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Abstract

Scope—A key event in the development of plaque in the arteries is the migration and
proliferation of smooth muscle cells (SMCs) from the media to the intima of the blood vessel. This
study was conducted to evaluate the effects of bisdemethoxycurcumin, a naturally occurring
structural analog of curcumin, on PDGF-stimulated migration and proliferation of SMCs.

Methods and results—Demethoxycurcumin were synthesized by condensing vanillin and 4-
hydroxybenzaldehyde. SMCs isolated from adult rat aorta were stimulated with PDGF in the
presence or absence of curcumin or bisdemethoxycurcumin following which cell migration and
proliferation were assessed by monolayer wound healing assay and [3H]-thymidine incorporation
respectively. PDGF-induced phosphorylation of PDGF-receptor-f and its downstream effector Akt
were assessed by Western blotting. Intracellular reactive oxygen species (ROS) was assessed
using the fluorescent dye DCFDA. Bisdemethoxycurcumin elicited a concentration-dependent
inhibition of PDGF-stimulated phosphorylation of PDGFR-f, Akt and Erk as well as the PDGF-
stimulated SMC migration and proliferation. Bisdemethoxycurcumin was more potent than
curcumin in inhibiting migration and proliferation and suppressing PDGF-signaling in SMCs.
Both compounds were equipotent in inhibiting PDGF-stimulated intracellular ROS-generation.

Conclusion—Bisdemethoxycurcumin may be of potential use in the prevention or treatment of
vascular disease.
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1. Introduction

Migration of vascular smooth muscle cells (VSMC) from the media to the intima of the
blood vessels play a key role in intimal thickening in vascular diseases such as
atherosclerosis and restenosis following coronary angioplasty [1]. VSMC migration is
triggered by a variety of stimuli, including platelet-derived growth factor (PDGF) that are
released by the injured blood vessel and blood/vascular cells associated with the injured site
[2]. In contrast to the ‘quiescent” VSMCs in the media, the migrated VSMC is proliferative
in nature and exhibits a ‘synthetic’ phenotype capable of secreting extracellular matrix
which contributes to intimal hyperplasia. Consequently, strategies to inhibit PDGF-
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stimulated VSMC migration and proliferation represent a potential strategy to overcome
intimal thickening in atherosclerosis and restenosis.

Curcumin (diferuloyl methane) (Figure 1; diferuloyl methane; 1,7-bis(4-hydroxy-3-
methoxy-phenyl)-1,6-heptadiene-3-5-dione), the major yellow pigment extracted from spice
turmeric (Curcuma longa) that has been used in cooking and in traditional Indian medicine
for centuries [3]. It has been credited with antiinflammatory, immunomodulatory and
anticancer properties [4]. Several molecular mechanisms have been proposed as an
explanation for the pluripotent activities attributed to curcumin [5]. Our previous studies
have shown that curcumin is a potent inhibitor of PDGF-stimulated migration, proliferation,
and collagen synthesis in the VSMCs [6]. At the molecular level curcumin blocked PDGF-
induced reorganization of the actin-cytoskeleton and attenuated PDGF- mediated signal
transduction in the VSMCs [6]. More importantly curcumin inhibited balloon-catheter
induced neointima formation in the rat artery, indicating its protective function in vascular
injury [6]. However, the low solubility of curcumin in biological fluids, its poor
bioavailability and rapid metabolism remains some of the challenges in developing
curcumin as a drug to treat cardiovascular diseases [7, 8].

In a view understand the structural requirements of curcumin for its biological activity, our
lab has evaluated similar molecules such as dehydrozingerone (which chemically is half the
molecule of curcumin without the diketone system) and isoeugenol (a molecule devoid of
the keto group as compared to dehydrozingerone) [9]. Recent studies from other lab have
shown that bisdemethoxycurcumin (Figure 1), a natural analog of curcumin which is devoid
of the two methoxy groups on the phenolic nucleus of curcumin has superior biological
activity in a variety of disease models including Alzheimer's disease, inflammation, and
tumor suppression [9-12]. In the present study, we have evaluated the effect of
bisdemethoxycurcumin on PDGF-stimulated migration and proliferation and signaling
events in VSMC and compared it with curcumin. Our studies show that
bisdemethoxycurcumin is a more potent than curcumin in inhibiting PDGF-mediated
vascular events.

2. Materials and methods

2.1. Chemicals

2.2. Smooth

Curcumin was synthesized by condensing vanillin with acetyl acetone as a boron complex as
previously reported [13]. Essentially the same procedure was used to synthesize
demethoxycurcumin except that vanillin was replaced by 4-hydroxy-benzaldehyde. The
purity and the chemical structure were confirmed by melting point, elemental analysis, and
spectral studies. PDGF-BB was obtained from Sigma Chemical Co (St Louis, MO).
Antibodies against phospho-PDGF receptor-$ (Tyr751), PDGF receptor B (28E1), phospho-
Akt (Serd73), phospho-Erk, total-Erk and pan-Akt were obtained from Cell Signaling
Technology (Boston, MA). Fetal bovine serum, penicillin-streptomycin, Dulbecco's
Minimum Essential Media without phenol red, insulin-transferrin-selenous acid, and 5-(6)-
chloromethyl-2’,7'-dichlorodihydrofluorescein diacetate (DCF-DA) were from Gibco/
Invitrogen (Carlshad, CA).

muscle cell isolation and culture

Thoracic aorta SMCs were obtained from male Sprague-Dawley rats weighing between 100
and 150 g using collagenase and elastase as described by us previously [14]. This protocol
was approved by the Institutional Animal Care and Use Committee of the University of
Wyoming. Each isolate consisted of cells pooled from 2 to 4 individual aortas. Early
passages (< 5) of smooth muscle cells were used for all experiments. All cultures were
maintained in a humidified atmosphere of 5% C0»-95% air. Isolated cells were seeded on
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tissue culture plates in DMEM/F-12 media supplemented with penicillin (50 U/ml),
streptomycin (50 mg/ml), insulin (5 mg/ml), transferrin (5 mg/ml), and selenous acid (5 ng/
ml) at a density of 3 x 10% cells/cm? and were grown to confluence in 10% fetal bovine
serum. Cultures were treated with serum-free medium for 24 hours before experiments were
initiated.

2.3. Cell migration assay

Cell migration was assessed using a monolayer-wounding protocol in which cells migrated
from a confluent area into an area that was mechanically denuded of cells [6]. For
monolayer-wounding cell migration assay, confluent cells were treated with serum-free
medium containing hydroxyurea (5 mM) for 24 hours before the start of the experiments.
Hydroxyurea was used to prevent proliferation of cells [15]. Hydroxyurea by itself did not
have any effect on cell migration (data not shown). Area of migration was photographed
with a video camera system using Scion Image software at the intersection of the previously
marked line and wound edge at 0 hours (WW() and at 24 hours (WW»,) after treatment with
PDGF (10 ng/mL) in the presence or absence of test compound. Cell migration was
calculated as wound width covered at time t(\WWqy — WW,,4) and expressed as percentage.

2.4. Cell proliferation assay

Cell proliferation was assessed by [3H]-thymidine incorporation in mitogenically quiescent
VSMCs [6]. Cells were incubated for 18 hours with or without PDGF (10 ng/mL) and
various concentrations of test compounds and then pulse-labeled with ImCi/mL of [3H]
thymidine for 6 hours. Cells were washed 3 times with phosphate-buffered saling,
precipitated with 10% (wt/vol) ice-cold trichloroacetic acid, and rinsed with absolute ethanol
and air dried. For analysis, the monolayer was dissolved in 250 mL of 0.5 M sodium
hydroxide per well at room temperature overnight. Duplicate samples of 100 L were
counted in scintillation fluid in a liquid scintillation counter (Beckmann LC 6000IC). Cell
viability was assessed by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. Briefly, VSMCs growing on a 96-well plate were treated with either
curcumin or bisdemethoxycurcumin at 10 and 25uM concentrations. Thirty minutes
following the treatment, 100 yL of MTT solution (5 mg/mL, Sigma, St. Louis, MO) was
added to the SMCs and incubate for 1 hour. MTT solution was removed and DMSO was
used to dissolve formazan and the absorbance was measured at 570 nm.

2.5. SDS-PAGE and immunoblotting

Western blotting for protein was performed as described previously [16]. Briefly, cells were
lysed in RIPA buffer containing 1 mM sodium vanadate, 1 mM phenyl-methyl-sulfonyl
fluoride, 5 mg/ml aprotinin, and 5 mg/ml leupeptin. Protein concentration was determined
by the bicinchoninic acid method (Pierce Biotechnology Inc., Rockford, IL). Lysates
corresponding to equal amounts of proteins were boiled in Laemmli sample buffer, and the
supernatants were loaded onto gels for SDS-PAGE. Proteins were transferred onto
nitrocellulose membranes and probed with the following primary antibodies: anti-phospho
PDGF receptor and anti-phospho Akt (Thr308) (at dilutions of 1:1000). Appropriate
horseradish peroxidase—coupled secondary antibodies (HRPO-conjugated) were used at
1:5000. Immunoreactive bands were detected by using the Super Signal West Dura
Extended Duration Substrate (Pierce, Milwaukee, WI). The intensity of bands was measured
with a scanning densitometer using a Molecular Imager Gel Doc XR+ System (Bio Rad,
Hercules, CA).
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2.6. Analysis of ROS production

Production of intracellular ROS was evaluated by changes in fluorescence intensity resulting
from oxidation of the intracellular fluorophore, DCF-DA [17]. VSMCs were subcultured
and grown in 200puL culture medium/well in 96-well plates until 95% confluence. Following
a 16-h quiescence incubation period in serum free medium cells were washed with Krebs—
Ringer— HEPES (KRH) buffer and then incubated for 30 min DCF-DA (25 pM) with or
without curcumin or bisdemethoxycurcumin. After three additional washes with KRH
buffer, the cells were treated with PDGF (10 ng/ml) in a total volume of 200 pl of KRH.
After 10 min, the fluorescence of each well was measured and recorded at excitation 485
nm, emission 530 nm with microplate fluorescence reader (Spectra GEMINIXS, Molecular
Device, Sunnyvale, CA).

2.7. Cellular-uptake

Cultured VSMCs were grown to 70% confluence and were incubated with curcumin and
demethoxycurcumin for 30 min following which, the media was removed and cells were
washed three times with PBS. The cells were treated with ethanol, sonicated, centrifuged
and the absorbance of the supernatant was measured at measured at 434 nm using a
spectrophotometer. Standard curves for curcumin and bisdemethoxycurcumin obtained in an
alcoholic solution was used for calculating the concentrations.

2.8. Statistical analysis

Data are expressed as mean + SEM and statistically evaluated using one-way ANOVA
followed by Bonferroni post hoc test using Graph Pad Prism (Graph Pad Software, Inc., San
Diego, CA, USA). A “p’ value of less than 0.05 was considered to be statistically significant.

3. Results

3.1. Bisdemethoxycurcumin inhibits PDGF-stimulated VSMC migration

PDGF (10 ng/mL) induced a robust motogenic effect (>4 folds over control) on cultured
VSMC:s so as to cover about 90% of the wound width in 24 h. This cell migration induced
by PDGF was inhibited by bisdemethoxycurcumin in a concentration-dependent manner,
with a near complete inhibition observed at 10 uM bisdemethoxycurcumin (Figure 2A). At
concentrations of 5 yM and above both curcumin and bisdemethoxycurcumin were
equipotent at inhibiting PDGF-stimulated VSMC (Figure 2B). However, when the
concentration was lowered to 1 uM bisdemethoxycurcumin exhibited significantly higher
inhibitory activity compared to curcumin. Neither curcumin nor bisdemethoxycurcumin by
at the concentrations studied had any effect on cell viability (data not shown).

3.2. Bisdemethoxycurcumin inhibits PDGF-stimulated VSMC proliferation

We next determined the ability of bisdemethoxycurcumin to inhibit PDGF-stimulated
VSMC proliferation. As illustrated in Figure 3A, treatment with PDGF (10 ng/mL) resulted
in 5 fold increase in the incorporation of [2H]-thymidine. Bisdemethoxycurcumin (1-25
pM) inhibited PDGF-stimulated cell proliferation in a concentration-dependent manner,
with near complete inhibition at 25 pM). When compared to curcumin,
bisdemethoxycurcumin was superior at inhibiting PDGF-stimulated proliferation at both 1
MM and 5 pM concentrations (Figure 3B). Comparison of activities revealed that 28%
inhibition in PDGF-induced cell proliferation was observed with 5 pM concentration of
curcumin whereas demethoxycurcumin elicited the same extent of inhibition at 1 pM
concentration. However, at a concentration of 25 yM both the compounds abrogated the
effect of PDGF on cell proliferation. When quiescent cells were treated with the test
compounds in the absence of PDGF, no significant differences (from control) were observed
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in the extent of 3[H]-thymidine incorporation. Furthermore, at the concentrations tested
neither demethoxycurcumin nor curcumin caused overt cell death (Figure 4) as assessed by
the MTT assay.

3.3. Bisdemethoxycurcumin attenuates PDGF-signal transduction in cultured VSMCs

Binding of PDGF to its cognate receptor elicits autophosphorylation and activation of the
intracellular tyrosine kinase domain receptor [18]. The activated PDGF-receptor
phosphorylates multiple residues on downstream effectors, a key being Akt. Figure 5A
shows that both curcumin and bisdemethoxycurcumin inhibits PDGF-stimulated
phosphorylation of PDBF-receptor-, phosphorylation of Akt at the Serine 473 residue and
the phosphorylation of Erk. Consistent with the migration and proliferation data,
bisdemethoxycurcumin was superior to curcumin in inhibiting these signaling events
mediated by PDGF (Figure 5B-D).

3.4. Bisdemethoxycurcumin inhibits PDGF-induced reactive oxygen species production

Small amount of ROS generated when PDGF binds to its receptor has been shown to
reversibly oxidize a critical cysteine residue in the active site of phosphates which aids in the
transduction of PDGF-signaling [19, 20]. Consequently, antioxidants have been shown to
relieve this phosphatase inhibition and reduce PDGF signaling [21]. Because curcumin has
antioxidant properties [22], we investigated the effects of bisdemethoxycurcumin on PDGF-
stimulated ROS generation in cultured VSMC. Figure 6 shows that transient incubation of
VSMCs with PDGF resulted in ROS generation which was inhibited by both curcumin and
bisdemethoxycurcumin to similar extent, suggesting that the differential effects of these two
compounds on PDGF-signaling may not be mediated through its antioxidant properties.

3.5. Bisdemethoxycurcumin exhibited better cellular-uptake compared to curcumin

Cellular-uptakes of curcumin and bisdemethoxycurcumin are illustrated in figure 7. As
evidenced by the figure bisdemethoxycurcumin exhibited better cellular uptake at
concentrations above 5 yM. At the maximum concentration tested (40 uM), 76% of
bisdemethoxycurcumin was taken-up by the cells whereas only 58.7% of curcumin uptake
was observed the same concentration. However BC and CC exhibited almost identical in
uptake at the concentration range in which efficacy was evaluated in this study (1-10 pM)
suggesting that improved cellular uptake of bisdemethoxycurcumin may not account for the
enhancement of BC activity in the proliferation and wound healing studies.

4. Discussion

The major finding from this study is that bisdemethoxycurcumin is a potent inhibitor of
PDGF-induced migration and proliferation of VSMCs. Furthermore, bisdemethoxycurcumin
inhibited PDGF-stimulated PDGF-receptor phosphorylation and the phosphorylation of the
downstream effector Akt. Compared to curcumin, bisdemethoxycurcumin exhibited greater
potency in inhibiting PDGF-stimulated migration and proliferation of VSMCs and the
PDGF-signaling cascade. Both curcumin and bisdemethoxycurcumin exhibited equi-potency
in scavenging intracellular ROS generated by PDGF indicating that the enhanced potency of
bisdemethoxycurcumin may be independent of its antioxidant properties. Cellular uptake
studies show that bisdemethoxycurcumin is better absorbed into the cells compared to
curcumin at higher concentrations. However, at concentrations wherein they exhibit their
function effects the cellular uptake of these compounds is comparable. This suggests that the
inherent biological activity of bismethoxycurcumin on PDFG-mediated migration and
proliferation and migration may be superior compared to curcumin. In addition, our results
suggest that the methoxy groups on the phenolic ring on curcumin may not be necessary for
its inhibition of PDGF-mediated migration and proliferation of VSMCs. Given the
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documented short-comings in the in-vivo bioavailability of curcumin, its extreme
hydrophobicity and instability, it may be worthwhile to consider developing
bismethoxycurcumin as a viable alternative template for designing molecules that can
interfere with the abnormal smooth muscle functions associated with vascular diseases.

Structure activity studies on the naturally occurring curcumin derivatives have resulted in
varying results. Yodkeeree and coworkers compared curcumin with its dimethoxy
derivatives for their anti-metastatic activity and found that bisdemethoxycurcumin was
superior to curcumin in inhibiting tumor the invasiveness of human fibrosarcoma cells [11].
Consistent with these observations Matsunaga and coworkers have shown that
bisdemethoxycurcumin exhibited higher potency and selectivity compared to curcumin in
inhibiting aldo-keto reductase, a potential therapeutic target for a variety of cancers [23].
Fiala and coworkers using active fractions from curcuminoids and found that
bisdemethoxycurcumin is the most potent in enhancing defective phagocytosis of amyloid-
beta [24]. In contrast however, curcumin was found to be more active than
bisdemethoxycurcumin in tumor necrosis factor-induced activation of nuclear factor kappa
B, although the suppression of proliferation by curcuminoids in a variety of tumor cells was
comparable [25]. Interestingly, Zhongfa and coworkers have recently shown that the oral
bioavailability of the naturally occurring dimethoxy derivatives of curcumin is higher than
that of curcumin [26]. Even if the biological activities of the two molecules are comparable,
the beneficial pharmacokinetic profile of demethoxycurcumin may be an added advantage
over curcumin.

Enhanced PDGF signaling has been implicated in the pathophysiology of a variety of
diseases involving the remodeling of the vascular wall [18, 27, 28]. In the arteries, PDGF
receptors are over-expressed by several folds following endothelial injury associated with
angioplasty or early stages of atherosclerosis [29, 30]. Conversely, inhibiting the PDGF
pathway either by using antisense oligonucleotides or blocking antibody has been used to
successfully suppress intimal thickening [30, 31]. Our previous studies have demonstrated
that curcumin is a potent inhibitor of PDGF-induced VSMC migration, proliferation and
signal transduction [6]. Curcumin inhibited neointima formation following balloon injury in
rats [6]. However, the poor solubility and bioavailability together with its quick metabolism
limits its potential as a therapeutic agent [7, 8]. The present study shows that
bisdemethoxycurcumin has better cellular penetration, retains the antioxidant properties of
curcumin and is more potent at inhibiting PDGF-mediated abnormal events in the VSCMs.
Recent studies in other model systems have also indicated that bisdemethoxycurcumin is
more potent than curcumin [9, 10, 24]. Further /n-vivo studies are necessary to ascertain the
benefits of bisdemethoxycurcumin over curcumin.

In addition to vascular remodeling, upregulated PDGF signaling has been implicated in a
variety of diseases such as cancer, fibrosis and pulmonary hypertension [32]. Small
molecule inhibitors of PDGF-signaling such as imatinib mesylate (imatinib, ST1571, or
Gleevec) is clinically used to treat patients with myelogenous leukemia and gastrointestinal
stromal tumor [33]. However, many of the molecules developed for selective PDGF-
receptor inhibition are limited by their serious adverse effects [34]. In this context
developing a molecule such as bisdemethoxycurcumin which is a naturally occurring spice
product with a wide margin of safety is worthy of further studies for its therapeutic value in
stopping or preventing diseases related to over-activation of PDGF signaling.

In summary, this study demonstrates that a natural analog of curcumin,
bisdemethoxycurcumin is a more potent inhibitor of PDGF-stimulated VSMC migration and
proliferation compared to curcumin. These effects of bisdemethoxycurcumin may be
mediated via its inhibitory effects on PDGF-receptor signaling in VSMCs. Given the
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pharmacokinetic limitations of curcumin, and the better cellular uptake of
bisdemethoxycurcumin, it may be worthwhile to further explore the beneficial effects of
bisdemethoxycurcumin in vascular diseases.
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DCFDA 5-(6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate
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Figure 1.
Chemical structures of curcumin and bisdemethoxycurcumin.
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Figure2.

A. Bisdemethoxycurcumin (BC) attenuates PDGF (10 ng/mL)-stimulated VSMC motility
VSMC motility the monolayer wound-healing assay. Data are mean + SEM (n=6) and
represents the average wound width covered in each treatment group *p<0.001 compared to
untreated, #p<0.01 compared to PDGF. B. Inhibition of PDGF (10 ng/mL)-stimulated cell
migration by BC and curcumin (CC). Data are mean + SEM and represents the average
wound width covered in each treatment group *p<0.001 compared to untreated, #p<0.01
compared to PDGF, p<0.05 compared to PDGF +CC.
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Figure 3.

#&

A. Bisdemethoxycurcumin (BC) inhibits PDGF-stimulated VSMC proliferation. Cells were
treated with PDGF (10ng/mL) for 24 hours in the presence or absence of BC, and
incorporation of [3H]-thymidine was monitored and normalized to protein. Results are the
mean + SE from 3 independent experiments. *p<0.001 compared to untreated, #p<0.01
compared to PDGF. B. Inhibition of PDGF (10 ng/mL)-stimulated cell proliferation by BC
and curcumin (CC). Data are mean = SEM *p<0.001 compared to untreated, #p<0.01
compared to PDGF, p<0.05 compared to PDGF + corresponding concentrations of CC.
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Figure 4.

Effect of curcumin and bisdemethoxycurcumin viability of VSMC. Curcumin and
bisdemethoxycurcumin were tested at concentrations of 10 and 25 uM for its effect on cell
viability using the MTT assay. Mean £ SEM, n = 4.
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Figureb5.

Effect of bisdemethoxycurcumin (BC) and curcumin (CC) on PDGF (10 ng/mL)- stimulated
tyrosine phosphorylation of PDGFR f, serine (473) phosphorylation Akt and phospho Erk in
VSMCs. Cells were treated with or without (control) CC of BC (10 uM) for 30 minutes and
stimulated with PDGF (10 ng/mL) for 10 minutes. Cells were lysed, and lysates were
immuno-blotted with antibodies directed against phospho-PDGF receptor 3, phospho-Akt
and phospho-Erk. A. Representative Western blot image showing phospho-PDGF receptor
B, phospho-Akt and phospho-Erk together with the total proteins. B-D. Relative densities of
phosphorylated PDGF receptor B, phosphorylated Akt and phospho-Erk normalized to total
proteins. Data are mean + SEM (n=3) of the *p<0.001 compared to untreated, #p<0.01
compared to PDGF, &p<0.05 compared to PDGF compared to PDGF + CC.
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Figure®6.

Scavenging of PDGF (10 ng/mL)-generated intracellular ROS by bisdemethoxycurcumin
(BC) and curcumin (CC) assessed as DCF fluorescence. Data are mean = SEM (n=3) of the
relative fluorescence intensities. *p<0.001 compared to untreated, #p<0.01 compared to
PDGF.
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Figure?7.

Cellular-uptake of curcumin and bisdemethoxycurcumin. VSMCs were treated with various
concentrations of curcumin and the cellular uptake of the compounds was assessed by
spectrophotometry at 400 nm. The concentrations were calculated for a standard curve
generated by using various concentrations of these compounds in ethanol.
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