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Abstract: Antiproliferative drugs such as sirolimus (SIR) and paclitaxel (PAT) are currently
released from stents and vascular grafts to inhibit the growth of smooth muscle cells (SMCs),
thereby preventing neointimal hyperplasia. However, these drugs delay or impair the growth
of endothelial cells (ECs) on implant surfaces causing late thrombosis. Hence, there is a need
to use alternative drugs in these implants to encourage the growth of ECs and to inhibit the
growth of SMCs. Vitamin C (L-ascorbic acid [L-AA]) is one such drug which has been shown
to encourage EC growth and inhibit SMC growth when orally administered or added directly to
the cell cultures. In this research, four sets of in vitro cell culture experiments were carried out
to compare the effects of L-AA, SIR, and PAT on the growth of ECs and SMCs under similar
conditions, and to compare the effects of different doses of L-AA to determine the optimal dose
for promoting maximum EC growth and inhibiting SMC growth. The ECs and SMCs treated
with different drugs were characterized for their viability and proliferation, and morphology
using the quantitative resazurin assay (as well as qualitative fluorescence microscopy charac-
terization) and phase contrast microscopy, respectively, for up to 7 days. Also, the phenotype of
ECs was characterized using immunofluorescence microscopy. Both SIR and PAT significantly
inhibited the EC growth while L-AA significantly encouraged EC growth even more than that
of the controls with no drugs. Also, L-AA significantly inhibited SMC growth although the
inhibitory effect was inferior to that of SIR and PAT. The L-AA dosage study demonstrated
that 100 pg and 300 pg of L-AA showed maximum EC growth after 7 days when compared to
other dosages (1 pg, 500 pg, and 1000 pg) of L-AA and controls investigated in this study. Also,
the 100 g and 300 ug L-AA doses significantly inhibited the SMC growth. Thus, this study
demonstrates that L-AA is a promising drug for potential use in stents and vascular grafts, to
promote their endothelialization and inhibit neointimal hyperplasia.
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Introduction

Cardiovascular medical devices such as stents and vascular grafts are implanted in
millions of patients every year.'? However, one of the main concerns with these devices,
or any other cardiovascular medical device, is the thrombogenicity, which is the
tendency of an artificial material in contact with blood to form thrombus (blood clots).?
This may have fatal consequences if the thrombus formed obstructs the blood flow to
the heart or other vital organs. Hence, endothelialization of cardiovascular medical
devices is crucial for preventing thrombosis.?> A normal and healthy endothelial cell
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(EC) layer prevents thrombosis by releasing prostacyclin and
nitric oxide, which inhibits platelet adhesion, aggregation,
and activation, the key events of thrombosis.* Also, the EC
surface contains thrombomodulin, a protein which plays
a vital role in providing anticoagulant properties to these
cells.* Although a variety of materials have been developed
in the past to improve the blood compatibility of medical
devices, endothelialization is still considered to be the best
approach to avoid thrombosis over the long term.>*> Hence,
different strategies are currently being developed to promote
endothelialization of cardiovascular medical devices.®

Currently available drug-eluting cardiovascular stents
release antiproliferative drugs such as sirolimus (SIR) and
paclitaxel (PAT) to treat neointimal hyperplasia (NH).” NH
is a wound healing response to an arterial injury that occurs
during the implantation of stents.® The primary event of NH
is the growth and migration of smooth muscle cells (SMCs)
followed by extracellular matrix deposition inside the lumen
to occlude the artery.” Although the antiproliferative drugs
released from stents inhibit the growth of SMCs to control
NH, these drugs also inhibit EC growth.!® The impaired
or delayed endothelialization of drug-eluting stents is
considered to be the primary reason for the occurrence of
late stent thrombosis,!! a serious complication that can result
in heart attack or death.'” In a similar way to what occurs
with stents, the antiproliferative drugs are also released from
vascular grafts to treat NH.!*!4 PAT-loaded vascular grafts
showed significantly delayed endothelialization,'* which
could potentially cause late thrombosis. Hence, there is a
need to deliver drugs from these medical devices which can
inhibit the growth of SMCs but also encourage the growth
of ECs. Vitamin C (L-ascorbic acid [L-AA]) is one such
therapeutic drug which has been shown to inhibit SMC
growth and encourage EC growth when orally administered
or added directly to the cell culture studies.'>!

The long-term goal of our research is to deliver
L-AA from stents and vascular grafts to improve their
endothelialization, thereby preventing late thrombosis,
as well as inhibiting SMC growth and thereby prevent-
ing neointimal hyperplasia. As a first step towards this
research goal, we have carried out four sets of in vitro cell
culture experiments in this study to demonstrate the use
of L-AA for encouraging EC growth and inhibiting SMC
growth in comparison with other drugs (SIR and PAT)
commonly used in stents and vascular grafts. To the best
of our knowledge, no prior studies have been carried out
on the following: (a) a comparative study of the effects of
L-AA, SIR, and PAT on the growth of ECs and SMCs;

(b) a comparative study of the effects of different doses of
L-AA including 1 pg, 100 pg, 300 pug, 500 pg, and 1000 pg
on the growth of ECs and SMCs.

Materials and methods

Drugs and chemicals

Vitamin-C (L-AA, chemical structure shown in Figure 1A),
ethanol (200 proof), and sterile-filtered Dulbecco’s phosphate
buffered saline (DPBS) were purchased from Sigma-
Aldrich (St Louis, MO, USA). SIR (chemical structure
shown in Figure 1B) and PAT (chemical structure shown in

A

HO

Figure | Chemical structure of L-ascorbic acid (A), sirolimus (B), and paclitaxel (C).
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Figure 1C) were purchased from ChemieTek (Indianapolis,
IN, USA). The ethanol was sterile-filtered using a 0.22 um
polytetrafluoroethylene syringe filter prior to its use. All drugs
were used as received.

Experimental set |: effects of L-AA,
SIR, and PAT on EC growth

In experimental set 1, the effects of different drugs includ-
ing L-AA, SIR, and PAT on the growth of ECs were
investigated.

Experimental set 2: effects of different
doses of L-AA on EC growth

In experimental set 2, the effects of different doses of L-AA
including 1 pg, 100 pg, 300 pg, 500 pg, and 1000 g on the
growth of ECs were investigated.

Experimental set 3: effects of L-AA,
SIR, and PAT on SMC growth

In experimental set 3, the effects of different drugs including
L-AA, SIR, and PAT on the growth of SMCs were
investigated.

Experimental set 4: effects of different
doses of L-AA on SMC growth

In experimental set 4, the effects of different doses of L-AA
including 1 pg, 100 pg, 300 ng, 500 pg, and 1000 g on the
growth of SMCs were investigated.

Preparation of drug solutions

For experimental sets 1 and 3, the stock solutions of PAT and
SIR were prepared in ethanol (20 mg/mL) while the stock
solution of L-A A was prepared in DPBS (20 mg/mL). These
stock solutions were then diluted in EC culture medium for
experimental set 1 and SMC culture medium for experimental
set 3 to obtain the final concentration of the respective drugs
in the working solutions at 100 pg/mL. The final ethanol
concentration in the working solutions of SIR and PAT was
0.5% volume per volume (v/v). The final DPBS concentration
in the working solution of L-AA was 0.5% (v/v).

The stock solution of L-AA in DPBS was diluted in EC
culture medium for experimental set 2, and SMC culture
medium for experimental set 4; the working solutions were
prepared over a wide range of L-AA doses including 1 pg/mL,
100 pug/mL, 300 ug/mL, 500 pg/mL, and 1000 pg/mL. The
final DPBS concentration in these working solutions of the
different doses of L-AA was 10% (v/v).

Human aortic endothelial cells and

human aortic smooth muscle cell cultures
Human aortic endothelial cells (passage two), EC growth
medium, human aortic smooth muscle cells (passage two),
and SMC growth medium were all purchased from Cell
Applications, Inc (San Diego, CA, USA). The ECs were
cultured in the growth medium supplemented with fetal
bovine serum (2%), basic fibroblast growth factor, hepa-
rin, epidermal growth factor, hydrocortisone, penicillin G,
streptomycin sulfate, and amphotericin B. The SMCs were
cultured in the growth medium supplemented with fetal
bovine serum (5%), basic fibroblast growth factor, heparin,
epidermal growth factor, insulin, penicillin G, streptomycin
sulfate, and amphotericin B. The cells were cultured in a
humidified incubator at 37°C with 5% CO,. Initially, the
culture medium was changed after 24 hours. After that, the
medium was changed after every 48 hours. When the cells
reached 80% confluence in the flask, they were trypsinized
and subcultured for the next passage. The cells from the third
to sixth passages were used in these studies.

Addition of drugs to ECs

Unless otherwise mentioned, a density of 15 x 10° ECs (in
1 mL of growth medium) for experimental sets 1 and 2, and
a density of 15 x 10°* SMCs (in 1 mL of growth medium)
for experimental sets 3 and 4 was seeded in the wells of
24-well tissue culture-treated polystyrene plates and incu-
bated at 37°C in 5% CO,. The cells were allowed to grow
in the wells for 20 hours before the addition of drug. After
that, the different drugs (in experimental sets 1 and 3) or the
different doses of L-AA (in experimental sets 2 and 4) were
added to the wells. The cells were exposed to the drugs for
24 hours (for the time point day 1) or 48 hours (for time
points day 3, day 5, and day 7). After the exposure time, the
medium was removed and the cells were washed twice with
DPBS to remove any unused drug from the wells, followed
by the addition of fresh medium. Thereafter, the medium was
changed every alternate day with the cells washed twice in
DPBS every time that fresh medium was added.

Controls used in the study

In experimental sets 1 and 3, because the different drugs were
exposed to the ECs and SMCs, respectively, in the presence
0f 0.5% ethanol (for SIR or PAT) or 0.5% DPBS (for L-AA)
in the culture medium, three different controls were used in
this part of the study. Control 1 represents the growth of ECs
in experimental set 1 and SMCs in experimental set 3 in the
culture medium with no drugs or any solvents (ethanol or
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DPBS) added to the medium. Control 2 represents the growth
of ECs in experimental set 1 and SMCs in experimental set
31in 0.5% DPBS (with no L-AA added) in the culture medium
while the Control 3 represents the growth of ECs in experi-
mental set 1 and SMCs in experimental set 3 in 0.5% ethanol
(with no SIR or PAT added) in the culture medium.

In experimental sets 2 and 4, the different doses of L-AA
were exposed to ECs and SMCs, respectively, in the presence
of 10% DPBS in the culture medium. Therefore two differ-
ent controls were used in this part of the study. Control 1
is the same as the one described in the previous paragraph.
Control 2 represents the growth of ECs in experimental set
2 and SMCs in experimental set 4 in 10% DPBS (with no
L-AA) in the culture medium.

Cell viability and proliferation

The viability and proliferation of cells were measured both
quantitatively and qualitatively. Quantitative cell viability
and proliferation were measured using the resazurin cell
viability assay kit (alamarBlue®), which was purchased from
Biotium, Inc (Hayward, CA, USA). Qualitative cell viability
and proliferation were observed using a fluorescence micro-
scopy after staining the live cells with fluorescein diacetate
(Sigma-Aldrich).

Quantitative cell viability and proliferation

by resazurin assay

After 1, 3, 5, and 7 days, the medium was removed and a
mixture of resazurin solution (100 uL) and cell culture media
(900 pL) was added to each well. The cells were incubated
in the solution in the dark at 37°C for 6 hours. After that,
the solution was orbitally shaken briefly (30 seconds) and
the fluorescence of the solution was measured with an exci-
tation wavelength at 530 nm and an emission wavelength
at 590 nm using a Tecan Infinite® M200 microplate reader
(Tecan Group Ltd, Mannedorf, Switzerland) (30 us integra-
tion time, gain 25). The fluorescence of the blanks (100 uL
resazurin solution and 900 uL growth medium in blank wells
with no cells) was measured and these values were subtracted
from the fluorescence values obtained for the experimental
samples. The values presented here are the corrected fluo-
rescence values.

Qualitative cell viability and proliferation

by fluorescence imaging

Initially, a stock solution of fluorescein diacetate (FDA) was
prepared in acetone at a concentration of 1 mg/mL. The work-
ing solution was prepared by adding 1 mL of the FDA stock

solution to 9 mL of DPBS. After 1, 3, 5, and 7 days, the medium
was removed and the cells were washed twice with DPBS.
Then, a mixture of 1000 L of DPBS and 75 puL of FDA work-
ing solution was added to each well and the cells were incubated
in the dark at 37°C for 15 minutes. The cells were then imaged
using Axiovert 200 M inverted fluorescence microscopy (Carl
Zeiss Microscopy, Thornwood, NY, USA).

Cell morphology

Cell morphology was observed by taking phase contrast
images of cells after 7 days using Axiovert 200 M inverted
microscopy in the bright field imaging mode.

EC phenotype

A density of 30 x 10° ECs was used for the phenotype study.
After 3 days, the cells were washed twice with DPBS and
fixed with 4% paraformaldehyde for 10 minutes at room
temperature. The cells were then washed thrice with DPBS
and incubated in blocking buffer (10% normal goat serum in
DPBS) for 20 minutes. After that, the cells were incubated
in 1 mL of primary antibody platelet-endothelial cell adhe-
sion molecule (PECAM-1) (Santa Cruz Biotechnology, Inc,
Santa Cruz, CA, USA) diluted 1:50 with 1.5% goat serum
in DPBS for 90 minutes at room temperature. After washing
with DPBS (three times for 5 minutes), the cells were incu-
bated in 1 mL of fluorescein isothiocyanate labeled secondary
antibody (goat anti-rabbit IgG-fluorescein isothiocyanate)
(Santa Cruz Biotechnology) diluted 1:50 with 1.5% goat
serum in DPBS for 60 minutes at room temperature. The
cells were then washed thrice with DPBS for 5 minutes
each; the nuclei were then stained by incubating the cells in
4’ 6-diamidino-2-phenylindole dihydrochloride dye (Santa
Cruz Biotechnology) for 5 minutes at room temperature. The
cells were then washed with DPBS (three times), and imaged
using a Nikon A1 laser scanning confocal microscopy (Nikon
Inc, Melville, NY, USA).

Statistical analysis

For the cell viability and proliferation study of experimental
set 1, four samples were used for each of control 1, control 2,
control 3, SIR, PAT, and L-AA groups at each time point
(1, 3,5, and 7 days). Thus, 96 samples were used in this part
of the study. Similarly, for experimental set 3, 96 samples
were used. For experimental set 2, four samples were used
for each of control 1, control 2, L-AA (1 pg/mL), L-AA
(100 pg/mL), L-AA (300 pg/mL), L-AA (500 pg/mL), and
L-AA (1000 pg/mL) groups at each time point (1, 3, 5, and
7 days). Thus, 112 samples were used for this part of the
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study. Similarly, for experimental set 4, 112 samples were
used. The experimental data collected were presented as the
mean * standard deviation. A one-way analysis of variance
was used to determine the statistical significance at P << 0.05.
For the qualitative cell viability and proliferation, and cell
morphology study, three samples were used for each of the
six groups of samples in experimental set 1 and seven groups
of samples in experimental set 2 at each time point. Hence,
156 samples were used in this part of the study. Similarly,
for experimental sets 3 and 4, 156 samples were used. The
fluorescence and phase contrast microscopy images were
taken at six to eight different spots on each sample. For
the EC phenotype study, two samples were used for each
of the groups used in this study at one time point (day 3).
Hence, 26 samples were used in this part of the study. The
immunofluorescence microscopy images were taken at six
to nine different spots on each sample.

Results

Viability and proliferation of ECs
for L-AA, SIR, PAT, and controls

The viability and proliferation of ECs measured by resazurin
assay for the three controls and the different drugs used in this
study (SIR, PAT, and L-AA) are shown in Figure 2. On day 1,
no significant difference in the number of cells was observed

300

250

200

150

100

Relative fluorescence units (RFU)

50

Day-1

Day-3

between the three controls and L-AA. However, significantly
fewer cells were observed for both the antiproliferative drugs
SIR and PAT, than for the controls or L-AA. On day 3, the
number of cells observed for L-AA was significantly greater
than that of all the other samples used in this study including
the three controls. SIR and PAT showed no significant increase
in the cell growth compared to the number of cells observed
for these samples on day 1. Similar trends were also observed
onday 5. Onday 7, L-AA showed a maximum number of cells
followed by the three controls while the SIR and PAT antipro-
liferative drugs showed the least number of cells in the group.
No significant difference in the number of cells was observed
between the three controls at any time point. After 7 days, the
EC growth for L-AA was 19 times, 10 times, and 1.5 times
greater than that of SIR, PAT, and control 1, respectively.
Based on these results, the cell viability and proliferation
increased in the following order: SIR = PAT << Control 1 =
Control 2 = Control 3 < L-AA. These results demonstrated
that L-AA greatly promoted the growth of ECs while the anti-
proliferative drugs (SIR and PAT) used in currently available
stents significantly inhibited the growth of ECs.

The fluorescence microscopy images of FDA-stained
ECs for the different samples used in the experimental set 1
are provided in Figure 3. The steady increase in the number
of viable cells from one time point to the other was clearly

& Control 1
Control 2
Control 3
mSIR
EPAT

EIL-AA

Day-5

Figure 2 Endothelial cell viability and proliferation for L-ascorbic acid, sirolimus, paclitaxel, and controls.

Notes: * denotes statistical significant differences at p < 0.05.
Abbreviations: L-AA, L-ascorbic acid; PAT, paclitaxel; SIR, sirolimus.
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Day-1

Control 1

Control 2

Control 3

SIR

PAT

L-AA

Figure 3 Fluorescence microscopy images of FDA stained ECs for L-AA, SIR, PAT, and controls (scale bar indicates 100 um).
Abbreviations: ECs, endothelial cells; FDA, fluorescein diacetate; L-AA, L-ascorbic acid; PAT, paclitaxel; SIR, sirolimus.

observed in the images of controls and L-AA while no
increase in the number of viable cells was observed in the
images of SIR and PAT. After 7 days, all the control samples
showed 70%—-80% confluence while the L-AA treated cells
showed >90% confluence. SIR and PAT showed very few
viable cells with <20% confluence. These qualitative results
of cell viability and proliferation were in excellent agreement
with the quantitative assessment (resazurin data) provided
in the above paragraph.

Morphology of ECs for L-AA,
SIR, PAT, and controls

The phase contrast images taken after 7 days of cell growth
for the different samples used in experimental set 1 are

provided in Figure 4. The ECs showed spreading morphology
with characteristic polygonal shape for all three controls
(Figure 4A—C) and L-AA (Figure 4F). However, the cells
showed an uncharacteristic oval or round shape with no
spreading morphology for SIR (Figure 4D) and PAT
(Figure 4E). These results showed that the characteristic
morphological features of ECs were well maintained for
L-AA and controls while such features were not present in
the cells treated with SIR or PAT.

Phenotype analysis of ECs for L-AA,

SIR, PAT, and controls
Platelet endothelial cell adhesion molecule-1 (PECAM-1)
is an adhesion protein present on the EC membrane.
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A Control 1 B Control 2

L8 7

C Control 3

Figure 4 Phase contrast images of ECs for L-AA, SIR, PAT, and controls (A—F)
(scale bar indicates 100 um).

Abbreviations: ECs, endothelial cells; L-AA, L-ascorbic acid; PAT, paclitaxel;
SIR, sirolimus.

PECAM-1 is characteristically expressed by ECs and is
involved in regulating the adhesion of EC-EC and EC-
leukocytes.!” A stronger expression of PECAM-1 has been
attributed to the endothelialization property'® while its weaker
expression has been attributed to possible cell damage.' In
this study, the expression of PECAM-1 on all the controls
and the cells treated with different drugs was confirmed by
immunofluorescence microscopy (Figure 5; arrows in the
images show PECAM-1 expression — bright green staining at
the cell surface). The expression of PECAM-1 was stronger
for L-AA (Figure 5F) and the three controls (Figure SA—C).
No qualitative difference in the expression of PECAM-1
was observed between the L-AA treated cells and the three
controls. However, the expression was weaker for SIR
(Figure 5D) and PAT (Figure 5E). These results suggest that
the ECs preserved their phenotype and showed excellent
endothelialization properties for L-AA and the controls
while the cells showed poor endothelialization properties
for SIR and PAT.

Viability and proliferation of ECs for the

different doses of L-AA and controls
Figure 6 shows the EC viability and proliferation for the five
different doses (1, 100, 300, 500, and 1000 pg) of L-AA

A Control 1

B Control 2

Figure 5 Immunofluorescence microscopy images of ECs for L-AA, SIR, PAT, and
controls (A—F) (scale bar indicates 50 um).

Abbreviations: ECs, endothelial cells; L-AA, L-ascorbic acid; PAT, paclitaxel;
SIR, sirolimus.

and the two controls of experimental set 2. On day 1, no
significant differences in the number of cells were observed
between the different doses of L-AA and the controls. On
day 3, the number of cells observed for the 100 pg L-AA
dose was significantly greater than that of the controls and
all the other L-AA doses except the 300 pg dose. On day 5,
the L-AA doses 100 pg, 300 pg, and 500 pg showed a
significantly greater number of cells, compared to controls
and the other L-AA doses 1 pg and 1000 pg. On day 7, the
doses 100 pg and 300 pg showed the maximum number
of cells among the different groups and were significantly
greater than that of any of the controls and all the other doses
used in this study. No significant difference in the number of
cells was observed between 100 g and 300 ug doses. Also,
no significant difference in the number of cells was observed
between the controls and the L-AA doses 1 pg and 500 ug.
The 1000 pg dose showed the least number of cells among
the different groups used in this study. Based on these results,
the viability and proliferation of ECs for the different doses

Drug Design, Development and Therapy 2013:7

submit your manuscript

535

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Kakade and Mani

Dove

300

200

150

100

Relative fluorescence units (RFU)

50

Day-1 Day-3

& Control 1
Control 2
E1 ug/mL
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Day-5

Day-7

Figure 6 Endothelial cell viability and proliferation for the different doses of L-ascorbic acid.

Notes: * denotes statistical significant differences at p < 0.05.

of L-AA increased in the following order 1000 ug < 1 ug=
Control 1 = Control 2 =500 pg << 300 ug = 100 pg.

The fluorescence microscopy images of FDA-stained ECs
for the different doses of L-AA and the controls used in the
experimental set 2 are provided in Figure 7. An increase in
the number of viable cells from one time point to the other
was observed for the controls and all the L-AA doses except
the 1000 pg dose. After 7 days, the cells treated with 100 pg
and 300 pg doses showed greater than 90% confluence while
the controls and the cells treated with 1 g and 500 pg doses
showed ~80% confluence. For the 1000 pug dose, the cells
were only ~30 confluent. These qualitative results were in
excellent agreement with the quantitative resazurin data
presented in the previous paragraph. Thus, these results
demonstrated that the 100 ug and 300 pg doses of L-AA
greatly favor the growth of ECs while the growth of cells
for the 1 ng and 500 pg doses was equivalent to that of the
controls, and the 1000 1g dose inhibited cell growth.

Morphology of ECs for the different
doses of L-AA and controls

The phase contrast microscopy images of ECs after 7 days
of growth for the different doses of L-AA and controls are
provided in Figure 8. The two controls (Figure 8A and B)

and the L-AA doses such as 1 pug, 100 pg, 300 ug, and
500 ug (Figure 8C—F) showed spreading EC morphology
with its characteristic polygonal shape. In the 1000 pg dose
(Figure 8G), although the cells were spreading, they showed
an elongated shape. These results suggested that the L-AA
doses ranging from 1 pg to 500 pg did not alter the morpho-
logical features of ECs while the high dose such as 1000 ug
can alter the shape of ECs.

Phenotype analysis of ECs for the

different doses of L-AA and controls
Immunofluorescent microscopy confirmed the expression
of PECAM-1 for the two controls and the five different
doses of L-AA (Figure 9; arrows in the images show
PECAM-1 expression — bright green staining at the cell
surface). The PECAM-1 expression was strong for all the
groups used in this experimental set and no qualitative
differences in the expression were observed between the
different groups.

Viability and proliferation of SMCs

for L-AA, SIR, PAT, and controls

The viability and proliferation of SMCs measured by
resazurin assay for the three controls and the different
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Day-1

Day-3

Control 1

Control 2

1 pg/mL

100 pg/mL

300 pg/mL

500 pg/mL

1000 pg/mL

Day-7

Figure 7 Fluorescence microscopy images of fluorescein diacetate-stained endothelial cells for the different doses of L-ascorbic acid (scale bar indicates 100 um).

drugs (L-AA, SIR, and PAT) used in this study are shown
in Figure 10. On day 1, all three drugs L-AA, SIR, and PAT
showed significantly fewer cells than in Control 1. On day 3,
the drugs L-AA, SIR, and PAT significantly inhibited cell
growth and showed fewer cells than all three controls. Also,
at this time point, no significant difference in the number of
cells was observed between L-AA, SIR, and PAT. A similar
trend was observed on day 5. However, SIR and PAT showed
fewer cells than L-AA. Similar results were observed on
day 7. Based on these results, SMC viability and proliferation
decreased in the following order: Control 1 = Control 3 >
Control 2 >> L-AA > SIR = PAT. Thus, these results
demonstrated that L-AA significantly inhibited the growth

of SMCs although the inhibitory effect was inferior to that
of SIR and PAT.

The fluorescence microscopy images of FDA stained
SMCs for the different samples used in the experimental
set 3 are provided in Figure 11. These images showed that
the cells were significantly proliferated on all three controls
from one time point to the other, while cell growth was sig-
nificantly inhibited for L-AA, SIR, and PAT. After 7 days, all
control samples showed >90% confluence while the L-AA
treated cells showed 50%-60% confluence. SIR and PAT
showed very few viable cells with ~20% confluence. These
qualitative results were in agreement with the quantitative
assessment provided in the above paragraph.
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B Control 2

D 100 pg/mL |

G 1000 pg/mL

Figure 8 Phase contrast images of endothelial cells for the different doses of
L-ascorbic acid (A-G)(scale bar indicates 100 pm).

Morphology of SMCs for L-AA,
SIR, PAT, and controls

The phase contrast microscopy images taken after 7 days of
cell growth for the different samples used in experimental
set 3 are provided in Figure 12. SMCs showed spreading
morphology with a characteristic spindle shape for all three
controls (Figure 12A—C). For L-AA (Figure 12F), although
the cells were spindle shaped, they were less spreading
compared to controls. For SIR (Figure 12D) and PAT
(Figure 12E), the cells were not spreading and only very
few cells were spindle shaped with the remaining cells either
triangular or irregularly shaped. These results suggested that
the spreading of SMCs was affected by treating with L-AA,
SIR, and PAT while the morphological features of cells were
also affected by SIR and PAT treatments.

Viability and proliferation of SMCs

for different doses of L-AA and controls
Figure 13 shows the SMC viability and proliferation for the five
different doses (1 g, 100 pg, 300 pg, 500 pg, and 1000 pg) of

D L-AA (100 pg/mL) E L-AA (300 pg/mL)

L-AA (500 pg/mL)

Figure 9 Immunofluorescence microscopy images of endothelial cells for different
doses of L-AA (A-G) (scale bar indicates 50 pm).
Abbreviation: L-AA, L-ascorbic acid.

L-AA and the two controls of experimental set 4. On day 1, the
L-AA doses ranging from 100 g to 1000 pg showed signifi-
cantly fewer cells than controls and 1 pig L-AA dose. A similar
trend was observed on day 3. Also, the L-AA doses 500 g and
1000 pg showed fewer cells than 100 pg and 300 pug L-AA
doses on day 3. Similar results were observed on day 5 and
day 7. Based on these results, the cell viability and prolifera-
tion decreased in the following order: Control 1 = Control 2 =
I ug >> 100 pg =300 pug > 500 pg = 1000 pg.

The fluorescence microscopy images of FDA-stained
SMCs for the different doses of L-AA and the controls used
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Figure 10 Smooth muscle cell viability and proliferation for L-AA, SIR, PAT, and controls.

Notes: * denotes statistical significant differences at p < 0.05.
Abbreviations: L-AA, L-ascorbic acid; PAT, paclitaxel; SIR, sirolimus.

in the experimental set 4 are provided in Figure 14. These
images showed that cells were proliferating significantly for
the two controls and the 1 pg L-AA dose from one time point
to the other, while cell growth was significantly inhibited
for the L-AA doses ranging from 100 pg to 1000 pg. After
7 days, all the controls and 1 pug L-AA dose showed >90%
confluence while the 100 pg and 300 pug L-AA doses showed
50%—-60% confluence, and the 500 pug and 1000 pug L-AA
doses showed 30%—-40% confluence. Thus, these results
demonstrated that L-AA showed a dose dependent inhibi-
tory effect, with 1 pg dose showing no inhibitory effect and
1000 pg dose showing maximum inhibitory effect.

Morphology of SMCs for different

doses of L-AA and controls

The phase contrast microscopy images of SMCs after 7 days
of growth for the different doses of L-AA and controls are
provided in Figure 15. The two controls (Figure 15A and B)
and the 1 ug L-AA dose (Figure 15C) showed spreading mor-
phology with its characteristic spindle shape. In 100 pg and
300 pug L-AA doses (Figure 15D and E), although the cells
were spindle shaped, they were not as spreading as the controls.
For 500 pg and 1000 pug L-AA doses (Figure 15F and G), the
cells were not spreading and the shapes were too elongated.

These results suggested that the high L-AA doses affect the
spreading and morphological features of SMCs.

Discussion

The antiproliferative drugs (SIR and PAT) released from
stents and vascular grafts inhibit the growth of SMCs and
thereby prevent neointimal hyperplasia.”!* The mechanisms
of action of SIR and PAT on cells are different. SIR is
cytostatic (inhibits cell growth and division) while PAT
is cytotoxic (toxic to cells). Several studies in the litera-
ture have demonstrated the mechanisms of action of these
drugs.??! Specifically, SIR is an immunosuppressive agent
which works by binding to an intracellular receptor protein
FKBP12 and causes cell cycle arrest.*” However, PAT is a
mitotic inhibitor which works by interfering with the normal
breakdown of microtubules during cell division and inhibits
cell growth.?! These drugs are not cell specific. Hence, the
growth of endothelial cells on stents and vascular grafts
has also been inhibited by the same mechanism.'*!3 This is
a serious concern since the poorly endothelialized device
surfaces can cause thrombosis.!! Hence, there is a great
need to use alternative drugs in these medical devices to
promote ECs, and inhibit SMCs, to prevent thrombosis and
neointimal hyperplasia, respectively. Vitamin C (L-AA) has
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Figure 11 Fluorescence microscopy images of FDA stained SMCs for L-AA, SIR, PAT, and controls (scale bar indicates 100 um).
Abbreviations: FDA, fluorescein diacetate; L-AA, L-ascorbic acid; PAT, paclitaxel; SIR, sirolimus; SMCs, smooth muscle cells.

been shown to promote ECs*** and inhibit SMCs!6%*25 when
orally administered or added directly to the cell cultures.'>'¢
Although vitamin C has such beneficial properties, to the
best of our knowledge, it has not yet been used in stents or
vascular grafts since the need to deliver a drug to encourage
EC growth, and inhibit SMC growth, has arisen recently.
The proliferative effect of L-AA on ECs is due to its
prominent role in synthesizing type IV collagen, which is
required for the formation of basement membrane (where the
ECs rest) and the regulation of EC adhesion.?® L-AA signifi-
cantly decreased the apoptosis of ECs under inflammatory
conditions.”” This effect arises from L-AA’s role in inhibit-
ing cytochrome C release from mitochondria and preventing
caspase 9 activation.'® Also, L-AA increased the generation
of nitric oxide by stabilizing tetrahydrobiopterin, a co-factor
involved in nitric oxide production by nitric oxide synthases.?

This has an effect not only in maintaining healthy EC function
but also reducing oxidative stress and inflammation in the
entire vessel wall. Several clinical trials have shown that the
systemic administration of L-AA has reversed endothelial
cell dysfunction caused by hypercholesterolemia, diabetes,
and atherosclerosis.'>*** L-AA has been shown to inhibit
the proliferation of SMCs.!** The antiproliferative effect
of L-AA on SMCs is due to the inhibition of membranous
tyrosine kinase protein®! and reduction of L-cysteine transport
and cellular glutathione levels.?>* In addition to encouraging
EC growth and inhibiting SMC growth, L-A A has been shown
to inhibit the adhesion and aggregation of blood platelets,*
which is crucial for preventing thrombosis.

In this research, a comparative study was conducted
to investigate the effects of L-AA, SIR, and PAT on
the growth of ECs and SMCs under similar conditions.
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: B control 2

Figure 12 Phase contrast images of SMCs for L-AA, SIR, PAT, and controls (A—F)
(scale bar indicates 100 pm).

Abbreviations: L-AA, L-ascorbic acid; SIR, sirolimus; SMCs, smooth muscle cells;
PAT, paclitaxel.

210.00

A dose of 100 pg was chosen for all the different drugs used
in experimental sets 1 and 3 due to the following reasons.
A drug concentration of 100 pug/cm? is commonly used for
PAT-eluting stents,” which provides a total drug dose of 50 ug
to 209 ug per stent depending on the stent size.** Similarly, a
drug concentration of 140 pig/cm? is commonly used for SIR-
eluting stents,” which provides a total drug dose of 71 ug to
314 pg per stent depending on the stent size.** Hence, a dose
of 100 ng was considered clinically relevant and used in this
study. At this dose, both the antiproliferative drugs, SIR and
PAT, significantly inhibited the growth of ECs. This clearly
shows the role of these drugs in impairing endothelialization.
However, L-AA significantly encouraged the growth of ECs
even more strongly than the controls (with no drugs). Also, at
this dose, L-AA significantly inhibited the growth of SMCs.
Thus, this study demonstrates the use of L-AA over SIR and
PAT for potential applications in stents and vascular grafts.
For experimental set 2, the different doses of L-AA
including 1 pg (5.7 uM), 100 pug (567.8 uM), 300 pg
(1.7 mM), 500 pg (2.8 mM), and 1000 pg (5.7 mM) were
compared to determine which dose shows maximum EC
growth. The typical plasma concentration of L-AA in humans
ranges between 37 UM and 121 uM.? A plasma concentration

180.00

2 150.00
3 E Control 1
2 i Control 2
g &1 pg/mbL
® 120.00
o E100 pg/mL
§ £4300 pg/mL
§ 500 ug/mL
s 90.00 1000 pg/mL
=
]
=
=
o 60.00
%
30.00 - .
.
|
|
%
|
0.00 - /
Day-1 Day-3 Day-5 Day-7
Figure 13 Smooth muscle cell viability and proliferation for the different doses of L-ascorbic acid.
Notes: * denotes statistical significant differences at p < 0.05.
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Figure 14 Fluorescence microscopy images of fluorescein diacetate-stained smooth muscle cells for the different doses of L-ascorbic acid (scale bar indicates 100 um).

of =70 uM of L-AA has been recommended for preventing
coronary artery disease.** Ulrich-Merzenich et al*> showed
that when a dose of =60 UM of L-AA was added directly
to the EC cultures, the drug acted as a mitogen and greatly
encouraged the growth of cells. Similarly, Smith et al*
showed a dose of 100 uM of L-AA significantly encourage
the growth of ECs. However, Bowie and O’Neill** showed
that a higher dose of 5 mM to 20 mM of L-AA has an inhibi-
tory effect on ECs. These studies showed the importance of
choosing the right dose of L-AA for promoting EC growth.
Hence, in this study, the L-AA doses ranging from 1 ug
(5.7 uM) to 1000 pg (5.7 mM) were compared to determine
the optimal dose for effectively encouraging EC growth

as well as inhibiting SMC growth. A low dose of 1 pg did
not have a significant effect on EC or SMC growth as there
was no difference observed when compared to that of the
controls. A high dose of 1000 LLg had a maximum inhibitory
effect on SMCs, but this dose also had an inhibitory effect
on ECs. Among the intermediate doses, 100 pg and 300 pg
showed maximum EC growth after 7 days. Also, these doses
significantly inhibited SMC growth. Hence, a dose of 100 ug
(567.8 uM) to 300 pg (1.7 mM) can be coated on cardio-
vascular medical devices to improve their endothelialization
properties. Our future studies involve the coating of these
optimized L-AA doses on stents and vascular grafts and
studying their endothelialization properties.
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Figure 15 Phase contrast images of smooth muscle cells for the different doses of
L-ascorbic acid (A—G) (scale bar indicates 100 um).

Conclusion

A comparative study was carried out to determine the
effects of L-AA, SIR, and PAT on the growth of ECs and
SMCs under similar conditions. Both SIR and PAT strongly
inhibited EC growth while L-AA strongly encouraged EC
growth. Also, L-AA significantly inhibited SMC growth
although the inhibitory effect was inferior to SIR and PAT.
A study of L-AA dosages showed that 100 ng and 300 pg
doses promoted maximum EC growth when compared to the
other doses (1 pg, 500 ng, and 1000 pg) and the controls
used in the study. Also, the 100 pg and 300 pug L-AA doses
significantly inhibited the growth of SMCs. Thus, this study
demonstrates the use of L-AA over SIR and PAT for potential
applications in stents and vascular grafts.
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