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Zinc protoporphyrin IX (ZnPP), a naturally occurringmolecule formed in iron deficiency or lead poisoning, is a potent competitive
inhibitor of heme oxygenase-1 (HO-1). It also regulates expression of HO-1 at the transcriptional level. However, the effect of ZnPP
on HO-1 expression is controversial. It was shown to induce HO-1 expression in some cells, but suppress it in others. The objective
of this study is to investigate the effect of ZnPP on HO-1 expression in prostate cancer PC-3 cells. Incubation of PC-3 cells with
10 𝜇MZnPP for 4 h showed only a slight induction of HO-1mRNA and protein, but the induction was high after 16 h and wasmain-
tained through 48 h of incubation. Of all the known responsive elements in the HO-1 promoter, ZnPP activated mainly the stress
response elements. Of the various protein kinase inhibitors and antioxidant tested, only Ro 31-8220 abrogated ZnPP-induced HO-1
expression, suggesting that activation of HO-1 gene by ZnPP may involve protein kinase C (PKC).The involvement of PKC 𝛼, 𝛽, 𝛿,
𝜂, 𝜃, and 𝜁 isoforms was ruled out by the use of specific inhibitors. The isoform of PKC involved and participation of other trans-
cription factors remain to be studied.

1. Introduction

Heme oxygenase-1 (HO-1), also known as heat shock pro-
tein 32 (Hsp32), is an inducible enzyme that catalyzes the
breakdown of heme, producing carbon monoxide, iron, and
biliverdin. It is known to be a cytoprotective enzyme against
oxidative stress [1]. It is often upregulated in tumor tissues,
and its inhibition is considered as a means of sensitizing the
tumors to anticancer drugs [2]. Although HO-1 expression is
increased in malignant prostate tissues [3], its expression in
prostate cancer cell line, PC-3, is low [4]. Induction of HO-1
expression by hemin in PC-3 cells resulted in decreased cell
proliferation andmigration [4]. Overexpression of HO-1 also
led to nuclear location [5] and was associated with down-
regulation of matrix metalloprotease 9 (MMP9), which plays
an important role in tumor cell invasion and angiogenesis
[4]. The real function of HO-1 in tumor cells remains to be
studied.

HO-1 expression can be induced by many inducers, and
many regulatory pathways have been proposed [6, 7]. A num-
ber of antioxidant response element (ARE)-like motifs are
present in the promoter of HO-1 gene. Six of these sites were

found as clusters at E1 (−3928 bp) and E2 (−9069 bp) regions
of the humanHO-1 promoter; they are termed StRE1 through
StRE6 [6]. Besides these StRE sites, other response elements,
such as HSE [8], SREBP binding site [9], and an intronic SP1
enhancer [10] have also been reported to be present in HO-1
promoter. In addition, an Egr-1 binding site in mouse HO-1
promoter that is inducible by zinc protoporphyrin IX (ZnPP)
has also been reported [11].

ZnPP, a naturally occurring molecule formed in iron
deficiency or lead poisoning, is a potent competitive inhibitor
of HO-1. Inhibition of HO-1 by ZnPP led to suppression of
tumor cell growth [12] and ZnPP has been suggested to be
a useful agent for antitumor therapy [13]. However, ZnPP has
also been shown to regulate expression of HO-1 at the tran-
scriptional level, and the effect of ZnPP on HO-1 expression
is controversial. For example, it is shown to induce HO-1 ex-
pression in hamster fibroblast (HA-1) cells [11] but not in
Neuro-2A mouse neuroblastoma cells and primary cultures
of rat cortical neurons [14]. In fact, it even suppressed the
induction of HO-1 by statins or lipopolysaccharide [14]. In
our earlier study, ZnPP was found to induce HO-1 expres-
sion in human prostate adenocarcinoma PC-3 and breast
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adenocarcinoma MCF-7 cells [15]. It is a much stronger
inducer of HO-1 than atorvastatin, one of the statins. In this
study, we used prostate cancer PC-3 cells to investigate the
mechanism of action of ZnPP. We herein report that ZnPP
upregulates HO-1 in PC-3 cells via the antioxidant response
pathway.

2. Materials and Methods

2.1. Reagents. N-acetyl cysteine (NAC) was product of
Sigma-Aldrich (St. Louis, MO, USA). ZnPP and protein
kinase inhibitors were purchased through EMD Chemicals
Inc. (Gibbstown, NJ, USA). Antibodies against human 𝛽-
actin andHO-1 were purchased fromCell Signaling Technol-
ogy (Danvers, MA, USA) and Enzo Life Sciences (Plymouth
Meeting, PA, USA), respectively. Antibodies against Keap1
and phospho-Nrf2 (pS40) were products of Proteintech
Group, Inc. (Chicago, IL, USA) and Epitomics, Inc. (Bur-
lingame, CA, USA), respectively. Antibodies against Bach1
were purchased from both Poteintech Group, Inc. and Epito-
mics, Inc.

2.2. Cell Line and Cell Culture. Human prostate adenocarci-
noma PC-3 cell line was purchased from the American Type
Culture Collection (Manassas, VA, USA). These cells were
maintained as monolayer cultures in DMEM/F12 medium
(Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum, 100 units/mL of penicillin, 100 𝜇g/mL of
streptomycin, and 0.25 𝜇g/mL of amphotericin B (complete
medium) and were kept at 37∘C in a humidified atmosphere
containing 5% CO

2
.

2.3. Construction of Reporter Plasmids. Theenhancer-lucifer-
ase reporter plasmids were constructed by inserting seq-
uences of various synthetic response elements into the filled-
inNheI/BglII sites of pGL3-promoter vector (Promega,Madi-
son, WI, USA) or EcoRV site of pGL4-promoter vector via
blunt-end ligation as described in our earlier study [15]. Inter-
nal control plasmid, pGL4.74[hRluc/TK], was purchased
from Promega (Madison, WI, USA).

2.4. RT-PCR and qPCR. PC-3 cells were grown to 80% con-
fluence in T25 flasks and treated with 10𝜇M ZnPP or equal
amount of DMSO (vehicle) for various time intervals up to
48 h. Total RNAwas extracted usingNucleoSpinNucleicAcid
PurificationKits (Clontech, PaloAlto, CA,USA). First-strand
cDNAwas synthesized from 5𝜇g of total RNAusingThermo-
Script (Invitrogen, Carlsbad, CA, USA) in a volume of 20𝜇L.
PCR was done for 30 cycles (denaturation at 94∘C for 30 sec,
annealing at 59∘C for 30 sec, and extension at 72∘C for
60 sec) using 1𝜇L of the first-strand cDNA, 10 pmol of
gene specific primers and 2.5 units of JumpStart Taq DNA
polymerase (Sigma-Aldrich, St. Louis, MO) in a volume of
50𝜇L. Primers for 𝛽-actin: 5-CCTCGCCTTTGCCGATCC-
3 and 5-GGATCTTCATGAGGTAGTCAGTC-3. Primers
for HO-1: 5-AGAAGAGCTGCACCGCAAGG-3 and 5-
CCTCTGAAGTTTAGGCCATTGC-3.

Real-time PCR (RT-qPCR) was performed with StepOne
real-time PCR system (Applied Biosystems, Foster City,
CA, USA) using TaqMan Gene Expression Master Mix
and ready-made human HMOX1 (Hs 01110250 m1), ACTB
(Hs 99999903 m1), NQO1 (Hs00168547 m1), GSTP1
(Hs00943351 g1), BACH1 (Hs00230917 m1), NFE2L2
(Hs00975960 m1), and KEAP1 (Hs00202227 m1) Gene Ex-
pression Assays (Applied Biosystems, Foster City, CA, USA).
Reactions were done in triplicates, and average 𝐶

𝑇
values

were used to calculate “fold-induction” over vehicle-treated
control using Comparative 𝐶

𝑇
method. ACTB was used as

the internal control gene.

2.5. Luciferase Reporter Assay. Luciferase reporter assays
were carried out as described in our previous study [16].
Briefly, cells grown to 90% confluence in 24-well plates were
cotransfected in triplicates with 250 ng of enhancer-luciferase
reporter plasmid and 25 ng of pGL4.74[hRluc/TK] internal
control plasmid, using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA,USA). Six hours after transfection, themedium
was replaced with fresh one containing 10 𝜇M ZnPP or same
amount of DMSO (vehicle). At 30–48 h after-transfection,
the growth medium was removed, and the cells were rinsed
twice with ice-cold phosphate buffered saline and were lysed
by shaking for 15min at 25∘C with 100𝜇L of Passive Lysis
Reagent (Promega, Madison, WI, USA). Aliquots of 20𝜇L of
the cell lysates were assayed for firefly and renilla luciferase
activities using a 20/20 Luminometer (Turner Biosystems,
Sunnyvale, CA, USA) and Dual-Luciferase Reporter Assay
System (Promega, Madison, WI, USA). The results were ex-
pressed as Relative Luciferase Activity (a ratio of the activities
of firefly luciferase/renilla luciferase).

2.6. Measurement of Cell Survival. Cells were seeded in tri-
plicates at 0.5–1 × 104 cells/well in 48-well plate in complete
medium. At about 25% confluence, cells were treated with
various concentrations of ZnPP or vehicle (DMSO) for 48 h.
Cell survival was determined using CellTiter 96 Nonradioac-
tive Cell Proliferation Assay (Promega, Madison, WI, USA)
according to the protocol provided by the manufacturer. The
color developed was measured at 490 nm.

2.7. Western Blot Analysis. PC-3 cells grown to 80% conflu-
ence in T25 flasks were treated with 10𝜇M ZnPP or vehicle
for various time intervals up to 48 h. Cells were lysed with
0.5mL of 1X Laemmli sample buffer containing 1% Halt pro-
tease inhibitor and phosphatase inhibitor cocktails (Thermo
Scientific, Rockford, IL, USA), sonicated for 2 × 15 sec, and
centrifuged at 10,000 rpm for 15min at 4∘C. Aliquots of 50 𝜇g
protein extractwere analyzed on 10%SDS-polyacrylamide gel
and transferred to PVDF membranes. The blots were ana-
lyzed by western blot according to the procedure provided by
WesternDot 625 kit (Invitrogen, Carlsbad, CA, USA). Briefly,
the blots were incubated in 8mL of Blocking Buffer in a
small plastic dish for 1 h at room temperature with gentle
agitation.Then they were incubated with the diluted primary
antibody (1 : 1000 dilution) at 4∘C overnight. After washing
3 times with 50mL of 1X Wash Buffer, 5min each, blots
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were incubatedwith 8mLof Biotin-XX-Goat anti-rabbit anti-
body (1 : 2000 dilution) in Blocking Buffer for 1 h. They were
washed 3 times with 50mL of 1X Wash Buffer for 5min
each, and then incubated with 8 mL of Qdot 625 streptavidin
conjugate (1 : 2000 dilution) in Blocking Buffer for 60min at
room temperature. Finally, the blotswerewashed 3 timeswith
50mL of 1XWash Buffer for 5min each, and once with 20mL
of ultrapure water. The wet blots were placed on a UV trans-
illuminator and pictures were taken with a Polaroid camera
and orange filter.

2.8. Data Analysis. Data points shown represent mean ±
standard error. Statistically significant differences between
data points of two groups were determined by Student’s t-test.
By convention, a 𝑃 value of <0.05 was considered statistically
significant.

3. Results

ZnPP is relatively nontoxic to PC-3 cells. In fact, it induced
significant cell proliferation at a concentration of 0.6–10𝜇M,
and only suppressed cell growth above 10 𝜇M (Figure 1(a)).
Therefore, 10 𝜇M ZnPP was used for all subsequent experi-
ments. Basal expression level of HO-1 protein in PC-3 was
undetectable. ZnPP induced HO-1 protein expression in a
dose-dependent manner, with the highest induction level at
10 𝜇M(Figure 1(b)). For a time course study, incubation of the
cells with 10 𝜇MZnPP for 4 h showed only a slight induction
of HO-1 protein, but the induction was high after 16 h and
wasmaintained through 48 h of incubation (Figure 2(a)).The
HO-1 mRNA level as determined by RT-PCR also showed
similar profile (Figure 2(b)).

Of all the known responsive elements in the HO-1 pro-
moter, ZnPP activatedmainly theARE-like elements (StREs).
As shown in Figure 3, StRE3 showed the highest (6.6-fold)
induction level by ZnPP, although these elements had differ-
ent basal expression levels of relative luciferase activities due
to different copy number of the response elements present in
the luciferase-reporter constructs. ZnPP did not activate the
HSE, SREBP, and SP1 elements (Figure 3).

A number of protein kinases are known to be involved
with the activation of antioxidant response element. To inves-
tigate the effect of various protein kinase inhibitors and anti-
oxidant on the activation of StRE by ZnPP, cells trans-
fected with StRE3-pGL3 were pretreated for 2 h with
SB203580 (p38-MAPK inhibitor), LY294002 (phosphatidyli-
nositol 3-kinase inhibitor), U0126 (MEK inhibitor), SP600125
(JNK inhibitor), IPA-3 (p21-Activated Kinase Inhibitor III),
NAC (antioxidant), rottlerin (PKC-𝛿 inhibitor), Ro 31-8220
(pan PKC inhibitor), or Ro 32-0432 (PKC-𝛼 inhibitor) prior
to treatment with ZnPP for 24 h. As shown in Figure 4,
SP600125 and Ro 32-0432 had little effect on the activation
of StRE3 by ZnPP. SB203580, NAC, and IPA-3 reduced the
activation of StRE3 by ZnPP to 72.9%, 62.4%, and 83.6%, res-
pectively, of the level by ZnPP alone. However, LY294002,
U0126, and Ro 31-8220 attenuated the activation to 39.4%,
40.2%, and 41.5%, respectively, of the ZnPP-alone control. On
the other hand, rottlerin activated StRE3 element by itself and
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Figure 1: Effect of ZnPP on cell proliferation and HO-1 expression
of PC-3 cells. (a) PC-3 cells were treated with various concentrations
of ZnPP for 48 h, and number of live cells was estimated byMTS cell
proliferation assay as described in Section 2. Results were expressed
as Absorbance at 490 nm (mean ± S.E.). 𝑁 = 3; ∗𝑃 < 0.05
compared with untreated control. (b) PC-3 cells were treated with
various concentrations of ZnPP for 24 h, and HO-1 expression
was determined by western blot analysis as described in Section 2
using specific antibodies against𝛽-actin andHO-1. Immunoreactive
protein bands detected by WesternDot 625 appeared as fluorescent
bands.

had a synergistic effect with ZnPP (2-fold over the level by
ZnPP alone).

To confirm the effect of LY294002, U0126, Ro 31-8220,
and rottlerin on ZnPP-activation of StRE3 element, HO-
1 mRNA levels were determined by real-time PCR and
protein levels by western blot analyses. For real-time PCR,
the relative levels of HO-1 mRNA were determined in cells
pretreated with LY294002, U0126, Ro 31-8220, or rottlerin for
1 h prior to ZnPP treatment for 3 h. The results showed that
LY294002 and U0126 did not attenuate ZnPP-induction of
HO-1mRNA, but Ro 31-8220 completely suppressed the effect
of ZnPP (Figure 5). On the other hand, real-time PCR also
confirmed the synergistic effect of rottlerin with ZnPP; ZnPP
alone upregulated HO-1 by 8.2-fold over vehicle-treated con-
trol and rottlerin plus ZnPP upregulated HO-1 by 36.0-fold
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Figure 2: Induction of HO-1 by ZnPP in PC-3 for various lengths
of time. PC-3 cells were treated with 10𝜇MZnPP for 0.5, 1, 4, 16, 24,
and 48 h (lanes 2, 3, 4, 5, 6, and 7, resp.). Control cells were treated
with equal amount of DMSO for 48 h (lane 1). (a) Western blot
analysis was done as described in Section 2, using specific antibodies
against 𝛽-actin and HO-1. Immunoreactive protein bands detected
by WesternDot 625 appeared as fluorescent bands. (b) RT-PCR
analysis using gene-specific primers. PCR fragments were visualized
by ethidium bromide staining.

(Figure 5). Western blot analyses basically confirmed the
results of real-time PCR. Ro 31-8220 significantly suppressed
the upregulation of HO-1 protein by ZnPP, while LY294002,
U0126, and Ro 32-0432 had little effect on ZnPP-induction
of HO-1 (Figure 6(a)). However, the synergistic effect of
rottlerin with ZnPP was not evident due to the high level of
upregulation of HO-1 by ZnPP alone. Western blot analysis
also showed that SB203580 and IPA-3 had no effect on ZnPP-
induction of HO-1 expression (data not shown).

Since Ro 31-8220 is a pan PKC inhibitor, this suggests
that PKC may be involved in ZnPP-upregulation of HO-1.
There are many PKC isoforms, but the involvement of PKC-
𝛼 can be excluded by the lack of suppression of Ro 32-0432
(PKC-𝛼 inhibitor) on ZnPP-upregulation of HO-1 protein
(Figure 6(a), lane 7). To determine if other PKC isoforms
may be involved in ZnPP-activation of HO-1, PC-3 cells were
treated with myristoylated pseudosubstrates of PKC-𝜃, PKC-
𝜁 and PKC-𝜂, or PKC-𝛽 inhibitor prior to ZnPP treatment.
Western blot analysis showed no effect of these inhibitors
on HO-1 protein level (Figure 6(b)). Hence, involvement of
PKC-𝜃, PKC-𝜁 and PKC-𝜂, and PKC-𝛽 can also be excluded.

Since Bach1, Nrf2 and Keap1 proteins have been shown
to interact with antioxidant response element, the effect of
ZnPP on the mRNA and protein levels of these proteins were
investigated by real-time PCR and Western blot analyses.
Real-time PCR analyses showed that there were no drastic
changes in the expression of BACH1, NFE2L2 (NRF2), and
KEAP1 genes when PC-3 cells were treated with ZnPP. The
expression levels of BACH1, NFE2L2, and KEAP1 in cells
treated with 10 𝜇M ZnPP for 3 h were 73.5, 81.8, and 98.8%,
respectively, of those in control cells. Western blot analysis
showed no change in phospho-Nrf2(pS40) protein but a
gradual decrease in Keap1 protein in cells treated with ZnPP
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Figure 3: Effect of ZnPP on StRE1, StRE2, StRE3, StRE5, HSE,
SREBP, and SP1 elements of human HO-1 promoter in PC-3
cells. PC-3 cells were transfected with enhancer-luciferase reporter
plasmid harboring one of these elements, treated with 10𝜇M ZnPP
for 48 h, and luciferase activities were determined as described in
Section 2. Results were expressed as “Fold Induction” over vehicle
(DMSO)-treated control of the corresponding responsive element
(mean ± S.E.). 𝑁 = 3; ∗𝑃 < 0.05 compared with vehicle-treated
control of the corresponding responsive element.

for 2–24 h (Figure 7). Only a faint band of Bach1 protein was
detected in PC-3 control cells, but none at all in cells treated
withZnPP, despite antibodies from two companieswere used.
To investigate the effect of ZnPP on the expression of other
antioxidant responsive genes, the expression levels of NQO1
and GSTP1 in cells treated with 10𝜇M ZnPP for 3 h were
determined by real-time PCR. The results showed that the
expression levels of NQO1 and GSTP1 were 89.8 and 77.7%,
respectively, of those in control cells.

To determine if rottlerin and ZnPP can act as prooxidant,
cells were pretreated with 10mM NAC prior to incubation
with 10 𝜇M ZnPP or 2 𝜇M rottlerin, and relative levels of
HO-1 mRNA were determined by real-time PCR.The results
showed that NAC, even at 10mM, reduced ZnPP-induction
of HO-1 expression by only 43% (Figure 8). Rottlerin by itself
did not induce HO-1 mRNA expression after 5 h incubation
(Figure 8), and only a faint band ofHO-1 proteinwas detected
on western blot after 24 h incubation with rottlerin (data not
shown). Therefore, the effect of NAC on rottlerin was not
determined.

4. Discussion

In this study, we demonstrated that ZnPP upregulated HO-
1 expression in PC-3 cells in a dose-dependent manner, and
that upregulation was done mainly through activation of
the ARE-like response elements (StREs) of HO-1 promoter.
Although similar response elements are present in the pro-
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Figure 4: Effect of protein kinase inhibitors and antioxidant on ZnPP-activation of StRE3 element of human HO-1 promoter in PC-3 cells.
PC-3 cells were transfected with StRE3-pGL3 luciferase reporter plasmid, pretreated with 3𝜇M SB203580, 5𝜇M LY294002, 10𝜇M U0126,
3𝜇M SP600125, 500 𝜇MNAC, 10𝜇M IPA-3, 2 𝜇M rottlerin, 5𝜇MRo 31-8220, or 5𝜇MRo 32-0432 for 2 h, and then treated with 10𝜇MZnPP
for 24 h, and luciferase activities were determined as described in Section 2. Results were expressed as “relative luciferase activity (ratio of
activities of firefly luciferase/renilla luciferase)” (mean ± S.E.).𝑁 = 3; ∗𝑃 < 0.05 compared with the untreated control.

moter of other antioxidant responsive genes, such as NQO1
and GSTP1 [17, 18], real-time PCR analysis showed no upreg-
ulation of these genes by ZnPP. It should be noted that the
induction of HO-1 protein is much stronger than that of HO-
1 mRNA, suggesting ZnPP may also affect other pathways
that stabilize theHO-1 protein level. However, no known pro-
tease inhibitor activity of ZnPP has been reported. We also
demonstrated that preincubation of the cells with Ro 31-8220,
a pan inhibitor of PKC, abrogated ZnPP-induction of HO-1
expression, suggesting that activation of HO-1 gene by ZnPP
may involve PKC.

It is intriguing to note that induction of HO-1 expression
in PC-3 cells by hemin inhibited cell proliferation [4],
whereas our results showed that although ZnPP also induced
HO-1 expression in PC-3 cells, proliferationwas not inhibited
until ZnPP concentration exceeded 10 𝜇M (Figure 1(a)). This

may be due to the fact that ZnPP is also a well-known HO-
1 inhibitor. HO-1 enzymatic activity may be required for
the inhibition of cell proliferation. When ZnPP level was
increased to above 10𝜇M,HO-1 level finally overwhelmed the
inhibitory effect of ZnPP.

The ability of ZnPP to activate the ARE-like response ele-
ments (StREs) of HO-1 promoter suggests that ZnPP upreg-
ulates HO-1expression via the Nrf2-ARE signaling pathway.
The level of Nrf2 is regulated byKeap1.The binding ofNrf2 by
Keap1 results in the ubiquitination and degradation of Nrf2.
Phosphorylation of Nrf2 and/or modification of cysteine
residues ofKeap1 results in decreasedNrf2 ubiquitination and
degradation, and hence activation of the ARE signaling path-
way [19]. Phosphorylation of Nrf2 at Ser40 residue by PKC
results in dissociation of Nrf2 from the Nrf2-Keap1 complex,
translocation of Nrf2 into nucleus, and activation of ARE-like
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Figure 6:Western blot analysis of HO-1 protein induced by ZnPP in
PC-3 in the presence of various kinase inhibitors or antioxidant. (a)
PC-3 cells were pretreated with nothing (lane 2), 5 𝜇M LY294002
(lane 3), 10 𝜇M U0126 (lane 4), 5 𝜇M Ro 31-8220 (lane 5), 2𝜇M
rottlerin (lane 6), or 5𝜇M Ro 32-0432 (lane 7) for 2 h, and then
treated with 10𝜇M ZnPP for 24 h. Control cells were treated with
equal amount of DMSO for 24 h (lane 1). Total proteins (50 𝜇g)
were analyzed by western blot as described in Section 2, using
specific antibodies against 𝛽-actin and HO-1. Immunoreactive
protein bands detected by WesternDot 625 appeared as fluorescent
bands. (b) PC-3 cells were pretreated with 5𝜇Mmyristoylated PKC-
𝜃 pseudosubstrate (lane 1), 5𝜇M myristoylated PKC-𝜁 pseudosub-
strate (lane 2), 5 𝜇Mmyristoylated PKC-𝜂 pseudosubstrate (lane 3),
5𝜇MPKC-𝛽 inhibitor (lane 4), or nothing (lane 5) for 2 h, and then
treated with 10𝜇M ZnPP for 24 h. Control cells were treated with
equal amount of DMSO for 24 h (lane 6). Western blot analysis was
done as described above.
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Figure 7: Effect of ZnPP on the level of phospho-Nrf2(pS40), Keap1,
Bach1, and HO-1 in PC-3. PC-3 cells were treated with 10𝜇M ZnPP
for 2 h (lane 2), 4 h (lane 3), and 24 h (lane 4). Vehicle-treated
cells were served as control (lane 1). Total proteins (50𝜇g) were
analyzed by western blot as described in Section 2, using specific
antibodies against 𝛽-actin, phospho-Nrf2(pS40), Keap1, Bach1, and
HO-1. Immunoreactive protein bands detected by WesternDot 625
appeared as fluorescent bands.

element of genes responsive to oxidative stress [20, 21]. Our
results showed no change in phospho-Nrf2 (pS40) level in
ZnPP-treated cells as compared to control (Figure 7). How-
ever, our results did show a progressive decrease in Keap1
level in ZnPP-treated cells (Figure 7). The significance of the
decrease in Keap1 level remains to be studied. On the other
hand, ARE is known to be bound and repressed by a trans-
cription factor called Bach1. Inactivation of the repressor
Bach1 will also lead to the activation of ARE [22]. However,
Bach1 is unlikely involved in the upregulation of HO-1 by
ZnPP for two reasons. First, basal expression level of Bach1 in
PC-3 cells is very low; it was barely detectable in control cells
by western blot (Figure 7), and no downregulation of Bach1
mRNA induced by ZnPP was detected by real-time PCR.
Second, preincubation of the cells with 10mM NAC prior
to ZnPP treatment did not completely abrogate the ZnPP-
induction of HO-1 (Figure 8). This suggests that ZnPP does
not act as a prooxidant that would inactivate Bach1.

Since upregulation ofHO-1 by ZnPP can be suppressed by
Ro 31-8220, ZnPP-induction may be mediated by PKC. The
involvement of PKC-𝛿 in the upregulation of HO-1 by many
phyto-chemicals has been demonstrated, as rottlerin and
PKC-𝛿 small interfering RNA were able to attenuate HO-1
induction by these compounds [23–27]. It should be noted
that although rottlerin is not an efficient PKC-𝛿 inhibitor
[28], the involvement of PKC-𝛿 was confirmed by the use of
PKC-𝛿 small interfering RNA in these studies. On the other
hand, involvement of PKC-𝜁 [29] and yet unidentified atypi-
cal PKC [30] has also been demonstrated. Our results showed
that preincubation of PC-3 cells with Ro 32-0432, PKC-𝛽
inhibitor, rottlerin, and pseudosubstrates of PKC-𝜁, PKC-𝜃,
and PKC-𝜂 did not suppress ZnPP-induction ofHO-1 expres-
sion, and hence the involvement of𝛼,𝛽, 𝛿, 𝜂, 𝜃, and 𝜁 isoforms
of PKC can be ruled out. PC-3 cells are known to express PKC
𝛼, 𝛿, 𝜀, 𝜂, and𝜇 isoforms as determined by nuclease protection
assay [31] and 𝛼, 𝜀, 𝜁, and 𝜄 as determined by western blot [32].
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Figure 8: Effect of NAC on ZnPP- or rottlerin-induction of HO-1.
PC-3 cells were treated with nothing (control); 10mM NAC (5 h);
10𝜇M ZnPP (5 h); 2𝜇M rottlerin (5 h); 10mM NAC (1 h pretreat-
ment) plus 10 𝜇MZnPP (5 h); or 10mMNAC (1 h pretreatment) plus
2𝜇Mrottlerin (5 h). Relative HO-1mRNA levels were determined by
real-time PCR as described in Section 2. Results were expressed as
“Fold Induction” over control. 𝑁 = 3; ∗𝑃 < 0.05 compared with
control.

Involvement of PKC 𝜀, 𝜄, and 𝜇 isoforms has not been tested
in this study, because specific inhibitors for these isoforms
are not commercially available. The PKC isoform involved in
ZnPP-induction of HO-1 remains to be determined.

Our results showed that rottlerin did not attenuate ZnPP-
induction of HO-1. Instead, rottlerin had a synergistic effect
with ZnPP, and this was confirmed at the mRNA level
(Figure 5). There is at least one report showing that rott-
lerin was able to upregulate HO-1 through reactive oxygen
species (ROS) dependent and PKC-𝛿-independent pathway
in human colon cancer HT29 cells, as its induction was
abrogated by antioxidant NAC but not by suppression of
PKC-𝛿 expression by small interfering RNA technology [33].
In PC-3 cells, rottlerin did not induce HO-1 to any significant
level by itself, but had a synergistic effect with ZnPP.

Ro 31-8220, a pan inhibitor of PKC, has been reported to
induce apoptosis independent of PKC activity [34]. However,
our results showed that Ro 31-8220 was able to suppress
ZnPP-induction of HO-1 mRNA after only 3 h of incubation
(Figure 5). Furthermore, PC-3 cells treated with 5𝜇M Ro 31-
8220 for 24 h retained 93% viability (data not shown). These
suggest that the suppression of ZnPP-induction of HO-1 by
Ro 31-8220 was not due to induction of apoptosis. On the
other hand, Ro 31-8220 has been shown to inhibit other
kinases, such as MAPKAP kinase-1𝛽 (also known as Rsk-2)
and p70 S6 kinase [35]. Furthermore, Ro 31-8220 has been

shown to activate JNK1 [36]. Involvement of these kinases in
ZnPP-activation has not been ruled out.

In conclusion, ZnPP upregulates HO-1 in PC-3 cells
via the activation of StRE of HO-1 promoter. The pathway
through which the StRE is activated remains to be deter-
mined.
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