
INTRODUCTION

INCREASING EVIDENCE suggests that reactive oxygen species
(ROS) such as superoxide anions and hydrogen peroxide

can stimulate vascular smooth muscle cell (SMC) growth (16,
23). These ROS appear to be produced by SMC in response to
treatment with growth factors known to cause SMC prolifera-
tion (9, 23). Recently, we have shown that the vasoactive pep-
tide endothelin-1 stimulated ovine fetal pulmonary arterial
SMC (FPASMC) proliferation via an induction of ROS (26).
In addition, elevation of ROS levels was mitogenic for these
cells (26). In contrast, other experiments have shown that an-
tioxidant treatment (24), or overexpression of catalase (5), re-
duced viability and induced apoptosis in vascular SMC. Sim-
ilarly, we have shown that antioxidant treatment or inhibition
of the superoxide-producing enzyme NADPH oxidase decreased
viability and induced apoptosis in FPASMC (26). Overall, these
data suggest that increased levels of ROS stimulate SMC pro-
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ABSTRACT

Reactive oxygen species (ROS) are known to play an important role in the proliferation and viability of vascu-
lar smooth muscle cells. We have shown previously that treatment of fetal pulmonary arterial smooth muscle
cells (FPASMC) with concentrations of 25 µM and higher of EUK-134, a superoxide dismutase/catalase
mimetic, decreased cell viability via the induction of apoptosis. Here we demonstrate a dose-dependent decrease
in serum-induced FPASMC growth at lower doses of EUK-134. This was due to the attenuation of FPASMC
proliferation rather than the induction of apoptosis. Moreover, we found that the inhibition of FPASMC pro-
liferation was observed using EUK-134 at concentrations as low as 5 µM. This inhibition of proliferation cor-
related with a 31% decrease in superoxide levels, as estimated using the oxidation of dihydroethidium. Flow
cytometry revealed an increase in FPASMC in G2 after 24 h of exposure to 10 µM EUK-134. This was associ-
ated with a twofold increase in levels of the cell-cycle regulatory protein p21. This, together with our previous
data, suggests that ROS levels determine the rate of FPASMC proliferation and, when below a threshold level,
trigger apoptosis. Titration of ROS with antioxidants may help to prevent, or reverse, the vascular remodeling
manifest in many cardiovascular disease states. Antioxid. Redox Signal. 6, 191–197.
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liferation, whereas decreased ROS levels can prevent prolif-
eration and induce apoptosis. Antioxidants that are able to
decrease these ROS may therefore prove to be an effective
therapy for diseases arising from excessive vascular muscu-
larization.

Salen-manganese complexes are low-molecular-weight syn-
thetic compounds that possess superoxide dismutase and cata-
lase activities, catalytically removing superoxide and hydro-
gen peroxide, respectively (3, 8). These compounds are thought
to exhibit better stability and bioavailability than proteinaceous
antioxidant enzymes. Furthermore, their catalytic mode of action
may prove more effective than low-molecular-weight antioxi-
dant compounds. EUK-134 is one such superoxide dismutase/
catalase mimetic (2). This compound has been demonstrated
to reduce brain infarct size in a rat model of stroke (2), a con-
dition thought to arise due to increased ROS production. In
addition, EUK-134 has been shown to be protective in a mouse
model of amyotrophic lateral sclerosis (12), in an organ cul-



ture model for Alzheimer’s disease (1), and against kainate-
induced neurotoxicity (17).

Recently we demonstrated an induction of apoptosis in
FPASMC treated with EUK-134 at concentrations of 25 µM
and higher (25). Furthermore, lower doses of EUK-134 atten-
uated serum-induced FPASMC proliferation without stimulat-
ing programmed cell death (25). The purpose of this study was
to identify the molecular mechanisms of EUK-134-mediated
decreases in FPASMC growth. In doing so, it is hoped that
better treatment and prevention strategies for cardiovascular
diseases associated with alterations in SMC growth may be
developed.

MATERIALS AND METHODS

EUK-134

EUK-134 was generously provided by Dr. Susan Doctrow
(Eukarion, Inc., Bedford, MA, U.S.A.). This salen-manganese
compound is a modified version of the prototype EUK-8 and
exhibits greater catalase activity. Synthesis, structure, and cat-
alytic activities of EUK-134 have been described previously (2).

Cell culture

Primary cultures of FPASMC from sheep were isolated by
the explant technique as described previously (26). Identity was
confirmed as FPASMC by immunostaining (>99% positive)
with antibodies against a-smooth muscle actin, calponin, and
caldesmon. This was taken as evidence that cultures were not
contaminated with f ibroblasts or with endothelial cells. All
cultures for subsequent experiments were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (Hyclone, Logan, UT, U.S.A.), antibi-
otics, and antimycotics (both from MediaTech, Herndon, VA,
U.S.A.) at 37°C in a humidified atmosphere with 5% CO2/
95% air. Cells were utilized between passages 3 and 10.

Cell proliferation assays

FPASMC at ~2,500 cells per well were seeded onto 96-
well plates (Costar, Corning, NY, U.S.A.) (~25% confluence)
and allowed to adhere for at least 18 h. The initial number of
viable cells was then determined to correct for differences in
starting cell number between experiments, and to monitor
changes in cell number over time. This was determined using
the Cell Titer 96 AQueous One Solution kit (Promega, Madi-
son, WI, U.S.A.), the basis of which has been shown to be a
reliable alternative to [3H]thymidine incorporation (6). The tetra-
zolium reagent is bioreduced to a colored product, the quan-
tity of which is proportional to the number of metabolically
active cells. Twenty microliters of reagent was added directly
to cells in 100 µl of medium, and following a 2-h incubation
period at 37°C the absorbance at 492 nm was read using a
Labsystems Multiskan EX plate reader (Fisher, Pittsburgh, PA,
U.S.A.). For the proliferation assay, cells were washed with
phosphate-buffered saline (PBS) and incubated with media
containing 10% fetal calf serum and 0–10 µM EUK-134. The
Cell Titer 96 AQueous One assay was repeated as described
above to determine the number of viable cells at 24 h after
treatment.

Terminal deoxynucleotidyltransferase (TdT) dUTP
nick end-labeling (TUNEL) analysis

TUNEL analysis was performed on EUK-134-treated
FPASMC using the DeadEnd Colorimetric Apoptosis Detec-
tion System (Promega). FPASMC were seeded onto 96-well
plates and incubated with 0, 10, or 50 µM EUK-134 as de-
scribed above. After 30 h, cells were washed in sterile PBS
and fixed in 4% (vol/vol) paraformaldehyde for 20 min at
4°C. Cells were washed twice in PBS and then incubated with
TdT and reaction mix including fluorescein-12-dUTP for 1 h
at 37°C. Cells were washed for 30 min in 23 saline–sodium
citrate buffer and then incubated with PBS plus 49,6-di-
amidino-2-phenylindole (DAPI; 5 µM) for 15 min at room
temperature. DAPI is a blue fluorescent nuclear stain, and this
step ensured that approximately equal cells were imaged in
each slide. The cells were visualized by fluorescence microscopy
as described below, with excitation at 485 nm and emission at
530 nm.

Fluorescence analysis

FPASMC were seeded onto 96-well plates (Costar) and al-
lowed to adhere for at least 18 h. Cells were then washed in
PBS and incubated in DMEM containing 0–10 µM EUK-134
for 30 min. Dihydroethidium (DHE, 20 µM; Molecular Probes,
Eugene, OR, U.S.A.) or dichlorodihydrofluorescein diacetate
(H2DCF-DA, 20 µM; Molecular Probes) was added to the
media 15 min before the end of the experiment. Cells were
washed with PBS and imaged using a Nikon Eclipse TE-300
fluorescent microscope. DHE-stained cells were observed after
excitation at 518 nm and emission at 605 nm. Fluorescent im-
ages were captured using a CoolSnap digital camera and the
average fluorescent intensities (to correct for differences in cell
number) quantified using Metamorph imaging software (Fryer,
Huntley, IL, U.S.A.). Statistical analyses between treatments
were carried out as detailed below (see Statistical analysis).

Flow cytometry

FPASMC were seeded onto six-well plates (Costar) at
125,000 cells per well (~25% confluence) and allowed to ad-
here for 18 h. Cells were washed three times in PBS and incu-
bated in serum-free DMEM for 24 h for cell synchronization.
Cells were then incubated in DMEM supplemented with 10%
fetal calf serum and 0 or 10 µM EUK-134 for 24 h. Cells were
washed in PBS, trypsinized, pelleted, and reconstituted at 1 3
106 cells per milliliter of stain solution: 50 µg/ml propidium
iodide (Sigma, St. Louis, MO, U.S.A.), 180 U/ml RNase A
(Sigma), 0.1% Triton-X (Fisher), 3.4 mM sodium citrate (Sigma),
3% polyethylene glycol (Bufferad Inc., Lake Bluff, IL, U.S.A.).
After incubation at 37°C for 20 min, 1 ml of salt solution was
added: 50 µg/ml propidium iodide, 0.1% Triton-X, 3.6 M so-
dium chloride (Fisher), 3% polyethylene glycol. Cells were
stored overnight in the dark at 4°C. Analysis was performed
using a Coulter Epics XL-MCL flow cytometer and data in-
terpreted using Mod-Fit software.

Immunocytochemistry

FPASMC were seeded onto 96-well plates and incubated
with 0 or 10 µM EUK-134 as described above. After 24 h,
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cells were washed in PBS and fixed in 4% (vol/vol) para-
formaldehyde at 4°C for 20 min. Cells were washed three
times in PBS for 5 min, then treated with 0.1% IGEPAL CA-630
(Sigma) for 1 min at room temperature. After three PBS washes,
cells were blocked in 5% (wt/vol) nonfat dry milk (Nestle,
Solon, OH, U.S.A.), 0.05% Tween (Fisher) in PBS for 60
minutes at room temperature. Cells were washed three times
in PBS and incubated with primary antibodies against cyclin
A (2 µg/ml; Santa Cruz, Biotechnology, Santa Cruz CA, U.S.A.),
cyclin D1 (1 µg/ml, Santa Cruz), p21 (6 µg/ml, Oncogene,
Boston, MA, U.S.A.), and p27 (2 µg/ml, Oncogene) in 5%
bovine serum albumin (Sigma), 0.05% Tween in PBS at 4°C
for 16 h. Cells were washed three times in PBS and incubated
with goat anti-mouse IgG conjugated to Oregon Green (Mol-
ecular Probes) for cyclin A, p21, and p27, and with goat anti-
rabbit IgG conjugated to Rhodamine Red (Molecular Probes)
for cyclin D1, in 5% nonfat dry milk, 0.05% Tween in PBS
for 60 minutes in the dark at room temperature. Cells were
washed three times in PBS and visualized using fluorescence
microscopy with excitation at 485 nm and emission at 530 nm
as described above. Quantification of the fluorescent signal
was determined using Metamorph imaging software using
our previously published procedures (28).

Statistical analysis

Changes in viable cell number, percentage cell number,
and fluorescence intensities in response to EUK-134 treat-
ment were calculated and expressed as means ± SD. Compar-
isons between treatment groups were made by ANOVA using
the GB-STAT software program. A p < 0.05 was considered
statistically significant.

RESULTS

ROS such as superoxide and hydrogen peroxide are im-
portant mediators of vascular SMC growth and viability. We
have shown previously that the superoxide dismutase/catalase
mimetic EUK-134 induced apoptosis in FPASMC at doses of
25 µM and higher (25). Here we performed cell viability as-
says on FPASMC treated with media containing 10% serum
plus 0–10 µM EUK-134 to determine the effects of lower
doses of this compound. After 24 h, 5 and 10 µM EUK-134
significantly attenuated serum-induced proliferation of FPASMC
(P < 0.05 versus untreated, Fig. 1) without reducing the num-
ber of viable cells initially seeded (Fig. 1). This suggests that
lower doses of EUK-134 inhibit FPASMC proliferation with-
out inducing programmed cell death.

To confirm this, we performed TUNEL analysis on FPASMC
treated with 10 µM EUK-134 for 24 h. The absence of TUNEL-
positive nuclei at this concentration (Fig. 2) indicates a de-
crease in proliferation rather than a reduction in FPASMC num-
ber via apoptosis. However, apoptosis was detected by the
addition of a control of 50 µM EUK-134 (Fig. 2).

We have previously shown that treatment of FPASMC with
EUK-134 resulted in dose-dependent decreases in superoxide
and hydrogen peroxide levels, as detected by DHE and H2DCF-
DA fluorescence, respectively (25). Exposure to 5 µM EUK-
134, which attenuated serum-induced proliferation, resulted
in a 31% decrease in DHE fluorescence and a 71% decrease

in H2DCF-DA fluorescence (25). EUK-134 at 25 µM, which
induced apoptosis, reduced DHE fluorescence by a further
50%, but reduced H2DCF-DA fluorescence by only an addi-
tional 7% relative to 5 µM EUK-134 (25). As this range of su-
peroxide concentration was much greater than for hydrogen
peroxide, here we exposed FPASMC to lower doses of EUK-
134 to correlate the inhibition of FPASMC proliferation with
the percentage decrease in superoxide levels. Our results in-
dicate that the lowest concentration of EUK-134 (5 µM) that
significantly reduces FPASMC proliferation decreases cellu-
lar superoxide levels by 31% (p < 0.05 versus untreated; Fig. 3).

We next used flow cytometry to identify the mechanisms of
EUK-134-mediated attenuation of FPASMC growth. After 24
h, 10 µM EUK-134 significantly decreased the number of
FPASMC in S phase (p < 0.05 versus untreated; Fig. 4) while
increasing the number of cells in G2 phase (p < 0.05 versus
untreated; Fig. 4). The percentage of cells in G1 phase was
unaffected (Fig. 4).

We then performed quantitative immunocytochemistry to
determine if EUK-134 exerts its effect on SMC growth via al-
terations in proteins that regulate the cell cycle. The results
obtained indicated that FPASMC treated with 10 µM EUK-134
for 24 h displayed a significant increase in p21, a protein known
to negatively regulate cell growth (p < 0.05 versus untreated;
Fig. 5). Levels of cyclin A, cyclin D1, and p27 were unchanged
by EUK-134 treatment (Fig. 5).

DISCUSSION

Proliferation of vascular SMC contributes to the patho-
physiology of both pulmonary and systemic hypertension,
atherosclerosis, coronary artery restenosis after angioplasty,
and stent placement (18). Increasing evidence suggests that
ROS such as superoxide and hydrogen peroxide are important
in both proliferation and survival of vascular SMC (5, 16, 23,
24, 26). Accordingly, the production of ROS in the vessel
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FIG. 1. Serum-induced proliferation of FPASMC in re-
sponse to EUK-134 treatment. FPASMC at ~2,500 cells per
well were seeded onto 96-well plates. The initial cell number at
t = 0 was determined using the Cell Titer 96 AQueous One Solu-
tion kit (Promega). Cells were incubated in 10% fetal calf
serum and 0–10 µM EUK-134 at 37°C for 24 h, and the Cell
Titer 96 AQueous One assay was repeated. Values are means
± SD; n = 8 samples. *p < 0.05 versus initial number of cells at
t = 0; †p < 0.05 versus 0 µM EUK-134.

http://www.liebertonline.com/action/showImage?doi=10.1089/152308604771978507&iName=master.img-000.png&w=205&h=137


wall is increased in conditions associated with vascular re-
modeling, including hypercholesterolemia, hypertension, dia-
betes, and balloon injury to the coronary arteries (10, 13, 14).
Furthermore, we have recently demonstrated an increase in
superoxide production in the pulmonary arteries of a lamb
model of persistent pulmonary hypertension of the newborn
(4). Antioxidants that reduce the levels of superoxide and hy-
drogen peroxide may therefore be of therapeutic benefit in
the treatment of various vascular diseases.

We have previously shown the importance of ROS in the
regulation of FPASMC growth. Elevation of superoxide hydro-
gen peroxide levels stimulated FPASMC proliferation, whereas
antioxidants inhibited proliferation and at higher doses induced
apoptosis (26). Similarly, we recently showed that EUK-134,
a superoxide dismutase/catalase mimetic, induced apoptosis
at concentrations of 25 µM and above (25). In contrast, in the
present study, we found that 5 µM EUK-134 partially abolished,
whereas 10 µM EUK-134 completely abolished, serum-induced
FPASMC proliferation without reducing the initial number of
cells seeded or inducing apoptosis. Overall, these data sug-
gest that the oxidative state of the cell determines FPASMC
proliferation and viability. High levels of ROS stimulate a
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FIG. 3. EUK-134 decreases superoxide levels in FPASMC.
Cells were incubated with 0–10 µM EUK-134 for 30 min. DHE
at 20 µM was added to the media 15 min before the end of the
experiment, and cells were visualized by fluorescent micro-
scopy. (A) Representative DHE fluorescent images (captured
under identical imaging conditions) of FPASMC treated with 0
and 10 µM EUK-134. (B) Dose-dependent decreases in DHE
fluorescence in response to treatment with EUK-134. Average
fluorescent intensity of each image was quantified using Meta-
morph imaging software. Values are means ± SD; n = 4 sam-
ples. *p < 0.05 versus untreated cells.

FIG. 2. Low-dose EUK-134 does not induce DNA frag-
mentation in FPASMC. FPASMC were seeded onto 96-well
plates and incubated with 0, 10, or 50 µM EUK-134. After 30 h,
TUNEL assays were performed by incubating cells with TdT
and reaction mix including fluorescein-12-dUTP for 1 h at
37°C. Cells were then incubated with DAPI (5 µM) for 15 min
at room temperature. DAPI is a blue fluorescent nuclear stain,
and this step ensured that approximately equal cells were im-
aged in each slide. As a positive control, 50 µM EUK-134 stim-
ulated FPASMC DNA fragmentation as shown previously (25).

FIG. 4. Changes in FPASMC cell-cycle distribution after
exposure to low-dose EUK-134. (A) Representative ModFit
data from untreated FPASMC and from cells treated with 10
µM EUK-134. (B) Changes in FPASMC cell-cycle distribution
in response to treatment with 10 µM EUK-134. In untreated
samples, 53.2 ± 1.5% of cells were in G1 phase, 10.7 ± 2.3%
were in S phase, and 36.1 ± 1.3% were in G2 phase. In EUK-
134-treated samples, 54.2 ± 1.6% of cells were in G1 phase, 5.1
± 3.4% were in S phase, and 40.6 ± 2.4% were in G2 phase. Val-
ues are means ± SD; n = 3 samples. *p < 0.05 versus untreated
cells.
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proliferative pathway, whereas decreases in ROS give a corre-
sponding decrease in FPASMC proliferation until growth ar-
rest occurs. When ROS levels fall below a certain threshold,
an apoptotic cascade is triggered that involves loss of mito-
chondrial membrane potential, caspase-9 and caspase-3 acti-
vation, and DNA fragmentation (25). Our combined DHE data
suggest that decreases in cellular superoxide levels attenuate
serum-induced proliferation. Further, our data indicate that
proliferation of FPASMC can be attenuated by a 30% drop in
superoxide levels, whereas complete growth arrest occurs when
levels drop to ~50% of that of untreated cells. Apoptotic cells
then become evident when superoxide levels fall by 80%. Con-
versely, the difference in H2DCF-DA fluorescence between

growth-attenuated and apoptotic FPASMC is less dramatic.
This suggests that superoxide is a major regulator of FPASMC
growth and viability, or that more subtle decreases in hydro-
gen peroxide can stimulate apoptosis. However, titration of
ROS with antioxidants such as EUK-134 could potentially be
used to specifically modulate FPASMC growth. Thus, in pa-
tients with excessively muscularized arteries, high doses of
EUK-134 could be used to stimulate apoptosis, thereby de-
creasing the number of SMC and potentially reversing the
vascular remodeling. In less severe cases, administration of
lower doses of EUK-134 to inhibit SMC proliferation without
inducing cell death may be more desirable.

Cell-cycle progression is mediated by cyclin-dependent ki-
nases (cdk) and their regulatory subunits, the cyclins (21).
Cyclin A expression late in G1 is important for G1-to-S phase
progression, because cyclin A inhibition prevents entry into S
phase (15). Members of the cyclin D family regulate the phos-
phorylation of retinoblastoma protein (Rb), an event essential
for cell-cycle progression (7). Cdk inhibitors also regulate
cdk activity; p21 and p27 are cdk inhibitors that interfere with
cyclin A-mediated cdk activation (22). Furthermore, p21 also
blocks the hyperphosphorylation of Rb (11). Once Rb becomes
hyperphosphorylated, cell replication no longer requires ad-
ditional external stimuli. Our flow cytometry analysis identi-
fied an increase in the number of FPASMC in G2 phase after a
24-h exposure to 10 µM EUK-134. This was associated with
an increase in p21 protein levels as detected by immunocyto-
chemistry. However, elevated p21 did not affect the number
of cells in G1 phase. Furthermore, EUK-134 treatment did not
change the levels of cyclin A, cyclin D1, or p27, other pro-
teins regulating G1-to-S progression. Overall, our data suggest
that EUK-134 attenuates serum-induced FPASMC prolifera-
tion via p21-mediated growth arrest in G2 phase. In support
of our conclusions, a recent study found that hyperoxia induced
p21 expression in cardiac fibroblasts with an associated growth
arrest in G2, but not in G1 (19). However, further experiments
will be required to identify additional components of this in-
hibitory pathway.

In a recent study, we found that the nitric oxide (NO) donor
spermine NONOate attenuated FPASMC proliferation and at
higher doses induced apoptosis (27). NO reacts rapidly with
superoxide to form peroxynitrite, and the titration of superox-
ide may account for the inhibitory effects of NO on FPASMC
growth and viability. However, unlike EUK-134 treatment, NO
induced FPASMC growth arrest in G1/S phase associated with
a decrease in cyclin A and increased nuclear localization of
p21 and p27 (27). This suggests that SMC growth may be reg-
ulated via different pathways, depending on the biochemistry
of the agent used. The catalase activity of EUK-134 may
stimulate antiproliferative pathways that are not triggered by
superoxide removal alone. Alternatively, NO-mediated nitro-
sylation and/or peroxynitrite-mediated nitration of cell-cycle
regulatory proteins may account for our observed differences.
Interestingly, EUK-134 reduced protein nitration in a mouse
model of amyotrophic lateral sclerosis (12) and in kainate-in-
duced neurotoxicity (17). More recently, EUK-134 was shown
to react directly with NO and peroxynitrite via oxidant-dependent
processes (20). Thus, EUK-134 and NO appear to bring about
FPASMC growth arrest and apoptosis via distinctly different
mechanisms. However, further characterization of the mecha-
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FIG. 5. Immunocytochemistry to detect changes in cell-
cycle regulatory proteins after exposure to low dose EUK-
134. (A) Representative fluorescent images (captured under
identical imaging conditions) depicting protein levels and sub-
cellular distribution of cyclin A, cyclin D1, p21, and p27. Cy-
clin A is required for G1-to-S phase transition, and decreases in
protein levels are associated with growth arrest in G1 phase.
Cyclin D1 regulates the phosphorylation of Rb. p21 and p27
are inhibitors that interfere with cyclin A-mediated cdk activity.
Increases in these proteins are associated with growth arrest in
G1 phase. Increases in p21 have also been detected in cells ar-
rested in G2. (B) Average nuclear fluorescent intensity of each
image in A was quantified using Metamorph imaging software.
Values are means ± SD; n = 3 cell samples; *p < 0.05 versus
untreated cells.

http://www.liebertonline.com/action/showImage?doi=10.1089/152308604771978507&iName=master.img-006.jpg&w=201&h=329


nisms involved may lead to a combined treatment strategy for
pulmonary vascular remodeling that proves more effective
than the use of single antioxidant molecules alone.
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ABBREVIATIONS

cdk, cyclin-dependent kinase; DAPI, 49,6-diamidino-2-
phenylindole; DHE, dihydroethidium; DMEM, Dulbecco’s
modified Eagle’s medium; FPASMC, fetal pulmonary arterial
smooth muscle cells; H2DCF-DA, dichlorodihydrofluorescein
diacetate; NO, nitric oxide; PBS, phosphate-buffered saline;
Rb, retinoblastoma protein; ROS, reactive oxygen species;
SMC, smooth muscle cells; TdT, terminal deoxynucleotidyl-
transferase; TUNEL, terminal deoxynucleotidyltransferase dUTP
nick end-labeling.
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