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Abstract

Background: Both rapamycin and paclitaxel are currently being used in drug-eluting stent to block the proliferation
of vascular endothelial and smooth muscle cells, Heme oxygenase-1 (HO-1) has also known to be anti-proliferative
against vascular cells. In this study. it focused on the role of HO-1 in cytoprotection and antiproliferation of paclitaxel.
Methods: Proliferation of cells and metabolic activity of HO-1 were evaluated with the tetrazolium-based assay. HO-1
protein expression was shown by western blot analysis of vascular smooth muscle cells (VSMCs), or endothelial cells
(ECs), using anti-HO-1 polyclonal antibody from untreated cells and cells exposed to rapamycin and paclitaxel. To
determine whether the inhibition of paclitaxel on platelet-derived growth factor (PDGF)-dependent proliferation may
be mediated by its induction of HO-1, we exposed cells to paclitaxel, PDGF and ZnPP, an inhibitor of HO activity.
Survival rate was checked to find the anti-apoptotic effect of paclitaxel against tumor necrosis factor (TNF)-«
-mediated apoptosis, in the presence or abscence of ZnPP. Result: Rapamycin induces HO-1 protein in rat VSMCs and
human ECs. Exposure of VSMCs to paclitaxel for 12h resulted in a dose-dependent increase in HO-1 activity. Ten nM
of paclitaxel led to a maximal expression of HO-1 protein at 12h after exposure. The addition of ZnPP abrogated the
suppression effect of paclitaxel on PDGF-stimulated cell proliferation, and blocked paclitaxel-mediated suppression of
TNF- @ -mediated apoptosis. Hemoglobin, a scavenger of CO, abrogated the paclitaxel induced cytoprotection.
Conclusion: Paclitaxel induced the expression of HO-1 gene in rat VSMCs and human ECs, in dose-dependent and
time-dependent manner, like rapamycin.
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Introduction

Rapamycin (RAP), a lipophilic macrolide from fungus,

was identified more than twenty vyears ago during antibiotic
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screening.  Although lacking antibacterial activity, RAP
shows potent anti-proliferative effects on growth factor-
(T cells),

endothelial cells (EC), smooth muscle cells (SMCs), and

stimulated proliferations of T lymphocytes

fibroblzwts,l'4’ and these effects of RAP have led to its use

to  prevent vascular neointimal proliferation and

restenosis™”. RAP inhibits T cell activation through the
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formation of pharmacologically active complexes with
members of a family of intracellular receptors termed the
FK5(6 binding proteins (FKBPs). The FKBP12-RAP
complex interacts with the mammalian target of RAP
(mTOR), and this leads to inhibition of both DNA and
prote'n synthesis, resulting in the arrest from G, into the S
phase of the cell inhibiting  T-cell
proliferation.”” The FKBP12-RAP complex also inhibits the

cycle, thereby
proliferation of mesenchymal cells and ECs.”

Paclitaxel is one of the first effective anticancer agents
with a novel mechanism of action to be developed in over
a decade, and it has generated considerable enthusiasm in
the oncology community because of its favorable response
rate in patients with advanced metastatic ovarian, breast,
and lung cancer.”” The therapeutic mechanism of paclitaxel
i thought to reside primarily in its unique effects on
microtubules (tubulin polymers) against depolymerization,
T paclitaxel-treated cells develop large bundles in the M
rhase of the cell cycle.'” Recently, paclitaxel is known to
Fave distinct cell cycle-independent effects'™’. This drug is
s10w1 to provide a second signal for macrophage activation
o trnoricidal activity via L-arginine-dependent nitric oxide
synth esis. 1Y

Heme oxygenase (HO) is the rate-limiting enzyme in the
degredation of heme into biliverdin, carbon monoxide
(CO), and free divalent iron (Fe™"), and three distinct

13167

isoforms have been identified and cloned. Among them,
tie HO-1 isoform is distributed ubiquitously and is strongly
induced by a variety of physiologic and pathophysiologic

heavy metals, inflammatory

6-18)

stimuli, including heme,

. . . . 1 . .
cytokines, and nitric oxide. Accumulating evidences

show the pivotal importance of HO-1 expression in

anti-oxidant, anti-inflammatory, and anti-

19-21)

riediating
apoprotic effects.””" Bilirubin generated by HO-1 is an
anti-oxidant capable of scavenging peroxy radicals and
1hibiting lipid peroxidation™ The release of Fe™ is known
to mtigate any antioxidant actions of HO-1 gene expression
end may explain rather narrow threshold of HO-1

. . 2+ .
overexpression 1o confer protection, because Fe ', like

s dzre) Ay

other transition metal ions, catalyzes the formation of ROS
the Harber-Weiss or 228 The
cytoprotective effects of Fe' released by HO-1 have been

in Fenton reaction.
explained by the fact that Fe™ fosters gene expression of
ferritin, a protein imparting additive cytoprotection against
oxidative stress.”> Furthermore, Fe™ by itself has very
recently been reported to have cytoprotective effect via
NE-B activation.”® Although intensively pursued, it still
remains unclear how iron controls life and death of cell.
Another product CO has properties similar to those of nitric
oxide and alters the expression of inflammatory mediators,
tumor necrosis factor, interleukin-I, and interleukin-
1077 CO also has a protective role against vascular
injury, because it inhibits vascular SMC proliferation.y
Adenovirus-mediated HO-1 gene transfer inhibits balloon
injury-induced neointimal formation, potentially through

30

the generation of CO.”" RAP and paclitaxel also protect

against vascular injury by inhibiting VSMC proliferarion.
32.33)

In this study, the aurthors examined the pessibility that the
cytoprotective activities of RAP and paclitaxel may include
the induction of HO-1. Human and rat ECs and VSMCs
were evaluated for HO-1 expression in response to RAP
and paclitaxel and whether it mediates the anti-proliferative

and cyroprotective activities of RAP and paclitaxel.

Materials and Methods

1. Reagents

RAP, platelet-derived growth factor (PDGF), and tricarbo
nyldichloro-ruthenium dimer (RuCQO) were purchased from
Sigma-Aldrich Co.. Zinc protoporhyrin (ZnPP) was from P
orphyrin Products (Logan Co., UT), and the Cell Proliferati
on Kit II (2,3~bis[2-4-nitro-5-sulfophenyl 12H-tetrazolium-53
~carboxanilide, XTT) was obtained from Boehringer Mannh
eim Co.. Anti-HO-1 and b-actin Abs were purchased from
Santa Cruz Co.. Unless indicated otherwise, all other chemic

als were obtained from Sigma Chemical Co.,
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2. Cell culture

Rat VSMCs were obtained as previously described™ and
human ECs were purchased from Clonetics Co.. The cells
were grown in endothelial growth medium (EGM-MV,
Clonetics Co.) plus 10% FBS at 37C in a humidified
atmosphere of 95% air and 3% CO».

3. Western blot analysis for HO-1

Western blot analysis was performed as follows. Briefly,
cells were harvested, washed twice with ice-cold
phosphate-buffered saline (PBS), and resuspended in 20
mM Tris-HCl buffer (pH 7.4) containing a protease
inhibitor mixture (0.ImM phenylmethylsulfonyl fluoride, 5
mg/ml. aprotinin, 5 zg/ml pepstatin A, and 1 gg/mL
chymostatin). Protein concentration was determined with
the Lowry protein assay kit (P3626, Sigma Co.). An equal
volume of 2X SDS-sample buffer was added, and the
samples were bailed for 5 min. Samples (40 pg) were
subjected to electrophoresis in a 12% SDS-polyacrylamide
gel for 2 h at 20mA and then transferred to nitrocellulose.
The membranes were incubated for 1 h in 5% (wt/vol)
dried milk protein in PBS containing 0.03% (volfvol)
Tween-20. The membranes were washed in PBS containing
0.03% (vol/vol) Tween-20 and incubated for 1 h in the
presence of goat polyclonal antibody against mouse HO-1
(Santa Cruz CA). The membranes were washed extensively
and then incubated for 1 h with anti-goat IgG conjugated
to HRP (1:4000). The membranes were washed
extensively again and the protein bands were visualized
according to the

using chemiluminescent reagents

manufacturer's instructions (Supersignal Substrate; Plerce).

4. Assay for HO activity

HO enzyme activity was measured by previously described
method.” Cells were homogenized in 0.5mL ice-cold
0.25M sucrose solution containing S0mM phosphate buffer
(pH7.4). Homogenates were centrifuged at 200g for 10min,
The supernatants were centrifuged at 9000g for 20min, and

these supernatants were further centrifuged at 105000g for

60min. The microsomal pellet was then resuspended in
S50mM phosphate buffer (pH7.4). The reaction mixture
(200L) containing 02mM hemin, 0.25-0.30mg/mL of
retinal microsomal proteins, 0.5mg/mL rat liver cytosol,
0.2mM MgCl,, 2mM glucose-6-phosphate, 1U/mL glucose-
6-phosphate  dehydrogenase, Imm NADPH and 50mM
potassium phosphate buffer (pH7.4) was incubated at 37°C
for 2h. The reaction was stopped with 0.6mL of
chloroform and after extraction the chloroform layer was
spectrophotometrigally measured. Bilirubin formation was
calculated from the difference in absorption between 464

and 3530nm.

5. Cell Proliferation

Proliferation/metabolic activity was evaluated with the
tetrazolium-based assay XTT (Boehringer Mannheim)
according to manufacturer's instructions. Cells  were
incubated in 96-well plates in cell culture media with or
without PDGF (30ng/mL), rapamycin (10mM), or ZnPP
(10mM). XTT at a concentration of (.3mg/mlL. was added
to each well for 8 h at 37C, and the absorbance of the
samples was measured between 430 and 300nm with a

references wavelength >650 nm.

6. Cell Viahility

For the determination of the cell viability, S0Omg/mL of 3-
[4.5-dimethylthiazol-2-y11-2,5-diphenyltetrazolium  bromide
(MTT) was added to 1 ml of cell suspension (1 X 10 cells/ml
in 24-well plates) for 4 h, and the formazan formed was
dissolved in acidic 2-propancl; optical density were measure
d using an assay reader at 590 nm. The optical density of
formazan formed in control (untreated) cells was taken as
100% of viability.

7. Statistical analysis

Differences i the data among the groups were analyzed
by the Student's r test, and all values were expressed as
mean £SD. The differences between groups were

considered to be significant ar P < 0.01.
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Results

1. RAP induces HO-1 protein expression in rat VSMCs and
human ECs

The effects of RAP treatment on HO-1 protein expression
were examined in rat VSMCs and human ECs by Western
blot analysis. As shown in Fig 1A and B, exposure to RAP
(10 /¢eM) increased HO-1 protein levels in rat VSMCs and
human ECs in a time-dependent manner.

The peak induction was observed at 24 h in rat VSMCs
and human ECs. 10 mM of RAP, which markedly
increased HO protein expression, did “hot affect the cell
viability compared with untreated cells (Fig. 2). However,
treatment of rat VSMCs and human ECs with RAP (100
M) reduced the viability of the cells to about 65% and 56%

of control (/X0.05; Fig, 2A and B).

2. Effects of paclitaxel on HO activity and HO-1 protein
expression in rat VSMCs and human ECs

To determine whether paclitaxel could affect HO activity
and HO-1 protein expression in rat VSMCs and human
ECs, we treated the cells for 12 h with various
concentrations  of  paclitaxel. The effects of various
concentrations of paclitaxel (0.1-50nM) on HO activity and
HO-1 protein expression in rat VSMCs are shown in Fig.
2. Exposure of VSMCs to paclitaxel for 12 h resulted in a
dose-dependent increase in HO-1 activity (Fig. 3A). The
increase was significantly different from control (untreated
cells, /<0.01), with a maximal enzymatic activity at 10 nM
of paclitaxel. Western blot analysis revealed that enhanced
HO activities by paclitaxel treatments were directly
correlated with HO-1 protein levels (Fig. 3B). A time
dependent induction of HO-1 in response to 10nM of
paclitaxel is shown in Fig. 3C. This dose of paclitaxel led
10 a maximal expression of HO-1 protein at 12 h after
exposure.  HO-1 protein level showed marking from
maximum after 24 h incubation (Fig. 3C).

Fig. 4A shows a HO activity of human ECs exposure to

increasing concentrations of paclitaxel, 0.01 to 10nM for 12

h. 10 nM of paclitaxel, which markedly increased HO
activity, This effect was correlated with dose-dependent
increases in HO-1 protein expressions, as shown by Western
blot analysis (Fig. 4B). Using 10nM of paclitaxel, the HO
protein expression was evident as early as 6 h, and reached
a maximum at 12 h after treatment of the cells with
paclitaxel (Fig. 4C).

In rat VSMGCs, 100 nM of paclitaxel did not affect cell
viability (Fig. 5A). However, at the higher concentration of
500nM, cell death was evident. In human ECs, 100nM
paclitaxel did affect the cell viability compared with

untreated cells but 10nM of paclitaxel did not (Fig. 5B).

3. Effects of paclitaxel on the proliferation of rat VSMCs
HO-1 or one of its products, CO, has been shown to
suppress vascular SMC proliferation in response to an
injury.””’ Among the similar previous studies, we found that
paclitaxel inhibited PDGF-dependent rat vascular SMC

proliferation (Fig. 6).
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Fig. 6 Effect of paclitaxel on the proliferation of rat
VSMCs. The cells were incubated with or without PDGF
(50ng/mL), paclitaxel (10nM), or ZnPP (10mM). Cell
proliferation was assessed using the tetrazolium-based XTT
assay. Each bar represents the mean SD of three independent
experiments. *; P < 0.01

To determine whether the inhibition of paclitaxel on

PDGF-dependent proliferation may be mediated by its
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induction of HO-1, we exposed cells to paclitaxel, PDGF,
and ZnPP, an inhibitor of HO activity. The addition of
ZnPP abrogated the suppressive effects of paclitaxel on
PDGF-stimulated cell proliferation (Fig. 6). These results
suggest that paclitaxel-mediated increases in HO-1 protein
expression contribute to the antiproliferative effects of

paclitaxel.

4. HO expression by paclitaxel protects human ECs from
TNF- -mediated apoptosis

We examined the effects of paclitaxel pretreatment on
TNF- @-mediated apoptosis in human ECs. The human ECs
were pretreated 12 h with 10nM of paclitaxel, and then
exposed to 100nM of TNF- & for 24 h. Paclitaxel was
found to decrease TNF- @-mediated apoptosis (Fig. 7).
Exposure of the cells for 24 h to 100nM of TNF- # caused
about 62% decrease in cell viability (/<0.05; Fig. 7).
However, pretreatment of the cells with paclitaxel
recovered the viability of the cells to about 82% of control
(FA<0.05; Fig. 7). The involvement of HO-1 in the
cytoprotective effect of paclitaxel was confirmed using an
inhibitor of HO activity, ZnPP, which at the concentration
of 10mM

suppression of TNF- z-mediated apoptosis (Fig. 7).
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Fig. 7 i-apoptotic effect of paclitaxel against TNF-a- ediated
apoptosis. Human ECs were treated with 10nM of paclitaxel

for 12 h in the presence or absence of 10mM of ZnPP. After
this pretreatment, cells were incubated for 24 h with TNF-a
(100ng.mL). Cell viability was assessed using the MTT
assay.Each bar represents the mean SD of three independent
experiments. *; P < 0.01

These data show that the cytoprotective effect of paclitaxel
might be due to the induction of HO-1.

5. Endogenous CO mediates the antiapoptotic effect of
HO-1 on human ECs

Since HO-1 enzymatic activity is need for its antiapoptotic
effect, this suggests that this antiapoptotic effect is
mediated through one or more end products of heme
catabolism by HO-1, ie, CO, Fe'', and bilirubin. To
determine whether the inhibition of paclitaxel on TNF- #
-mediated apoptosis may be mediated by CO, we exposed
cells to paclitaxel, PDGF, and Hb, a scavenger of CO. As
shown in Fig. 8, we found that Hb (40mg/mlL) abrogated
the paclitaxel-induced cytoprotection. These results suggest
that CO mediate  the effect of

might inhibitory

paclitaxel-induced HO-1 on TNF- @-mediated apoptosis.
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Fig. 8 Anti-apoptotic effect of HO-1 is mediated via CO.
Human ECs were treated with 10 nM of paclitaxel for 12 h
in the presence or absence of 40 mg/mL of Hb. After this
pretreatment, cells were incubated for 24 h with TNF-a (100
ng.mL). Cell viability was assessed using the MTT assay.Each
bar represents the mean SD of three independent
experiments. *; P < 0.01
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Discussion

Coronary arteriosclerosis and accompanying vessel stenosis
can lead to myocardial ischemia and, without intervention,

*
" A common treatment for this condition is

to death.®
percutaneous transluminal coronary angioplasty, but a large
percentage (30-70%) of the vessels subjected to this
procedure restenose. In such instances, coronary artery
restenosis is frequently the result of intimal hyperplasia, a
process during which SMC in the medial layer of the vessel
wall undergo what has been termed phenotypic modulation
and migrate into the vessel intima, where they begin to
proliferate,””’ Recently, it is reported that the precursor
cells originated from bone marrow migrate to the lesion.™
Polypeptide growth factors secreted by platelets or by
injured endothelial cells are believed to provide the
mitogenic  and chemotactic  signals that drive SMC
phenotypic modulation during this process™’ Accordingly,
researchers wish to identify compounds that block SMC
proliferation and thus may be used clinically to control
intirnal hyperplasia and restenosis.

In an attempt to reduce the rate of restenosis, coronary
stenr was devised, but restenosis is still a serious problem.
Recently, chemicals that can block SMC proliferation are
being tried to coat the stent (drug-eluting stent) that
releases the chemical for prolonged periods.*”’ Among many
chernicals, RAP and paclitaxel are most frequently used as
coating  chemicals  without  knowing the  action
mechanisms.”"’

The role of HO in heme and heme-iron metabolism is well
established. The chemical diversity of HO-1 inducers
(heme, ultraviolet irradiation, sodium arsenite, hyperoxia,
inflammatory cytokines, glutathione depleting agents, nitric
oxide, catalposide) in conjunction with the properties of the

1642) “
however, argues for a

catalytic reaction products,
broader physiological role for HO in cellular and systemic
functions. Consistent with this hypothesis, HO-1 has been
shown to  have anti-oxidant, anti-inflammatory and

¢ . . 1v-21
anti-apoptotic properties.

fad

In this study, the authors tried to know the action
mechanism of RAP and paclitaxel which are used in the
drug-eluting stent to reduce the restenosis. Specifically, the
authors examined if paclitaxel could induce HO-1
expression in VSMCs and ECs like RAP which was recently
reported to induce HO-1 in SMCs and ECs. As shown in
Fig. 1, 3 and 4, paclitaxel as well as RAP induce HO-1
gene in rat VSMCs and human ECs. The induction of HO-1
gene by RAP in rat VSMCs and human ECs is

corresponded with the results of Visner et al*’ (Fig. 1).
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Fig. 1 RAP induces HO-1 protein expression in rat VSMCs
and human ECs. Western blot analysis of VSMCs (A) or ECs
(B) using an anti-HO-1 polyclonal antibody from untrated
cells and cells exposed to RAP for 12 h at various
concentrations indicated in the figures. Data are representative
of three independent experiments,

However, the authors firstly demonstrated that paclitaxel
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induced the expressions of HO-1 gene in the rat VSMCs
and human ECs in dose-dependent and time-dependent

manners (Fig. 3 and 4 respectively).
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Fig. 3 Effect of Paclitaxel on HO activity and HO-1 protein
expression in rat VSMCs. HO-1 enzyme activity (A) and HO
protein expression (B) were measured in rat VSMCs at 12 h
after treatment of the cells with various concentrations of
paclitaxel. The cells were treated with 10nM of paclitaxel, and
HO-1 protein expression (C) was measured at various time
points indicated in the figures. Western blot analysis was
performed using specific antibodies for HO-1 and b-actin. HO
enzyme activity was determined via measuring bilirubin
formation as described in materials and methods, Each bar
represents the mean SD of three independent experiments. *:
P < 0.01
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Fig. 4 Effect of Paclitaxel on HO activity and HO-1 protein
expression in human ECs. HO-1 enzyme activity (A) and HO
protein expression (B) were measured in human ECs at 12 h
after treatment of the cells with various concentrations of
paclitaxel. The cells were treated with 10nM of paclitaxel, and
HO-1 protein expression (C) was measured at various time
points indicated in the figures. Western blot analysis was
performed using specific antibodies for HO-1 and b-actin. HO
enzyme activity was determined via measuring bilirubin
formation as described in materials and methods. Each bar
represents the mean SD of three independent experiments. *;
P < 001

Moreover, the HO-1 activities exactly correlated with the

= 116=



Rapamycin/Paclitaxelo] Algrat 312 B4 A Heme oxygenase-12] W&ol v]A]= &

expressions of HO-1 protein. Both RAP and paclitaxel
showed no cytotoxicities in the ranges of doses used in this

study (Fig. 2 and Fig. 5).
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Fig. 2 Cytotoxicity by RAP in rat VSMCs and human ECs.
Rat VSMCs (A) and human ECs (B) were treated with
various concentrations of RAP and then incubated for 24h.
After this treatment, cells were washed and viability was
assessed using the MTT assay. Each bar represents the mean
SD of three independent experiments.
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Fig. 5 Cytotoxicity by paclitaxel in rat VSMCs and human
ECs. Rat VSMCs (A) and human ECs (B) were treated with
various concentrations of paclitaxel and then incubated for 24
h. After this treatment, cells were washed and viability was
assessed using the MTT assay. Each bar represents the mean
SD of three independent experiments.

The neointimal formation and hyperplasia shown in the
lesion of restenosis is known to be composed of smooth
muscle cell pr()liferzl[im.“' In this study the authors
addressed, if PDGF induced proliferation of VSMC could
be inhibited by paclitaxel, the inhibition of VSMC
proliferation might be mediated by [10-1. As shown in Fig.
6, paclitaxel inhibited the PDGF-induced increased
proliferation of VSMC and the inhibition was blocked by
the use of HO-1 inhibitor ZnPF, which demonstrates
paclitaxel inhibits the VSMC proliferation by the induction
of HO-1.

As shown in Fig. 7, paclitaxel inhibited TNF- @-induced
apoptosis of ECs, which was also reversed by ZnPP,
representing the involvement of HO-1. Finally, the authors
attempted to pin-point which one among HO-I
reaction-products is responsible for the cytoprotective

action of paclitaxel. As shown in Fiz. 8, CO scavenger Hb

- 117 -



fd

reversed the cytoprotective effect of paclitaxel on ECs
suggesting CO from HO-1 induced by paclitaxel is

responsible for the protection of ECs from cytotoxicity.

Conclusion

The authors demonstrated that HO-1 is differentially
expressed in human ECs and rat VSMCs by RAP and
paclitaxel and that the antiproliferative and cytoprotective
effects may be mediated by CO production via the HO-!
induction. These studies identufy potentially unique
antiproliferative and cytoprotective effects of RAP and
paclitaxel on vascular cells, the induction of HO-1, which
could explain the mechanisms of most frequently using

drugs as coating chemicals for stent.
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