hour groups) or 36 hours (48 hour groups) after LPS injection. Lung cryosections were prepared at 24 or 48 hours after LPS injection

and double stained with Tunel reaction mixture and CD31 antibody to identify apoptotic endothelial cells (ECs). (A): Representative micrographs of

CD31 (red) and Tunel (green) double staining of lung section. Endothelial NF-kB inhibition at 48 hours significantly increased, but at 24 hours had no

effect on the number of Tunel1/CD311 apoptotic ECs (arrowhead indicated). Scale bar, 50 mm. (B): Bar graphic representation of apoptotic ECs.

Number of Tunel1/CD311 cells in each lung cryosection was counted and expressed as a percentage of total cell nuclei. Mean 6 SEM of 5 mice per

group. *, p , 0.05, compared with control groups. #, p , 0.05, compared to WT-48 group.

Figure 4 | Inhibition of cell apoptosis reverses the augmented endothelial permeability caused by endothelial NF-kB inhibition at 48 hours. Mice were

injected with saline or LPS and simultaneously with the caspase inhibitor, Z-VAD-FMK (Z-VAD, 3 mg/kg, i.v.) or DMSO, solvent of Z-VAD-FMK.

Additional dose of Z-VAD-FMK was given (i.p.) every 12 hours. All mice were injected with Dox 36 hours after LPS or saline injection. Endothelial

permeability in lungs and heart was measured 48 hours after LPS injection using EBD leakage index as an indicator. Means 6 SEM of 6 mice per group.

*, p , 0.05, compared with TG-con groups. #, p , 0.05, compared with respective DMSO treated groups. 1, p , 0.05, compared with WT48 DMSO

treated group. DMSO and Z-VAD had no effect on endothelial permeability in WT-con mice.
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occurred at 24, but not at 48 hours, we noted that tissue level of
VCAM-1 was significantly higher at 24 hours than at 48 hours
(Figures 1C to 1F), suggesting that a level of inflammation within
endothelium is necessary for the NF-kB-to-AP-1 switch to occur. To
test this possibility, we stimulated cultured ECs from TG mouse
lungs with a threshold concentration of LPS or Dox (to inhibit
endothelial NF-kB), or a combination of the two, and measured
the nuclear level of c-Jun. LPS or Dox alone caused an increase,
but LPS1Dox caused a greater increase in nuclear level of c-Jun
(Figure 8A). Thus, an inflammatory signal in the endothelium is
necessary for the NF-kB-to-AP-1 switch to occur.

Endothelial NF-kB blockade increases AP-1 activity. Since AP-1
activity is critically regulated by c-Jun phosphorylation at Ser63 and
Ser7324,25, we determined the nuclear level of phospho-c-Jun (Ser63).
Dox or LPS alone had no effect on c-Jun phosphorylation, but
Dox1LPS markedly increased the nuclear level of phospho-c-Jun
(Figure 8B). Consistent with c-Jun phosphorylation, stimulation of
TG ECs with Dox or LPS alone induced an increased c-Jun binding
activity. However, there was a significantly greater increase in c-Jun
binding activity when cells were treated with a combination of Dox
and LPS (Figure 8C). Thus, endothelial NF-kB blockade stimulates
AP-1 binding activity in the presence of an inflammatory signal.

JNK activation is involved in the NF-kB-to-AP-1 switch. C-Jun
phosphorylation at Ser63 and Ser73 is primarily mediated by c-Jun
NH2-terminal kinases (JNKs)26. JNK is activated by dual phosphory-
lation of threonine and tyrosine residues (Thr183/Tyr185) within the
Thr-Pro-Tyr motif27. We found that tissue level of phospho-JNK (an
indicator of JNK activation) was significantly higher in the TG lungs

after 24 hours than at 48 hours. The phospho-JNK in TG lungs was
also higher than in the lungs of WT mice, (Figure 8D). Inhibition of
JNK activity, achieved by pretreating mice with a selective JNK
inhibitor SP60012522, reduced the tissue level of phospho-c-Jun in
TG lungs at 24 hours (Figure 8E), suggesting that JNK activation is
involved in the process that leads to the NF-kB-to-AP-1 switch.

Discussion
This study uncovers a novel NF-kB-to-AP-1 switch mechanism that
regulates the transition from endothelial barrier injury to repair in
vivo. Inhibition of endothelial NF-kB activity, at 24 hours after LPS
challenge, induced a significant AP-1 activity (NF-kB-to-AP-1
switch), in the absence of any change in EC apoptosis. By contrast,
inhibition of endothelial NF-kB activity at 48 hours post-LPS failed
to induce AP-1 activity (no NF-kB-to-AP-1 switch) and resulted in
an enhanced EC apoptosis and augmented endothelial permeability.
Differential activation of the switch mechanism underlies the con-
trasting effects of endothelial NF-kB blockade on EC apoptosis
between 24 and 48 hours post-LPS. Inhibition of the NF-kB-to-
AP-1 switch at 24 hours enhanced EC apoptosis and augmented
endothelial permeability, which mimicked the effect of endothelial
NF-kB blockade at 48 hours. Thus, blockade of endothelial NF-kB
pathways at 24 hours led to activation of AP-1 pathway (NF-kB-
to-AP-1 switch), which compensated for the anti-apoptotic and
barrier-protective functions of NF-kB, preventing the increase in
EC apoptosis and the augmentation of endothelial permeability.
Failure to activate the switch mechanism led to an enhanced EC
apoptosis and augmented endothelial permeability following
endothelial NF-kB inhibition. Since the NF-kB-to-AP-1 switch
occurs at the transition, but not at the repair phase, this mechanism

Figure 5 | Blockade of endothelial NF-kB pathway at 24, but not at 48, hours activates AP-1 pathway. Mice were injected with saline, LPS and Dox as

described above. Nuclear levels of c-Jun and c-Fos proteins in lungs of control (WC and TC), 24 (W24 and T24) and 48 (W48 and T48) hour groups of WT

and TG mice were determined by Western blot. (A) and (B): Western blot photographs show that inhibition of endothelial NF-kB at 24, but not at 48,

hours increased nuclear levels of c-Jun and c-Fos in TG lungs. Cropped blots are used. Full-length blots are shown in Supplementary Figure 4. (C) and (D):

The c-Jun and c-Fos protein bands were quantified using densitometry and expressed as 3103 pixels. Means 6 SEM of 6 mice each group. *, p , 0.05,

compared with WC and TC groups. #, p , 0.05, compared with WT-24, WT-48 or TG-48 group. $, p , 0.05, compared with WT-48 group. (E).

Representative micrographs of CD31 (red) and c-Jun (green) double stains of lung sections show that endothelial NF-kB inhibition at 24 (WT-24 vs TG-

24), but not at 48 (WT-48 vs TG-48), hours significantly increased c-Jun1/CD311 cells (arrow indicated) in lungs. Scale bar, 50 mm.
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is unlikely to play a direct role in regulating endothelial barrier
recovery. However, this switch mechanism could play an important
role in accelerating the transition from barrier injury to repair phase,
which does promote endothelial barrier recovery.

Several lines of evidence suggest that enhanced EC apoptosis is
responsible for the augmented endothelial permeability caused by
endothelial NFkB blockade at 48 hours. First, LPS-induced EC apop-
tosis is temporally correlated with LPS-induced increase in endothe-

Figure 6 | Blockade of NF-kB-to-AP-1 switch at 24 hours enhances EC apoptosis. Mice in the vector and TAM67 groups were transfected with pCMV-

vector or pCMV-TAM67 cDNA encoding a dominant negative c-Jun. Mice in WT-VK and TG-VK groups were injected with PPCES vehicle and in WT-

SP and TG-SP groups were injected with SP600125. Fifteen minutes after SP600125 injection, or 3 days after DNA transfection, mice were injected with

saline or LPS as described above, and then with Dox 12 hours after LPS injection. Lung cryosections were prepared 24 hours after LPS injection and double

stained with Tunel reaction mixture and CD31 antibody. (A): Representative micrographs of CD31 (red) and Tunel (green) double stainings show that

TAM67 overexpression (inhibiting NF-kB-to-AP-1 switch mechanism) augmented LPS-induced EC apoptosis in TG lungs (TG-24, arrowhead

indicated). Scale bar, 50 mm. (B): Bar graph shows that inhibition of NF-kB-to-AP-1 switch by TAM67 overexpression at 24 hours enhanced EC apoptosis

in TG lungs. The number of Tunel1/CD311 apoptotic ECs in each lung cryosection was counted and expressed as a percentage of total nuclei. Means 6

SEM of 5 mice per group. *, p , 0.05, compared with vector and TAM67 control groups. #, p , 0.05, compared with WT-24 vector, WT-24 TAM67 and

TG-24 vector group. (C): Bar graph shows that inhibition of NF-kB-to-AP-1 switch using JNK inhibitor, SP600125, enhanced EC apoptosis in TG lungs.

Number of Tunel1/CD311 apoptotic ECs in each lung cryosection was counted and expressed as a percentage of total nuclei. Mean 6 SEM of 5 mice per

group. *, p , 0.05, compared with saline control groups. #, p , 0.05, compared with other LPS 24 groups.

Figure 7 | Blockade of the NF-kB-to-AP-1 switch augments endothelial permeability. Mice were transfected with pCMV-vector or pCMV-TAM67

plasmid. At 3 days after transfection, mice were injected with saline or LPS, and then with Dox 12 (for 24 hours) or 36 (for 48 hours) hours after LPS

injection. Endothelial permeability was measured at 24 or 48 hours after LPS injection. (A). TAM67 overexpression at 24 hours (inhibiting the NF-kB-to-

AP-1 switch) augmented endothelial permeability in the presence (TG24), but not in the absence (WT24), of endothelial NF-kB blockade. (B). TAM67

overexpression at 48 hours in TG mice (with endothelial NF-kB blockade, but no NF-kB-to-AP-1 switch) had no effect on endothelial permeability.

Means 6 SEM of 7 (A) or 5 (B) mice per group. *, p , 0.05, compared with TG-con groups. #, p , 0.05, compared with WT24 vector, WT24 TAM67 or

TG24 vector group. $, p , 0.05, compared with WT24 vector group.
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lial permeability. Although the numbers of apoptotic ECs are only a
small fraction of the total ECs, EC apoptosis leads to the formation of
pores in the endothelial layer, which dramatically increase endothelial
leakiness. Second, endothelial NFkB inhibition at 48 hours post-LPS
concomitantly increased EC apoptosis and endothelial permeability.
Third, a causal link between EC apoptosis and increased endothelial
permeability has been demonstrated previously15–17. Fourth, inhibi-
tion of EC apoptosis prevented the augmentation of endothelial per-
meability caused by endothelial NFkB blockade. Fifth, blockade of the
NF-kB-to-AP-1 switch at 24 hours enhanced EC apoptosis and con-
currently augmented endothelial permeability.

In addition to regulating cell apoptosis and proliferation, NF-kB
mediates inflammatory gene expression6 and causes myosin light
chain phosphorylation, actin filament reorganization, and cytosolic
translocation of junction proteins28–31, resulting in disruption of
endothelial tight/adherens junctions. However, these mechanisms
are unlikely to contribute to the augmented endothelial permeability
caused by endothelial NFkB blockade at 48 hours. These molecular
and biochemical events are early events and have been reversed at 48
hours after LPS challenge8,12,28–31. Furthermore, inhibition of NF-kB-
mediated inflammatory gene expression and reversal of NF-kB-
mediated endothelial tight/adherens junction disruption by NF-kB
blockade decrease, but not increase, endothelial permeability28–31.
Collectively, we have demonstrated an NF-kB-to-AP-1 switch mech-
anism that serves as a protective mechanism against EC apoptosis
and permeability increase, when endothelial NF-kB pathway is
blocked.

The NF-kB-to-AP-1 switch appears to be exquisitely fine-tuned.
The numbers of apoptotic ECs were comparable between TG and

WT lungs at 24 hours, although the NF-kB-to-AP-1 switch occurred
in TG, but not in WT lungs. The extent of EC apoptosis is determined
by the balance between pro- and anti-apoptotic factors. The equal
numbers of apoptotic ECs in WT and TG lungs suggest that the NF-
kB-mediated (in WT mice) and the AP-1-mediated (in TG mice)
anti-apoptotic activities were equivalent, assuming that the pro-
apoptotic forces were matched, as should be, between WT and TG
lungs and that anti-apoptotic factors other than NF-kB or AP-1 were
not affected by endothelial NF-kB blockade. This means that
endothelial NF-kB blockade in TG lungs stimulated an AP-1 activity
that just compensated for the lost NF-kB activity. As a result, the
numbers of apoptotic ECs in WT and TG mice at 24 hours were
similar. This interpretation also explains why TAM67 overexpres-
sion at 24 hours augmented EC apoptosis in TG, but not in WT mice.
The NF-kB-to-AP-1 switch occurred in TG, but not in WT mice.
TAM67 overexpression inhibited AP-1-mediated anti-apoptotic
activity in TG, but had no effect on NF-kB-mediated anti-apoptotic
activity in WT mice. Consequently, TG mice overexpressing TAM67
had increased apoptotic ECs.

Our observation that TAM67 overexpression augmented LPS-
induced EC apoptosis in TG, but not in WT mice, indicates that
the AP-1-mediated anti-apoptotic mechanism is activated only when
NF-kB-mediated anti-apoptotic signal is blocked. This is highly con-
cordant with the notion that the NF-kB-to-AP-1 switch is a com-
pensatory mechanism. Although this mechanism may not operate in
WT mice, its significance cannot be diminished under pathological
conditions when endothelial NF-kB signaling is disrupted. Since the
switch occurs at the transition phase from endothelial barrier injury
to repair, the NF-kB-to-AP-1 switch may serve as a backup protect-

Figure 8 | Mechanism of NF-kB-to-AP-1 switch. (A–C): Blockade of the NF-kB pathway activates AP-1 pathway in the presence of an inflammatory

signal. Microvascular ECs from TG lungs were unstimulated (Con), or stimulated with LPS (0.1 ng/ml) or Dox (100 mg/ml) alone or LPS 1 Dox. At 24

hours after stimulation, the nuclear level of c-Jun or phospho-c-Jun (Ser63) protein was determined or c-Jun DNA binding activity measured. Cropped

blots are used for Western blot photographs. Full-length blots are shown in Supplementary Figure 4. (A): Western blot photographs show that LPS or Dox

stimulation alone caused an increase, but LPS 1 Dox stimulation caused a greater increase in nuclear c-Jun level. Representative of 3 independent

experiments. (B): Western blot photographs show that LPS or Dox stimulation alone did not, but LPS 1 Dox stimulation increased nuclear phospho-c-

Jun (p-c-Jun, Ser63) level. Representative of 3 independent experiments. (C): Bar graph shows that LPS or Dox stimulation alone caused an increase, and

LPS 1 Dox stimulation caused a greater increase in c-Jun DNA binding activity. Data was presented as fold change over control. Means 6 SEM of 6

independent observations. *, p , 0.05, compared to control. #, p , 0.05, compared to other 3 groups. (D) and (E): JNK activity is involved in NF-kB-to-

AP-1 switch. (D): Western blot photographs show that endothelial NF-kB inhibition at 24 hours increased JNK activity. Mice were injected with saline,

LPS and Dox as described above. Tissue levels of total c-Jun N-terminal kinase (JNK) protein and phospho-JNK (p-JNK, Thr183/Tyr185, an indicator of

JNK activity) in lungs of control (WC and TC), 24 (W24 and T24) and 48 (W48 and T48) hour groups of WT and TG mice were determined.

Representative of 3 independent experiments. (E): JNK inhibitor reduced c-Jun phosphorylation. Mice were pretreated with JNK inhibitor, SP600125,

and injected with saline, LPS and Dox as described above. Nuclear level of phospho-c-Jun (p-c-Jun) in lungs from vehicle control (VKC), SP600125

control (SPC), vehicle LPS (VKL) and SP600125 LPS (SPL) groups of TG mice were determined by Western blot. The data shown is representative of 3

independent experiments.
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ive mechanism to ensure a timely transition from barrier injury to
repair phases following endotoxemic MOI. Our demonstration that
blocking the NF-kB-to-AP-1 switch by TAM67 overexpression at 24
hours augmented endothelial permeability supports this view.

Nuclear levels of c-Jun and c-Fos proteins were higher in LPS-
challenged lungs than in control lungs at 24 and 48 hours in both
WT and TG nice, suggesting that there remains LPS-induced AP-1
activity at 24 and 48 hours after challenge. However, this AP-1 activ-
ity does not appear to contribute to the anti-apoptotic and barrier-
protective actions of the NF-kB-to-AP-1 switch mechanism. Nor
does it regulate the transition from barrier injury to repair.
Inhibition of this AP-1 activity by TAM67 overexpression at 24
hours had no effects on EC apoptosis and endothelial permeability
in WT mice. The potential role of the LPS-induced AP-1 activity in
endothelial barrier repair warrants further investigation.

We observed that an inflammatory signal is required for NF-kB-
to-AP-1 switch to occur. Since the switch mechanism regulates the
transition from barrier injury to repair, this result implies a beneficial
effect of a level of inflammation in the transition from barrier injury
to repair. Our result is consistent with a recent report showing that
inflammation activates regenerative programs in the brains of zebra
fish32

JNK activity plays a role in the NF-kB-to-AP-1 switch. Endothelial
NF-kB inhibition activated JNK at 24 hours, when the NF-kB-to-
AP-1 switch occurred, but not at 48 hours, when NF-kB-to-AP-1
switch did not occur. Treatment of TG mice with a selective JNK
inhibitor reduced c-Jun phosphorylation evoked by endothelial NF-
kB blockade, and diminished the anti-apoptotic actions of the
NF-kB-to-AP-1 switch. A negative crosstalk between NF-kB and
JNK-AP-1 pathways has been previously reported in cultured tumor
cells33–35. NF-kB activation induces X-chromosome-linked inhibitor
of apoptosis, and growth arrest and DNA damage 45b33,35, which
directly binds to MKK7/JNKK2, the activator of JNK, and blocks
its catalytic activity, leading to a suppression of JNK activation35.
Although this mechanism has not been demonstrated in ECs, it is
possible that endothelial NF-kB blockade disrupts the crosstalk and
relieves the inhibition, leading to JNK activation and subsequent
activation of AP-1 pathways.

Endothelial NF-kB inhibition at 24 and 48 hours after LPS chal-
lenge exerted contrasting effects on endothelial permeability,
increasing permeability at 48 hours (repair phase), but decreasing
permeability at 24 hours (transition phase). The opposite effects of
NF-kB inhibition are mediated by different mechanisms. NF-kB
plays dual roles in LPS-induced endothelial permeability. NF-kB
mediates LPS-induced increase in endothelial permeability by dis-
rupting inter-endothelial junctions (paracellular mechanisms), as
results of inflammatory gene expression, myosin light chain phos-
phorylation, endothelial cytoskeletal reorganization and junction
protein cytosolic translocation6,8,28–31. NF-kB inhibits LPS-induced
endothelial permeability by suppressing EC apoptosis (apoptotic
mechanism). The net effect of NF-kB inhibition on endothelial per-
meability depends on which of the underlying mechanisms is pre-
dominantly affected. At 48 hours, LPS-triggered inflammatory
response has been greatly dampened, the disrupted inter-endothelial
junctions have been restored, resulting in EC apoptosis as the pre-
dominant mechanism underlying the increased endothelial per-
meability. Endothelial NF-kB inhibition at this stage augmented
endothelial permeability by promoting EC apoptosis, without sig-
nificantly involving the paracellular mechanisms. At 24 hours, LPS-
induced organ inflammation remains, inter-endothelial junction
disruption persists and EC apoptosis peaks. Endothelial NF-kB
inhibition at 24 hours inhibited both paracellular and apoptotic
mechanisms. However, endothelial NF-kB inhibition activates the
NF-kB-to-AP-1 switch mechanism, which compensates for the anti-
apoptotic function of NF-kB, resulting in no change in EC apoptosis.
Consequently, endothelial NF-kB inhibition at 24 hours reduced

endothelial permeability by mitigating LPS-induced endothelial
inflammation and disruption of inter-endothelial junctions, without
involving the apoptotic mechanism. In supporting this explanation,
we demonstrated here that tissue level of VCAM-1 is remarkably
higher at 24 than at 48 hours in lungs and heart, and that inhibition
of endothelial NF-kB at 48 hours, but not 24 hours, enhances EC
apoptosis. This explanation is consistent with our observation that 24
hours is at the peak of the barrier injury phase, while 48 hours is at the
active barrier repair phase.

Although the role of NF-kB in endothelial barrier injury has been
extensively studied6,12,36, this is the first study demonstrating that NF-
kB plays a role in endothelial barrier repair and restoration. NF-kB is
a multi-faceted transcription factor involved in multiple cellular and
pathological processes6,36–41. It is not surprising that endothelial NF-
kB plays such a role. Importantly, there are a variety of mechanisms
that determine the many different effects of activating the same NF-
kB pathway. In this context, our demonstration that endothelial
NF-kB blockade at 24 or 48 hours exerts different effects on AP-1
activation and EC apoptosis is provocative and stimulating.
Investigation into pathological stage- and context-dependent roles
of NF-kB signaling will help to decipher the true function of NF-kB
signaling in a complex pathological process.

Methods
Animal experiments. All animal experiments were approved by Institutional Animal
Care and Use Committee of the Feinstein Institute for Medical Research, and
performed in accordance with U.S. National Institute of Health guidelines for the care
and use of laboratory animals. The creation and characterization of the EC-I-kBamt
TG mice that overexpress the I-kBamt selectively in endothelial cells have been
previously described12. To determine the time window minimally required for
sufficient induction of I-kBamt expression following Dox administration, TG mice
were injected with Dox (0.5 mg/mouse, i.p.), and their lungs harvested 4, 6, 12 and 24
hours after Dox or 24 hours after saline injection. The tissue level of I-kBamt mRNA
was determined by qRT-PCR.

For time course studies, transgene negative littermates (WT) were injected with
saline (controls) or Escherichia coli LPS (0111:B4, 5 mg/kg, i.p.). At 12, 18, 24, 36, 48,
96 and 144 hours following LPS injection, or 48 or 96 hours after saline injection,
endothelial permeability was measured in the heart and lungs.

To examine the role of endothelial NF-kB in endothelial barrier recovery, TG mice
were injected with Dox (0.5 mg/mouse, i.p.) 12, 36 or 84 hours after LPS injection to
induce I-kBamt expression and to block endothelial NF-kB at 24, 48 or 96 hours
without interfering with NF-kB activity at early time points. To avoid Dox effect, WT
mice were treated with Dox in the same manner. At 24, 48 or 96 hours after LPS
injection, endothelial permeability was measured or organs collected for biochemical
and histological analyses.

Assessment of endothelial permeability. Microvascular endothelial permeability
was assessed using Evans blue dye (EBD) leakage index as a marker42. Mice in control
and each study group were injected with EBD (20 mg/kg, i.v.) and then with heparin
(200 U, i.v.) at 1.5 and 0.5 hours prior to endothelial permeability assessment.
Following blood collection, organ vasculature was flushed free of blood by gentle
infusion of 10 ml prewarmed PBS through left ventricle. Heart and lungs were then
excised, and weighed before and after being dried at 70uC for 16 hours. Dry tissues
were homogenized in formamide, incubated at 60uC for 16 hours, centrifuged, and
the absorbance of the supernatant at 620 and 740 nm was recorded. Tissue
intravascular residual blood contamination was corrected by subtracting A740 reading
(tissue heme pigment content) from each A620 reading. Tissue EBD content (ng EBD/
mg dry tissue) was calculated by comparing the corrected tissue supernatant A620

readings to an EBD standard curve.
To establish a causal link between the enhanced EC apoptosis and augmented

endothelial permeability, additional groups of WT and TG mice were injected with
caspase inhibitor, Z-VAD-FMK (3 mg/kg, i.v.) or DMSO, solvent of Z-VAD-FMK,
simultaneously with LPS or saline injection, and then every 12 hours by i.p. injection.
At 48 hours after LPS injection, endothelial permeability was measured.

To examine the effect of blocking the NF-kB-to-AP-1 switch at 24 hours on
endothelial permeability, WT and TG mice were transfected with a pCMV-vector or
pCMV-TAM67 plasmid encoding a dominant negative mutant variant of c-Jun
(kindly provided by Dr. Tim G. Bowde, College of Pharmacy, University of Arizona,
Tucson, AZ) using liposome-mediated gene transfer23. TAM67 lacks the major
transactivation domain of c-Jun and blocks the function of wild type c-Jun20,21. At 3
days after transfection, mice were injected with saline, LPS and Dox, and endothelial
permeability was measured at 24 hours or 48 hours after LPS injection as described
above.

Analysis of EC apoptosis. In situ cell death detection kit (Roche Diagnostics,
Indianapolis, IN) was used for in situ detection of apoptotic cells. Cryosections
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(5 mm) were prepared from lungs of control mice or mice 24 or 48 hours after LPS
challenge, fixed with paraformaldehyde, permeabilized with Triton X-100 in PBS,
rinsed, and stained with Tunel reagents. Anti-CD31 (BD Bioscience, San Jose, CA) or
anti-VE-cadherin antibody (Santa Cruz, Dallas, TX) was used to stain ECs followed
by Alexa Fluor 594 conjugated secondary antibody (Invitrogen, Carlsbad, CA).
Nuclei were counterstained with DAPI (49, 6-diamidino-2-phenylindole). Tunel1/
CD311 or Tunel1/VE-cadhein1 apoptotic ECs in each lung cryosection was counted
and expressed as a percentage of total cell nuclei.

Effect of blocking NF-kB-to-AP-1 switch on EC apoptosis. Mice in the WT-VK and
TG-VK control groups were injected with PPCES vehicle (0.2 ml/mouse, i.v.)
composed of 30% PEG-400, 20% polypropylene glycol, 15% Cremophor EL, 5%
ethanol and 30% saline. Mice in the WT-SP and TG-SP groups were injected with a
selective JNK inhibitor, SP600125 (Anthra [1, 9-cd] pyrazol-6(2H)-one, 20 mg/kg,
i.v.) 15 minutes before saline or LPS (5 mg/kg, i.p.) injection. At 24 hours after LPS
injection, the lungs were collected and embedded in OCT compounds for analysis of
EC apoptosis. In another set of experiment, WT and TG mice were transfected with
pCMV-vector or pCMV-TAM67 plasmid as described above. At 3 days after
transfection, mice were injected with saline or LPS and then Dox, and euthanized 24
hours after LPS injection. Lungs were collected for analysis of EC apoptosis.

Immunofluorescence (IF) staining. Tissue Bax and Bcl-2 protein expression,
endothelial c-Jun expression and p65 nuclear translocation in lungs were analyzed by
IF staining. Cryosections (3 mm) were fixed with paraformaldehyde, permeabilized
with Triton X-100 in PBS, blocked with blocking reagents and stained with Bax or
Bcl-2 antibody, or double stained with c-Jun and CD31 antibodies followed by Alexa
Fluor 488 or Alexa Fluor 594 conjugated secondary antibodies as we have previously
described43.

To verify that Dox-induced I-kBamt expression at the peak of organ injury
effectively inhibits endothelial NF-kB activation in vivo, lung cryosections from WT
and TG mice 24 hours after LPS or saline injection were stained with anti-p65
antibody followed by Alexa Fluor 488 conjugated secondary antibodies. Nuclei were
counterstained with propidium iodide (PI). The number of p65 and PI double pos-
itive nuclei was used as an indicator of p65 nuclear translocation (NF-kB activation),
and was compared between WT and TG mice.

Western blot. Nuclear, membrane and total proteins were extracted from cultured
ECs or organs. Equal amounts of proteins were separated on 7.5–10% SDS-PAGE,
and electroblotted onto nitrocellulose membrane as we previously described12.
Immuno-localisation of specific proteins was achieved using antibodies against c-Fos,
c-Jun, phospho-c-Jun, phospho-JNK, JNK, VCAM-1 and actin (Abcam, Cambridge,
MA; Millipore, Billerica, MA, Santa Cruz Biotech, Dallas, TX).

Quantitative RT-PCR. Total RNA was extracted using Trizol reagent (Invitrogen,
Carlsbad, CA), treated with DNase I to remove traces of genomic DNA, and reverse
transcribed into cDNA, which was subjected to quantitative polymerase chain
reaction (qPCR) using LightCycler FastStart DNA Master SYBR Green kit as
described by manufacturer (Rhoche Diagnostic, Indianapolis, IN). Q-PCR was
performed in LightCycler 480 II instrument (Rhoche Diagnostic, Indianapolis, IN),
using sense (59-attatgatcctgcaagcctcgtc-39) and antisense (59-gcttggtcgagctgatacttccc-
39) primers. PCR product was quantified by monitoring fluorescence of DNA-
binding SYBR Green dye. Plasmid containing I-kBamt cDNA mixed with WT
genomic DNA was used as template in standard curve analysis at concentrations of 1
ag to10 pg. Tissue level of Dox-induced I-kBamt mRNA was calculated and
expressed as fg cDNA in 500 ng total cDNA.

Cell culture studies. Lung microvascular ECs were isolated and cultured as we have
previously described12. Preliminary studies were performed to titrate LPS and Dox
concentrations that cause minimal c-Jun stimulation. ECs were left untreated, or
treated with a threshold concentration of Dox (100 mg/ml). A group of untreated, or
Dox treated, ECs were then stimulated with a threshold concentration of LPS (0.1 ng/
ml). Cells were harvested 24 hours after Dox incubation. Nuclear protein was
extracted and analyzed for nuclear levels of c-Jun and phospho-c-Jun (Ser63) proteins
using Western blot or for the measurement of c-Jun DNA binding activity using
TransAM AP-1 transcription factor assay kit (Active Motif, Carlsbad, CA).

Statistical analysis. Data were expressed as mean 6 SEM and analyzed using
unpaired t test or Mann-Whitney rank test for comparing two groups. For comparing
multiple groups, ANOVA or Kruskal-Wallis rank test were used, followed by Holm-
Sidak method or Student-Newman-Keuls Method for post hoc analysis. The null
hypothesis was rejected at the 5% level.
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