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A B S T R A C T

We recently identified adenosine monophosphate-activated protein kinase (AMPK) as a novel inducer of

heme oxygenase-1 (HO-1) and surprisingly found that compound C (6-[4-(2-piperidin-1-yl-ethoxy)-

phenyl]-3-pyridin-4-yl-pyrazolo[1,5-a] pyrimidine), a cell-permeable inhibitor of AMPK, could also

elevate HO-1 suggesting other AMPK-independent actions for this agent. In this study, we investigated

the biochemical mechanism by which compound C stimulates HO-1 expression in human endothelial

cells (ECs) and determined the biological significance of the induction of HO-1 by compound C in these

cells. Compound C stimulated a concentration- and time-dependent increase in HO-1 expression and an

increase in HO-1 promoter activity that was abrogated by mutating the antioxidant responsive elements

(AREs) in the HO-1 promoter or by overexpressing a dominant negative mutant of NF-E2-related factor 2

(Nrf2). Compound C also stimulated Nrf2 expression this was associated with an increase in the

production of reactive oxygen species and with a decline in intracellular glutathione levels. Interestingly,

the glutathione donor N-acetyl-L-cysteine or the NADPH oxidase inhibitor apocynin blocked the

induction of HO-1 by compound C. Finally, compound C stimulated EC death and this was potentiated by

silencing HO-1 expression and reversed by the administration of CO, biliverdin, or bilirubin. In

conclusion, this study demonstrates that compound C stimulates HO-1 gene expression in human

vascular endothelium via the activation of the Nrf2/ARE signaling pathway to counteract compound C-

mediated cell death. The ability of compound C to induce HO-1 expression may contribute to the

pleiotropic actions of this agent and suggest caution when using compound C to probe for AMPK

functions.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Compound C (6-[4-(2-piperidin-1-yl-ethoxy)-phenyl]-3-pyri-
din-4-yl-pyrazolo[1,5-a] pyrimidine) is a cell-permeable pyrrazo-
lopyrimidine derivative that functions as a potent ATP-competitive
inhibitor of adenosine monophosphate-activated protein kinase
(AMPK) [1]. Although compound C is frequently employed to
determine the role for AMPK in various biological processes,
several AMPK-independent actions of compound C have been
discovered. Recently, compound C has been found to inhibit the
activation of hypoxia-inducible factor-1, bone morphogenetic
protein type I receptors, and several kinases in an AMPK-
independent fashion [2–4]. In addition, compound C exerts potent
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anti-proliferative and pro-apoptotic effects in various cell lines
through AMPK-independent mechanisms [5–8]. Interestingly, we
recently identified AMPK as a novel inducer of HO-1 in endothelial
cells and surprisingly found that compound C could likewise
stimulate the expression of HO-1 in these cells, suggesting another
AMPK-independent action of this compound [9].

Heme oxygenase-1 (HO-1) is an inducible enzyme that
oxidatively degrades heme to generate equivalent molar amounts
of carbon monoxide (CO), biliverdin, and ferrous iron [10].
Subsequently, biliverdin is metabolized to bilirubin by biliverdin
reductase while iron is sequestered by ferritin and either secreted
by cells or recycled for heme biosynthesis. HO-1 is a highly
inducible gene that is activated by a number of transcription
factors; however, NF-E2-related factor 2 (Nrf2) has emerged as the
predominant mediator of HO-1 gene transcription [11]. Activation
of Nrf2 is regulated by the cytosolic protein Kelch-like ECH-
associated protein 1 (Keap1) that negatively modulates the nuclear
translocation of Nrf2 and facilitates degradation of Nrf2 via the
proteasome. Upon activation, Nrf2 enters the nucleus where it
binds to the antioxidant responsive element (ARE) of the HO-1

http://dx.doi.org/10.1016/j.bcp.2011.05.016
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promoter to trigger gene expression. Nrf2 contributes to the
induction of HO-1 in response to various forms of cellular stress,
including oxidative, nitrosative, hemodynamic, and endoplasmic
reticulum stress [12–15]. The induction of HO-1 in response to
stress provides a crucial defense mechanism against cell injury
[16–18]. The protective functions of HO-1 are attributable to its
ability to degrade the pro-oxidant and pro-inflammatory molecule
heme and to its enzymatic reaction products. In particular, the bile
pigments biliverdin and bilirubin are potent anti-oxidants that are
capable of scavenging various oxidants while CO is a diatomic gas
that prevents cell death in response to a large number of inimical
stimuli.

In the present study, we investigated the mechanism by which
compound C stimulates the expression of HO-1 in human
endothelial cells. Furthermore, we determined the functional
significance of the induction of HO-1 by compound C in vascular
endothelium.

2. Materials and methods

2.1. Materials

Penicillin, gelatin, uric acid, methyl-L-arginine, streptomycin,
Nonidet P40, rotenone, antimycin A, allopurinol, dithiothreitol,
sodium dodecyl sulfate (SDS), NaCl, EDTA, ferrous iron, glycerol,
ethidium bromide, Triton X-100, heparin, trypan blue, N-acetyl-L-
cysteine, Tris, Hepes, glutathione, tricarbonyldichlororuthenium
(II) dimer (CORM2), and compound C were from Sigma–Aldrich (St.
Louis, MO). Phenylmethylsulfonyl fluoride, aprotinin, leupeptin,
and pepstatin A were from Roche Applied Sciences (Indianapolis,
IN). M199 medium, L-glutamine, bovine calf serum, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
5-(and-6)-chloromethyl-20,70-dichlorodihydrofluorescein diace-
tate acetyl ester (CM-H2-DCFDA), and MitoSOX red reagent were
from Invitrogen Corporation (Carlsbad, CA). Bilirubin and biliver-
din were from Frontier Scientific (Logan, UT). Apocynin was from
EMD Chemicals (Gibbstown, NJ). Endothelial cell growth factor
was from Becton Dickinson Biosciences (Bedford, MA). A polyclon-
al antibody against HO-1 was from Assay Designs (Ann Arbor, MI).
Antibodies against Nrf2 and b-actin were from Santa Cruz
Biotechnology (Santa Cruz, CA). a-[32P]dCTP (3000 Ci/mmol)
was from Amersham Life Sciences (Arlington Heights, IL). The HO-1
small interference RNA (siRNA; sense: 50-AUGCUGAGUUCAU-
GAGGA AUU-30, antisense: 50-PUUCCUCAUGAACUCAGCAUUU-30)
and a non-targeting siRNA (50-AAUGGAAGACCACUCCCACUC-30)
were purchased from Dharmacon Incorporated (Lafayette, CO).

2.2. Cell culture

Human umbilical vein endothelial cells were purchased from
Lonza Incorporated (Allendale, NJ) and serially cultured on gelatin-
coated dishes, as we previously described [19]. Cells were grown in
M199 medium supplemented with 20% bovine calf serum, 2 mM L-
glutamine, 50 mg/ml endothelial cell growth factor, 90 mg/ml
heparin, and 100 U/ml of penicillin and streptomycin in an
atmosphere of 95% air/5% CO2.

2.3. Western blotting

Cells were scrapped in lysis buffer (125 mM Tris [pH 6.8], 12.5%
glycerol, 2% SDS, and trace bromophenol blue) and proteins
separated by SDS-PAGE. Following transfer to nitrocellulose
membranes, blots were blocked with PBS containing Triton X-100
(0.25%) and nonfat milk (5%) and then incubated with antibodies
against HO-1 (1:1,500), Nrf2 (1:200), and b-actin (1:1000).
Membranes were washed in PBS containing Triton X-100 (0.25%),
incubated with horseradish peroxidase-conjugated goat anti-rabbit
or rabbit anti-goat antibodies (Santa Cruz Biotechnologies, Santa
Cruz, CA) and developed with commercial chemoluminescence
reagents (Amersham, Arlington Heights, IL). Protein expression was
quantified by scanning densitometry and normalized with respect to
b-actin.

2.4. Northern blotting

Total RNA was isolated from cells with Trizol (Invitrogen
Corporation, Carlsbad, CA) and loaded onto 1.2% agarose gels. RNA
was fractionated by electrophoresis, blot transferred to Gene
Screen Plus membranes (Perkin Elmer Life Sciences, Waltham,
MA), and membranes prehybridized for 4 h at 68 8C in rapid
hybridization buffer (Amersham, Arlington Heights, IL). Mem-
branes were then incubated overnight at 68 8C in hybridization
buffer containing [32P]DNA probes (1 � 108 cpm) for HO-1 or 18S
mRNA. DNA probes were generated by RT-PCR and labeled with
[32P]dCTP using a random priming kit (Amersham, Arlington
Heights, IL) [14,15,19]. Following hybridization, membranes were
washed, exposed to X-ray film, and HO-1 expression quantified by
scanning densitometry and normalized with respect to 18S rRNA.

2.5. HO-1 promoter analysis

HO-1 promoter activity was determined using HO-1 promoter/
firefly luciferase constructs that were generously supplied by Dr.
Jawed Alam (Ochsner Clinic Foundation, New Orleans, LA). These
constructs consisted of the wild type enhancer (E1) that contains
three antioxidant responsive elements (ARE) core sequences
coupled to a minimum HO-1 promoter as well as the mutant
enhancer (M739) that has mutations in its three ARE sequences
[20,21]. In some experiments, a plasmid expressing a dominant-
negative Nrf2 mutant (dnNrf2) that was provided by Dr. Jawed Alam
(Ochsner Clinic Foundation, New Orleans, LA) was employed.
Transfection efficiency was controlled by introducing a plasmid
encoding Renilla luciferase (hRluc/TK]-Renilla luciferase; Promega,
Madison, WI) into all samples. Cells were transfected with plasmids
(1 mg/ml) using lipofectamine (Invitrogen Corporation, Carlsbad,
CA), incubated for 48 h, and then exposed to compound C for 8 h.
Cells were then lysed and luciferase activity determined using a
Glomax luminometer (Promega, Madison, WI). Firefly luciferase
activity was normalized with respect to Renilla luciferase activity,
and this ratio was expressed as fold induction over control cells.

2.6. Nrf2 activation

Cells were scraped into ice-cold lysis buffer (10 mM HEPES, pH
7.9, 10 mM KCl, 0.1 mM EDTA, 0.5 mm phenylmethylsulfonyl
fluoride, 10 mg/ml aprotonin, 10 mg/ml leupeptin, 10 mg/ml pep-
statin A, 0.5 mM dithiothreitol, and 0.4% Nonidet P-40), incubated
for 10 min, and centrifuged at 14,000 � g for 3 min at 4 8C. The
resulting nuclear pellet was resuspended in extraction buffer
(20 mM HEPES, pH 7.9, 0.4 M NaCl, 1.0 mM EDTA, 1 mM dithio-
threitol, 10 mg/ml aprotonin, 10 mg/ml leupeptin, 10 mg/ml pep-
statin A, and 10% glycerol), kept on ice for 15 min, and centrifuged at
14,000 � g for 5 min at 4 8C. The supernatant containing nuclear
protein was collected and stored at �70 8C. Nuclear Nrf2 activity was
determined by measuring the binding of Nrf2 to the ARE using an
ELISA-based TransAM Nrf2 kit (Active Motif, Carlsbad, CA). Nuclear
extracts (5 mg) were incubated with ARE consensus site oligonu-
cleotides (50-GTCACAGTGACTCAGCAGAATCTG-30) immobilized to
96-well plates. Bound protein was detected using an antibody
specific to DNA-bound Nrf2, visualized by colorimetric reaction
catalyzed by horseradish peroxidase-conjugated secondary anti-
body, and absorbance measured at 405 nm.



Fig. 1. Compound C stimulates HO-1 protein expression in human endothelial cells.

(A) Time-course of HO-1 protein expression following the administration of

compound C (20 mM). (B) Concentration-dependent effect of compound C (2–

20 mM for 24 h) on HO-1 protein expression. HO-1 protein was quantified by

scanning densitometry, normalized with respect to b-actin, and expressed relative

to that of control, untreated cells. Results are means � SEM (n = 4). *Statistically

significant effect of compound C.
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2.7. Measurement of intracellular reactive oxygen species (ROS)

The cell permeable probe CM-H2-DCFDA was used to assess ROS
production, as we previously reported [19]. The dye (5 mM) was
preloaded to cells grown on glass coverslips for 30 min at 37 8C.
Cells were then washed with PBS and exposed to various treatment
regimens. Cell fluorescence intensity was assessed using a Bio-Rad
Radiance 2000 confocal system coupled to an inverted microscope
at 200� magnification using excitation and emission wavelengths
of 480 nm and 520 nm, respectively.

2.8. Measurement of mitochondrial superoxide production

Mitochondrial superoxide production was measured in live
endothelial cells using MitoSOX Red reagent (514-nm excitation/
585-nm emission). This fluorogenic dye selectively enters mito-
chondria within living cells, where it is oxidized by superoxide
anions. This oxidation reaction then emits a red fluorescence when
bound to mitochondrial DNA. Endothelial cells were incubated
with MitoSOX Red (2.5 mM) for 20 min, washed with PBS, and
images obtained by confocal microscopy (Zeiss LSM 510; Carl Zeiss
Incorporated, Thornwood, NY) and overlaid using LSM software.
Digital images were collected, corrected for autofluorescence, and
background fluorescence excluded from calculations by thresh-
olding. The mean fluorescence intensity per image was calculated
using MetaMorph software (Molecular Devices, Sunnyvale, CA).

2.9. Determination of intracellular glutathione levels

Cells were lysed in 5% sulfosalicylic acid and homogenized by
passing through a 26 gauge needle. Homogenates were
centrifuged at 8000 � g for 10 min and supernatants collected
and assayed. Glutathione levels were measured using a
commercial gluthathione detection kit from Biovision Research
Products (Mountain View, CA). Absorbance was measured at
412 nm with a mQuant spectrophotometer (Bio-Tek Instru-
ments, Winooski, VT) and glutathione levels determined relative
to a standard curve obtained using known concentrations of
glutathione.

2.10. Cell viability

Cell viability was assessed by measuring the uptake of the
membrane impermeable stain trypan blue. Cells were treated
with trypsin (0.25%), collected, diluted (1:4) with trypan blue
and examined by microscopy. Viability was determined by the
percentage of cells that excluded trypan blue, as we previously
described [22]. In some cases, cell viability was also determined
using the MTT assay that relies upon the cellular reduction of
positively charged tetrazolium salts to their intensely colored
formazan product by mitochondrial dehydrogenases. Briefly,
cells were incubated with MTT (0.5 mg/ml) at 37 8C for 4 h to
allow the formation of formazan crystals. Residual MTT was
carefully removed, and crystals dissolved by incubation with
dimethyl sulfoxide for 10 min. Absorbance was measured by
spectrophotometry at 540 nm wavelength using a plate reader
(mQuant spectrophotometer, Bio-Tek Instruments, Winooski,
VT).

2.11. Statistics

Results are expressed as mean � SEM. Statistical analyses were
performed with the use of a Student’s two-tailed t-test and an
analysis of variance with the Tukey post hoc test when more than two
treatment regimens were compared. P values < 0.05 were considered
statistically significant.
3. Results

Treatment of endothelial cells with compound C stimulated a
concentration- and time-dependent increase in HO-1 protein. The
induction of HO-1 protein by compound C was delayed, with a
significant increase in HO-1 protein appearing 8 h after compound
C administration, and levels remained elevated following 24 h of
treatment (Fig. 1A). An increase in HO-1 protein was detected after
24 h with 2 mM of compound C and higher concentrations of
compound C resulted in a progressive increase in HO-1 protein
(Fig. 1B). The induction of HO-1 protein by compound C was
associated with a concentration-dependent rise in HO-1 mRNA
expression that preceded the increase in HO-1 protein (Fig. 2A and
B). A significant and progressive increase in HO-1 mRNA was first
detected 4 h after compound C exposure.

Incubation of endothelial cells with the transcriptional inhibitor,
actinomycin D (2 mg/ml), suppressed basal and compound C-
mediated induction of HO-1 mRNA and protein by compound C
(Fig. 3A and B). In contrast, the protein synthesis inhibitor,
cycloheximide (5 mg/ml), had no effect on basal or compound C–
mediated increases in HO-1 mRNA (Fig. 3B). However, cyclohexi-
mide attenuated basal HO-1 protein expression as well as the
increase in HO-1 protein expression evoked by compound C (Fig. 3A).



Fig. 2. Compound C stimulates HO-1 mRNA expression in human endothelial cells.

(A) Time-course of HO-1 mRNA expression following the administration of

compound C (20 mM). (B) Concentration-dependent effect of compound C (5–

20 mM for 24 h) on HO-1 mRNA expression. HO-1 mRNA was quantified by

scanning densitometry, normalized with respect to 18 S rRNA, and expressed

relative to that of control, untreated cells. Results are means � SEM (n = 4).

*Statistically significant effect of compound C.

Fig. 3. Compound C-mediated HO-1 gene expression requires de novo RNA

synthesis. (A) Effect of actinomycin D (ActD; 2 mg/ml) or cycloheximide (CX; 5 mg/

ml) on compound C (20 mM for 24 h)-mediated increase in HO-1 protein. (B) Effect

of actinomycin D (ActD; 2 mg/ml) or cycloheximide (CX; 5 mg/ml) on compound C

(20 mM for 8 h)-mediated increase in HO-1 mRNA. HO-1 protein and mRNA

expression were quantified by scanning densitometry, normalized with respect to

b-actin or 18 S rRNA, respectively, and expressed relative to that of control,

untreated cells. Results are means � SEM (n = 3). *Statistically significant effect of

compound C.
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To further examine the molecular mechanism by which
compound C induces HO-1 gene expression we investigated
whether stabilization of HO-1 mRNA contributes to the induction
of HO-1. However, actinomycin D chase experiments revealed that
compound C had no effect on the degradation of HO-1 mRNA
(Fig. 4A). Subsequently, we determined whether increases in HO-1
expression in response to compound C involve transcriptional
activation of the gene. Endothelial cells were transiently trans-
fected with a HO-1 reporter, treated with compound C, and
promoter activity monitored. Compound C evoked a significant
increase in HO-1 promoter activity (Fig. 4B). Interestingly
mutation of the AREs attenuated basal promoter activity and
abrogated the response to compound C, indicating that AREs are
required for the activation of HO-1 promoter. In addition,
transfection of endothelial cells with a dominant-negative mutant
of Nrf2 that had its activation domain deleted blocked the
compound C-mediated increase in promoter activity. Furthermore,
treatment of endothelial cells with compound C resulted in a
marked increase in Nrf2 protein expression beginning 4 h after
compound C exposure and peaked at 8 h (Fig. 4 C). Compound C
also stimulated the activation of Nrf2, as reflected by the
concentration-dependent increase in nuclear Nrf2 binding to the
ARE (Fig. 4D).

In follow-up experiments, we determined the upstream
signaling pathway that stimulates Nrf2 and HO-1 expression.
Since reactive oxygen species have been implicated in the
activation of Nrf2 [11,23,24], the involvement of oxidative stress
was examined. Treatment of endothelial cells with compound C
resulted in a rise in reactive oxygen species that progressively
increased over time (Fig. 5A). The induction of oxidative stress by
compound C was associated with a time-dependent decline in
intracellular glutathione levels (Fig. 5B). However, compound C
failed to stimulate mitochondrial superoxide by endothelial cells
(Fig. 5C). Interestingly, the glutathione donor N-acetyl-L-cysteine
(10 mM) blocked the increase in the formation of reactive oxygen
species by compound C and inhibited the induction of HO-1 in



Fig. 4. Compound C stimulates HO-1 promoter activity and Nrf2 activation without affecting HO-1 mRNA stability in human endothelial cells. (A) Effect of compound C on HO-

1 mRNA stability. Cells were pretreated with compound C (CC; 20 mM for 24 h), washed, and then exposed to actinomycin D (2 mg/ml) in the presence or absence of

compound C (20 mM). (B) Compound C stimulated HO-1 promoter activity. Cells were transfected with a HO-1 promoter construct (E1) or a mutated HO-1 promoter construct

(M739) and a Renilla luciferase construct, treated with compound C (CC; 20 mM for 8 h), and then analyzed for luciferase activity. In some instances, a dominant-negative Nrf2

(dnNrf2) construct was co-transfected into cells. (C) Time-course of Nrf2 protein expression after administration of compound C (20 mM). (D) Concentration-dependent effect

of compound C (5–20 mM for 8 h) on Nrf2 activation. Protein expression was quantified by scanning densitometry, normalized with respect to b-actin, and expressed relative

to that of control, untreated cells. Results are means � SEM (n = 4–6). *Statistically significant effect of compound C.
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response to compound C (Fig. 6A and B). N-acetyl-L-cysteine also
attenuated the compound C-mediated increase in Nrf2 protein
(Fig. 6C). In contrast, inhibitors of nitrosative stress, including the
nitric oxide synthase inhibitor methyl-L-arginine (1 mM) or the
peroxynitrite scavenger uric acid (500 mM) failed to block the
compound C-mediated induction of HO-1 (Fig. 6D).

In subsequent experiments, we investigated potential enzy-
matic sources of oxidants responsible for the induction of HO-1 by
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compound C. The role of the mitochondrial electron transport
chain in mediating the induction of HO-1 in endothelial cells was
tested by incubating cells with the mitochondrial complex I
inhibitor rotenone (2 mM) or the mitochondrial complex III
inhibitor mitomycin A (10 mM). However, neither mitochondrial
complex inhibitor affected the induction of HO-1 by compound C
(Fig. 7A). Similarly, the xanthine oxidase inhibitor allopurinol
(100 mM) failed to block the compound C-mediated increase in
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Fig. 6. Compound C-mediated HO-1 expression is dependent on oxidative but not nitrosative stress. (A) Effect of N-acetyl-L-cysteine (NAC; 10 mM) on compound C (CC;

20 mM for 24 h)-mediated reactive oxygen species (ROS) production. (B) Effect of NAC (10 mM) on compound C (CC; 20 mM for 24 h)-mediated HO-1 protein expression. (C)

Effect of NAC (10 mM) on compound C (CC; 20 mM for 8 h)-mediated Nrf2 protein expression. (D) Effect of methyl-L-arginine (L-NMA; 1 mM) or uric acid (UA; 500 mM) on

compound C (CC; 20 mM for 24 h)-mediated HO-1 protein expression. Protein expression was quantified by scanning densitometry, normalized with respect to b-actin, and

expressed relative to that of control, untreated cells. Results are means � SEM (n = 4). *Statistically significant effect of compound C. yStatistically significant effect of NAC.

Fig. 7. Compound C-mediated HO-1 expression is dependent on NADPH oxidase activity. (A) Effect of rotenone (Rot; 2 mM) or antimycin A (AMA; 10 mM) on compound C (CC;

20 mM for 24 h)-mediated HO-1 protein expression. (B) Effect of allopurinol (Allo; 100 mM) on compound C (CC; 20 mM for 24 h)-mediated HO-1 protein expression. (C) Effect of

apocynin (Apo; 300 mM) on compound C (CC; 20 mM for 24 h)-mediated HO-1 protein expression. Results are means � SEM (n = 3). *Statistically significant effect of compound C.

X.-M. Liu et al. / Biochemical Pharmacology 82 (2011) 371–379376



Fig. 8. Induction of HO-1 by compound C promotes human endothelial cell survival. A. Cell viability assessed by trypan blue exclusion following treatment of cells with

compound C (20 mM for 24 h) and transfection of cells with HO-1 small interference RNA (HO-1 siRNA; 1 mM) or non-targeting siRNA (NT siRNA; 1 mM). Results are

means � SEM (n = 3). *Statistically significant effect of compound C. yStatistically significant effect of HO-1 siRNA. (B) Cell viability assessed by MTT reduction following treatment of

cells with compound C (20 mM for 24 h) and transfection of cells with HO-1 siRNA (1 mM) or NT siRNA (1 mM). Results are means � SEM (n = 3). *Statistically significant effect of

compound C. yStatistically significant effect of HO-1 siRNA. (C) HO-1 protein expression in cells treated with compound C (20 mM for 24 h) and transfected with HO-1 siRNA (1 mM)

or NT siRNA (1 mM). HO-1 protein was quantified by scanning densitometry, normalized with respect to b-actin, and expressed relative to that of control, untreated cells. Results are

means � SEM (n = 3). *Statistically significant effect of compound C. yStatistically significant effect of HO-1 siRNA. (D) Cell viability assessed by trypan blue exclusion following

treatment of cells with compound C (20 mM for 24 h) in the presence or absence of CORM2 (20 mM), biliverdin (BR; 20 mM), bilirubin (BV; 20 mM), or iron (Fe; 20 mM). Results are

means � SEM (n = 6). *Statistically significant effect of compound C. yStatistically significant effect of heme metabolites.
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HO-1 expression (Fig. 7B). In contrast, the NADPH oxidase inhibitor
apocynin (300 mM) abolished the induction of HO-1 by compound
C (Fig. 7C).

In a final series of experiments, the functional role of HO-1
induction in endothelial cells by compound C was investigated.
Treatment of endothelial cells with compound C (20 mM) resulted
in a significant decline in cell viability, as measured by trypan blue
staining (Fig. 8A). Interestingly, transfection of endothelial cells
with a HO-1 siRNA (0.1 mM) potentiated compound C-mediated
cell toxicity whereas the non-targeting siRNA had no effect
(Fig. 8A). Similar results were obtained when cell viability was
assessed used the MTT assay (Fig. 8B). In the absence of compound
C, HO-1 siRNA, or the non-targeting siRNA had no adverse effect on
cell survival. In addition, transfection of endothelial cells with the
HO-1 siRNA abolished basal and compound C-mediated increases
in HO-1 protein (Fig. 8C). In contrast, the non-targeting siRNA had
no effect on HO-1 protein expression, confirming the efficacy and
selectivity of the HO-1 knockdown approach. Finally, we deter-
mined which of the HO-1 products mediates this cytoprotective
effect. Interestingly, incubation of HUVEC with the CO donor
CORM2 (20 mM), bilirubin (20 mM), or biliverdin (20 mM) reversed
the cytotoxic effect of compound C (Fig. 8D). In contrast, the
addition of ferrous iron (20 mM) had no effect on cell toxicity.

4. Discussion

The present study identifies compound C as a potent inducer of
HO-1 gene expression in human endothelial cells. The induction of
HO-1 is mediated by the Nrf2-ARE signaling pathway and is
dependent on the production of reactive oxygen species. In
addition, the induction of HO-1 functions to limit the cytotoxic
effect of compound C through the generation of biliverdin,
bilirubin, and CO. The ability of compound C to stimulate HO-1
expression may contribute to the pleiotropic actions of this agent
and suggests caution when using compound C as a pharmacologi-
cal probe in identifying cellular functions of AMPK.

Treatment of endothelial cells with compound C results in a
concentration- and time-dependent increase in HO-1 mRNA and
protein. Interestingly, increases in both HO-1 mRNA and protein
are noted with concentrations between 5 and 20 mM that are often
employed to block AMPK activity in endothelial cells [25–27],
demonstrating that pharmacologically relevant concentrations of
compound C are able to induce HO-1 gene expression. The
induction of HO-1 mRNA expression by compound C is dependent
on de novo RNA synthesis since the transcriptional inhibitor
actinomycin D blocks the induction of HO-1 message. Interesting-
ly, actinomycin D suppresses basal HO-1 mRNA expression,
suggesting that HO-1 gene expression is activated in endothelial
cells in culture. In contrast, the increase in HO-1 mRNA does not
require de novo protein synthesis as the protein synthesis inhibitor
cycloheximide has no effect on the induction of HO-1. In addition,
actinomycin D chase experiments revealed that HO-1 mRNA
stability is unaffected by compound C. However, compound C
stimulates a significant increase in HO-1 promoter activity. The
stimulation of HO-1 promoter activity is dependent on the
presence of AREs, since mutation of these responsive elements
abrogates the increase in promoter activity by compound C. Since
Nrf2 plays a dominant role in ARE-dependent HO-1 gene
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expression [11], we investigated the involvement of this tran-
scription factor in mediating the induction of HO-1. Indeed, we
found that compound C elevates Nrf2 expression and activity, and
Nrf2 binding to the HO-1 promoter. Moreover, transfection of
endothelial cells with a dominant-negative Nrf2 mutant abolishes
the increase in HO-1 promoter activity in response to compound C,
indicating an essential role for Nrf2 in mediating the induction of
HO-1. The ability of compound C to activate Nrf2 provides a novel
pathway by which this agent can regulate gene transcription.

The induction of HO-1 expression by compound C is dependent
on oxidative stress. We found that compound C evokes a
progressive increase in the production of reactive oxygen species
that is paralleled by a decline in intracellular glutathione levels.
The ability of compound C to evoke oxidative stress in endothelial
cells is in agreement with recent studies in mesangial and glioma
cells [5,8]. Significantly, administration of the glutathione donor N-
acetyl-L-cysteine attenuates the compound C-mediated generation
of reactive oxygen and induction of HO-1 expression in endothelial
cells. Since nitrosative stress is a well established inducer of HO-1
[28,29] we also investigated its involvement in the induction of
HO-1. However, blocking nitric oxide synthesis with the nitric
oxide synthase inhibitor methyl-L-arginine fails to inhibit com-
pound C-mediated HO-1 expression. Furthermore, uric acid which
is poor scavenger of superoxide but an efficient scavenger
peroxynitrite [30], has no effect on the induction of HO-1. Thus,
the capacity of compound C to stimulate HO-1 expression is
dependent on oxidative but not nitrosative stress. Although the
precise mechanism by which compound C activates Nrf2 is not
known, it likely involves the oxidation of cysteine residues in
Keap1 since several cysteine residues undergo redox-dependent
alterations that result in the liberation and/or inhibition Keap1-
dependent ubiquitination and degradation of Nrf2 [23,24].
Consistent with this notion, we found that the antioxidant N-
acetyl-L-cysteine blocks the induction of Nrf2 by compound C.

Emerging evidence indicate that mitochondria, xanthine
oxidase, and NADPH oxidase are major sources of reactive oxygen
species that contribute to signaling events in endothelial cells [31].
However, mitochondrial-derived oxidants are not involved in the
induction of HO-1 by compound C since compound C fails to
stimulate the generation of reactive oxygen by this organelle.
Moreover, inhibitors of the mitochondrial electron transport chain
have no effect on the induction of HO-1 by compound C. Similarly,
a pharmacological inhibitor directed against xanthine oxidase fails
to prevent the compound C-mediated increase in HO-1 expression.
In contrast, we found that apocynin, an inhibitor of NADPH oxidase
[32], abrogates the induction of HO-1 by compound C, suggesting a
role for this enzyme in mediating the induction of HO-1. However,
results with apocynin should be cautiously interpreted since in
certain conditions this compound can exert direct anti-oxidant
effects [33].

The induction of HO-1 in endothelial cells following compound
C exposure likely represents an important adaptive response to
ameliorate the deleterious effect of oxidative stress. Consistent
with previous reports in other cells [5,7,8], we found that
compound C stimulates endothelial cell death. Interestingly,
compound C-mediated endothelial cell death is potentiated
following knockdown of HO-1 expression, indicating that the
induction of HO-1 by compound C promotes cell survival. This is
consistent with studies showing that genetic deletion of HO-1
sensitizes endothelial cells to the detrimental effects of oxidative
stress [34,35]. The cytoprotective action of HO-1 is likely mediated
via the formation of biliverdin, bilirubin, and CO since the
exogenous administration of these heme metabolites reproduces
the protection afforded by HO-1. In contrast, the other HO-1
product, iron, does not protect endothelial cells against compound
C. The cytoprotection provided by the bile pigments and CO may
reflect their ability to restore redox balance within cells. In this
regard, biliverdin and bilirubin are established scavengers of
oxidants while CO can exert an anti-oxidant effect by stimulating
the expression of antioxidant genes and inhibiting the activity of
pro-oxidant enzymes [36–38].

In summary, the present study demonstrates that compound C
stimulates HO-1 gene expression in endothelial cells via the Nrf2/
ARE pathway. The induction of HO-1 by this pathway is dependent
on the production of reactive oxygen species and functions to
counteract compound C-mediated cell death through the forma-
tion of CO, biliverdin, and bilirubin. This study adds to a growing
list of AMPK-independent actions by compound C and suggests
caution when using this agent as a pharmacological tool in
assessing vascular functions of AMPK. Moreover, the ability of
compound C to stimulate HO-1 expression may contribute to the
pleiotropic actions of this agent.
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