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Abstract: Calcium, sodium and potassium channel blockers are widely prescribed medications for a variety of health
problems, most frequently for cardiac arrhythmias, hypertension, angina pectoris and other disorders. However,
chronic application of channel blockers is associated with numerous side effects, including worsening cardiac pa-
thology. For example, nifedipine, a calcium-channel blocker was found to be associated with increased mortality
and increased risk for myocardial infarction. In addition to the side effects mentioned above by different channel
blockers, these drugs can cause arterial wall damage, thereby contributing to vascular wall structure destabiliza-
tion and promoting events facilitating rupture of plaques. Collagen synthesis is regulated by ascorbic acid, which is
also essential for its optimum structure as a cofactor in lysine and proline hydroxylation, a precondition for optimum
crosslinking of collagen and elastin. Therefore, the main objective in this study was to evaluate effects of various
types of channel blockers on intracellular accumulation and cellular functions of ascorbate, specifically in relation
to formation and extracellular deposition of major collagen types relevant for vascular function. Effects of select Na-
and Ca channel blockers on collagen synthesis and deposition were evaluated in cultured human dermal fibroblasts
and aortic smooth muscle cells by immunoassay. All channel blockers tested demonstrated inhibitory effects on
collagen type | deposition to the ECM by fibroblasts, each to a different degree. Ascorbic acid significantly increased
collagen | ECM deposition. Nifedipine (50 uM), a representative of channel blockers tested, significantly reduced
ascorbic acid and ascorbyl palmitate-dependent ECM deposition of collagen type | and collagen type IV by cultured
aortic smooth muscle cells. In addition, nifedipine (50 uM) significantly reduced ascorbate-dependent collagen type
| and type IV synthesis by cultured aortic smooth muscle cells, assayed by measuring intracellular collagen content.
We observed increased intracellular levels of ascorbate under supplementation with elevated doses of ascorbic
acid, as well as its lipid soluble derivative ascorbyl palmitate. Nifedipine reduced ascorbic acid intracellular influx in
cultured aortic smooth muscle cells with nifedipine (50 uM) compared to control. Adverse effects of nifedipine were
neutralized either by an increased level of cell supplementation with ascorbic acid or by substituting it with ascorbyl
palmitate. These studies suggest that adverse effects of channel blockers could be caused by their weakening the
arterial wall integrity by interfering with proper extracellular matrix formation. In conclusion, these studies confirm
the adverse effects of channel blockers on collagen type | and IV deposition, the key ECM components essential for
maintaining optimal structural integrity of the arterial walls. Ascorbate supplementation reversed channel blocker
inhibition of these collagen types synthesis and deposition. The results of this study imply the benefits of ascorbate
and ascorbate palmitate supplementation in medical management of cardiovascular disease in order to compen-
sate for adverse effects of channel blockers.
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arrhythmic

Introduction

Calcium, sodium and potassium channel block-
ers are widely prescribed medications for a
variety of health problems, most frequently for
cardiac arrhythmias, hypertension, angina pec-
toris and other disorders, with sales reaching
$6 billion worldwide [1]. These agents are

associated with problematic side effects. For
example, nifedipine, a calcium-channel blocker
was found to be associated with increased
mortality and increased risk for myocardial
infarction [2, 3] and breast cancer [4].

Sodium channel blockers, which impair conduc-
tion of Na* through sodium channels, are used
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in the treatment of cardiac arrhythmias and are
classified as “Type |I” (membrane stabilizing
agents) in the Vaughn Williams classification
[5-7]. These drugs bind to and block the fast
sodium channels that are responsible for the
rapid depolarization (phase 0) of fast-response
cardiac action potentials. This type of medica-
tion can serve as an important mechanism for
suppressing tachycardias that are caused by
abnormal conduction [7].

Na blockers, which include such drugs as quini-
dine and procainamide, are used for treating
supraventricular tachycardia, ventricular tachy-
cardia, symptomatic ventricular premature
beats, and prevention of ventricular fibrillation.
Side effects of quinidine include blurred vision,
tinnitus, headache, psychosis, cramping and
nausea, and enhancement of digitalis toxicity
[7]. Capsaicin is considered a natural Na chan-
nel blocker. Most local anesthetics used clini-
cally are relatively hydrophobic molecules that
gain access to their blocking site on the sodium
channel by diffusing into or through the cell
membrane. These anesthetics block sodium
channels and thereby the excitability of all neu-
rons, not just sensory neurons [8].

Calcium channel blockers inhibit the movement
of calcium through slow calcium channels of
cell membranes in the myocardium, cardiac
conduction tissues, and vascular smooth mus-
cle [5]. Currently approved calcium channel
blockers bind to L-type calcium channels locat-
ed on the vascular smooth muscle, cardiac
myocytes, and cardiac nodal tissue (sinoatrial
and atrioventricular nodes) [9]. They are divided
into two categories based upon their predomi-
nant physiologic effects: dihydropyridines (pre-
dominantly vasodilators) such as nifedepine
and non-dihydropyridines (reduce vascular per-
meability affecting cardiac contractility and
conduction) such as verapamil and dilitiazem
[10].

Dihydropyridines may cause reflex tachycardia,
flushing, headache, and ankle swelling [9].
Ditiazem and verapamil depress cardiac con-
duction and cause bradycardia [9]. Natural Ca**
channel blockers include magnesium, due to
magnesium’s ability to block calcium from
entering muscle and heart cells, but with less
powerful effects than other Ca*™ channel
blockers.
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In addition to the side effects mentioned above
by different channel blockers, these drugs can
cause arterial wall damage. For example, Roth
et al. reported that Ca*™ channel blockers such
as verapamil, ditiazem and others significantly
decreased the constitutive and platelet-derived
growth factor-dependent collagen deposition in
the ECM formed by human vascular smooth
muscle cells and fibroblasts [11]. The drugs
inhibited the expression of fibrillary collagens
type | and lll and of basement membrane type
IV collagen [11]. Furthermore, Ca** channel
blockers specifically increased the proteolytic
activity of the 72-kDa type IV collagenase [11],
thereby contributing to vascular wall structure
destabilization and promoting events facilitat-
ing rupture of plaques.

Collagen is a critical component of vascular
walls, cartilage and is an essential component
of connective tissue in the body. Collagen syn-
thesis is regulated by ascorbic acid, which is
also essential for its optimum structure as a
cofactor in lysine and proline hydroxylation, a
precondition for optimum crosslinking of colla-
gen and elastin. According to the Rath concept,
impairment of the vascular wall structure due
to inadequate collagen production is a trigger-
ing event in excessive deposition of lipopro-
teins (Lp(a) and LDL) as a biological ‘repair’ pro-
cess and an underlying factor in atherosclero-
sis [12]. A recent study by Cha et al. [13] con-
firmed this concept stressing the importance of
vascular collagen synthesis in preventing vas-
cular deposition of lipoproteins and develop-
ment of atherosclerosis.

The wide use of channel blockers, which have
to be taken for decades, or for life, and its nega-
tive impact on collagen production, would imply
its implication on further cardiovascular events
and other components of extracellular matrix.

Therefore, the main objective in this study was
to evaluate effects of various types of channel
blockers on intracellular accumulation and cel-
lular functions of ascorbate, specifically in rela-
tion to formation and extracellular deposition of
major collagen types relevant for vascular
function.

Materials and methods
Reagents

All reagents were from Sigma-Aldrich (St. Louis,
MO) except when indicated differently.
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Cell cultures

Normal human dermal fibroblasts (DF) were
supplied by ATCC (Manassas, VA). Human aor-
tic smooth muscle cells (AoSMC) were pur-
chased from Cambrix (East Rutherford, NJ).
Both cell cultures were maintained in DMEM
medium (ATCC) containing antibiotics and 5%
fetal bovine serum (FBS, ATCC). All cell cultures
were maintained at 37°C and 5% CO, atmo-
sphere. Cell viability was monitored with MTT
assay. None of the used experimental condi-
tions resulted in statistically significant cell
death (data not shown).

Collagen production by human cultured cells

For experiments, DF or AoSMC, at 5th to 8th
passages, were seeded on collagen type
I-covered plastic plates (Becton-Dickinson, col-
lagen | isolated from rat tail tendon) at density
of 25,000/cm? and grown to confluence for 5-7
days. For intracellular immunoassay experi-
ments, plain plastic 96-well plates were used.
Tested compounds were added to cells at indi-
cated concentrations for 72 h in DMEM supple-
mented with 2% FBS and cell-produced extra-
cellular matrix was exposed by sequential treat-
ment with 0.5% Triton X100 and 20 mM ammo-
nium sulfate in phosphate buffered saline
(PBS, Life Technologies) for 3 min each at room
temperature (RT) as described previously [14].
After four washes with PBS, ECM layers were
treated with 1% bovine serum albumin (BSA) in
PBS for one hour at RT and immediately used in
experiments. Alternatively, cell layers were
washed three times with PBS and fixed with 3%
formaldehyde in PBS at 4°C for one hour. Fixed
cell layers were washed four times with PBS
and treated with 1% BSA/PBS for one hour at
RT.

Collagen and beta-actin immunoassays

Immunoasssays were done as described previ-
ously [15 ] by sequential incubation with prima-
ry monoclonal antibodies specific to human col-
lagen type | or IV or human beta-actin in 1%
BSA/PBS for 2 hours followed by 1 hour incuba-
tion with secondary goat anti-mouse IgG anti-
bodies labeled with horse radish peroxidase
(HRP). Retained peroxidase activity was mea-
sured after the last washing cycle (three times
with 0.1% BSA/PBS) using TMB peroxidase
substrate reagent (Rockland). Optical density
was read with plate reader (Molecular Devices)
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at 450 nm and expressed as percentage of
control cell samples incubated in unsupple-
mented 1% BSA/DMEM.

Intracellular ascorbic acid assay

AoSMC were seeded and grown to confluent
layers in plastic 24-well plates (Becton-
Dickinson) and treated with nifedipine and
ascorbates for 90 min as described above.
Intracellular ascorbic acid was extracted as
described by Lane and Lawen [16]. Briefly, cells
were washed three times with ice-cold PBS on
ice and incubated with 300 pl of 0.1% saponin
in 1% ethanol in PBS for 10 min on orbit mixer.
Samples were collected to Eppendorf tubes
and centrifuged at 13,000 x g for 5 min.
Supernatants were used in ascorbic acid assay
(Ascorbic Acid Colorimetric Assay Kit Il FRASC,
BioVision) in accordance with manufacturer’s
protocol.

Statistical analysis

Results in figures are means + SD from three or
more repetitions from the most representative
of at least two independent experiments.
Differences between samples were estimated
with a two-tailed Student’s t-test using MedCalc
software (Mariakerke, Belgium) and accepted
as significant at p levels less than 0.05.

Results

Effect of channel blockers and ascorbate on
collagen type | ECM deposition by fibroblasts

The results presented in Figure 1A show that
all channel blockers tested inhibited collagen
type | deposition to the ECM by fibroblasts,
however, each one to a different degree. In the
presence of ascorbic acid, the ECM deposition
of collagen | was significantly increased. Among
tested channel blockers, capsaicin demon-
strated slight, insignificant inhibition of colla-
gen type |. However, in the presence of 50 yM
ascorbate, collagen | deposition significantly
increased (164%-219%, p<0.0005) at each
concentration of capsaicin compared to the
level of collagen | deposited under capsaicin
without ascorbate.

As presented in Figure 1B, ditiazem showed up
to 13.1% inhibition of collagen type I, but this
difference did not reach statistical significance.
Trend line R? = 0.5045. However, in the pres-
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Figure 1. A. Effects of capsaicin (natural Na* blocker) on collagen type | ECM deposition by cultured human skin
fibroblasts (* indicates significance of p<0.005 between ascorbate and ascorbate + capsaicin ECM collagen
| deposition); B. Effects of ditiazem (Ca** blocker) on collagen type | ECM deposition by human skin fibroblasts
(* indicates significance of p<0.0001 between ascorbate vs ascorbate and ditiazem ECM collagen | deposi-
tion); C. Effects of lidocaine (Na* blocker) on collagen type | ECM deposition by cultured human skin fibroblasts
(* indicates significance of p<0.0001 between ascorbate and ascorbate + lidocaine ECM collagen | deposition;
** indicates significance of p<0.01 between ECM collagen | deposition at increased concentrations of lidocaine
compared to control); D. Effects of nifedipine (Ca** blocker) on collagen type | ECM deposition by cultured human
skin fibroblasts (* indicates significance of p<0.0001 between ascorbate and ascorbate + nifedipine ECM collagen
| deposition; ** indicates significance of p<0.05 between ECM collagen | deposition at increased concentrations of
nifedipine compared to control); E. Effects of quinidine (Na* blocker) on collagen type | ECM deposition by cultured
human skin fibroblasts (* indicates significance of p<0.006 between ascorbate and ascorbate + quinidine ECM
collagen | deposition); F. Effects of verapamil (Ca** blocker) on collagen type | ECM deposition by cultured human
skin fibroblasts (* indicates significance of p<0.002 between ascorbate and ascorbate + verapamil ECM collagen
| deposition).

ence of 50 yM ascorbate, collagen | deposition R? = 0.4756). Treatment with 50 uM ascorbate
significantly increased from 206% to 266%, resulted in a significant increase of collagen I,
(p<0.0001) at each concentration of ditiazem from 237% to 258% (p<0.0001), at each con-
compared to the level of collagen | deposited centration of lidocaine compared to the level of
under ditiazem without ascorbate. collagen | deposited under lidocaine only.

Figure 1C shows that in the presence of lido- The effects of nifedipine on collagen | deposi-
caine there was significant (19.3%-23.7%, tion by FB are presented in Figure 1D. Nifedipine
p<0.01) inhibition of collagen type | (trend line shows significant (13%-20.3%, p<0.05) inhibi-
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Figure 2. A. Effects of 50 uM nifedipine on ascorbic acid dependent ECM deposition of collagen type | by cultured
AoSMC (* indicates significance of p<0.02 between ascorbate and ascorbate + nifedipine ECM collagen | deposi-
tion); B. Effects of 50 uM nifedipine on ascorbyl palmitate dependent-ECM deposition of collagen type | by cultured
AoSMC (* indicates significance of p<0.045 between ascorbyl palmitate and ascorbyl palmitate + nifedipine ECM
collagen | deposition); C. Effects of 50 uM nifedipine on ascorbic acid dependent ECM deposition of collagen type
IV by AoSMC (* indicates significance of p<0.02 between ascorbate and ascorbate + nifedipine ECM collagen IV
deposition); D. Effects of 50 uM nifedipine on ascorbyl palmitate dependent ECM deposition of collagen type IV by
AoSMC (* indicates significance of p<0.02 between ascorbyl palmitate and ascorbyl palmitate + nifedipine ECM
collagen IV deposition).

tion of collagen type |, except at a concentra- difference did not reach statistical significance
tion of 100 uM, (trend line R? = 0.3628). In the (trend line R? = 0.5383). In the presence of
presence of 50 uM ascorbate there was a sig- ascorbate (50 uM), collagen | deposition by FB
nificant increase of collagen | deposition by FB significantly increased (137%-224%, p<0.002)
(117%-244%, p<0.0001) at each concentration at each concentration of verapamil compared
of nifedipine compared to the level of collagen | to the level of collagen | deposited under vera-
deposited under nifedipine without ascorbate. pamil without ascorbate.

In the presence of quinidine there was 6% to Effect of nifedipine, ascorbic acid and ascorbyl
12.2% inhibition of collagen type |, but the dif- palmitate on collagen types | and IV deposition
ference did not reach statistical significance, by cultured human aortic smooth muscle cells
trend line R? = 0.2047. See Figure 1E. By includ- (AoSMC)

ing ascorbate at 50 uM concentration, there

was a significant increase of collagen | deposi- Nifedipine, a representative member of the
tion by FB (137%-217%, p<0.006) at each con- channel blockers class, had similar effects on
centration of quinidine compared to the level of ascorbic acid dependent collagen | and IV
collagen | deposited under quinidine without deposition in AoSMC as in FB culture.
ascorbate. Comparable results were obtained with vera-

pamil and quinidine (not shown).
The results for verapamil, presented on Figure

1F, show 5.6% to 15.5% inhibition of collagen As presented in Figure 2A, nifedipine (50 pM)
type | by this calcium channel blocker, but the significantly reduced ascorbic acid dependent
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Figure 3. A. Effects of ascorbic acid on intracellular content of collagen type | in AoSMC in the presence or absence
of 50 uM nifedipine (* indicates significance of p<0.002 between ascorbic acid or ascorbyl palmitate alone vs with
nifedipine on intracellular content of collagen type I); B. Effects of ascorbic acid on intracellular content of beta-Actin
in AoSMC in the presence or absence of 50 uM nifedipine (* indicates significance of p<0.03 between ascorbic
acid or ascorbyl palmitate alone vs with nifedipine on intracellular content of beta actin); C. Effects of ascorbic acid
on intracellular content of collagen type | in AOSMC in the presence or absence of 50 uM nifedipine. Collagen type
| content was normalized by beta actin content in corresponding samples (* indicates significance of p<0.003 be-
tween ascorbic acid alone vs with nifedipine on intracellular content of collagen type I).

ECM deposition of collagen type | by cultured
aortic smooth muscle cells: 62.3% (p = 0.0001),
41.8% (p =0.019) and 16.5% (p = 0.177) at 25,
100 and 400 uM ascorbic acid, respectively.
Trend line for ascorbic acid with nifedipine R? =
0.995. Ascorbic acid at 100 and 400 uM
increased ECM deposition by 114% and
10.76%, respectively, compared to 25 uM
ascorbic acid, trend line R? = 0.2512.

Nifedipine (50 uM) significantly reduced ascor-
byl palmitate dependent ECM deposition of
collagen type | by cultured aortic smooth mus-
cle cells: 25% (p = 0.005), 38% (p = 0.006),
27.5% (p = 0.045), 11% (p = 0.154) and 26.5%
(p = 0.0025) at 1.25, 2.5, 5, 10 and 20 uM
ascorbyl palmitate, respectively, as shown in
Figure 2B. Trend line for ascorbyl palmitate
with nifedipine R? = 0.7695. Ascorbyl palmitate
administered independently increased ECM
deposition by 135% (p = 0.013), 189% (p =
0.004), 184% (p = 0.0013) and 212% (p<
0.0001) at 2.5, 5, 10 and 20 uM, respectively,
compared to 1.25 yM ascorbyl palmitate, trend
line R2=0.90.
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As presented in Figure 2C, in the presence of
nifedipine (50 uM), ascorbic acid dependent
deposition of collagen type IV by cultured aortic
smooth muscle cells was significantly reduced:
36% (p = 0.0029), 54% (p = 0.021) and 43% (p
= 0.02) at 25, 100 and 400 uyM ascorbic acid,
respectively. Trend line for ascorbic acid with
nifedipine R? = 0.9982. Ascorbic acid showed
increased collagen IV ECM deposition by 175%
(p =0.053) and 166% (p = 0.0265) at 100 and
400 uM, respectively, compared to 25 uM
ascorbic acid, trend line R? = 0.652.

Figure 2D shows the effects of nifedipine (50
MM) on ascorbyl palmitate dependent ECM
deposition of collagen type IV by cultured aortic
smooth muscle cells. The results show a signifi-
cant decrease in collagen IV to 23.5% (p =
0.0459), 22.7% (p = 0.0228), 22% (p = 0.139),
13.5% (p = 0.093) and 31.6% (p = 0.0055) at
1.25, 2.5, 5, 10 and 20 uM ascorbyl palmitate,
respectively. Trend line for ascorbyl palmitate
with nifedipine R? = 0.8332. Ascorbyl palmitate
alone showed increased collagen IV deposition:
113% (p = 0.228), 144% (p = 0.068), 138% (p
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Figure 4. Effects of nifedipine 50 uM on ascorbate accumulation inside hu-
man AoSMC (* indicates significance of p<0.06 between ascorbic acid or
ascorbyl palmitate alone vs with nifedipine on intracellular ascorbate con-

tent).

= 0.023) and 168% (p = 0.004) at 2.5, 5, 10
and 20 uM, respectively, compared to 1.25 yM
ascorbyl palmitate, trend line R? = 0.8976.

Effect of nifedipine on ascorbate-dependent
stimulation of collagen type | synthesis in
AoSMC

In these experiments, the intracellular collagen
content was evaluated in relation to the
levels of housekeeping intracellular protein,
beta-actin.

As shown in Figure 3A, nifedipine (50 uM) sig-
nificantly reduced ascorbate-dependent intra-
cellular collagen type | synthesis by cultured
aortic smooth muscle cells, by 61% (p =
0.0002) and 49.1% (p = 0.0005) at 25 and
100 uM ascorbic acid, respectively. In the
presence of 400 yM ascorbic acid and nifedip-
ine, intracellular collagen | increased by 122%
(p = 0.0195) compared to control. In the pres-
ence of ascorbyl palmitate at 5 and 20 uM,
nifedipine significantly reduced ascorbate-
dependent collagen type | synthesis by 20.3%
(p =0.0002) and 38% (p = 0.002), respectively.
Trend line for ascorbic acid with nifedipine
R? = 0.638 and for ascorbyl palmitate with
nifedipine R? = 0.9056. Trend line for ascorbic
acid effect alone on collagen | intracellular
content was R? = 0.874 and that for ascorbyl
palmitate alone was R? = 0.985.

Nifedipine (50 uM) significantly reduced ascor-
bate-dependent beta-actin intracellular con-
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AsPalm 20

tent in cultured aortic smooth

muscle cells compared to

control: 29%% (p = 0.0018),
L 22.6% (p = 0.0061) and 5% (p
= 0.54) at 25, 100 and 400
MM ascorbic acid, respective-
ly, as shown in Figure 3B. In
the presence of 5 yM and 20
UM of ascorbyl palmitate,
nifedipine significantly re-
duced intracellular beta actin
content by 22% (p = 0.013)
and 23.6% (p = 0.033),
respectively. Trend line for
ascorbic acid with nifedipine
R? = 0.5157 and for ascorbyl
palmitate with nifedipine
R? = 0.8088. Trend line for
ascorbic acid effect alone on
collagen | intracellular con-
tent was R? = 0.5157 and that for ascorbyl pal-
mitate alone was R? = 0.914.

In the presence of nifedipine (50 uM) and
ascorbate the intracellular content of collagen
type | normalized to beta actin content in aortic
smooth muscle cells was reduced compared to
control: 46% (p = 0.0005) and 34.4% (p =
0.0033) at 25 and 100 uM ascorbic acid,
respectively (Figure 3C). In the presence of
400 pM ascorbic acid, nifedipine increased
collagen 1 by 23% (p = 0.017) compared to
control. However, nifedipine had no significant
effect on collagen | content in the presence of
ascorbyl palmitate at 5 uM and 25 uM concen-
trations. Trend line for ascorbic acid with nife-
dipine R? = 0.871 and for ascorbyl palmitate
with nifedipine R? = 0.9918. Trend line for
ascorbic acid effect alone on collagen | intracel-
lular content was R? = 0.6396 and that for
ascorbyl palmitate alone was R? = 0.9442.

Effect of nifedipine on intracellular accumula-
tion of ascorbic acid in AoSMC

Nifedipine (50 uM) had an inhibitory effect on
intracellular accumulation of ascorbate in cul-
tured aortic smooth muscle cells compared to
control. As shown in Figure 4, in the presence
of 100 uM ascorbic acid, nifedipine decreased
intracellular ascorbate by 61.5% (p = 0.161)
but this difference did not reach statistical
significance. However, at 400 pM ascorbic
acid, nifedipine significantly reduced (67.7%, p
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= 0.0337) ascorbate intracellular content.
However, nifedipine had no significant effect on
intracellular ascorbate levels in the cells incu-
bated with ascorbyl palmitate. We observed
that supplementation with 20 yM ascorby! pal-
mitate resulted in significantly higher (10x,
P<0.0001) intracellular levels of ascorbic acid
compared to the highest concentrations of
ascorbic acid used in experiments, which was
400 uM. Ascorbyl palmitate levels higher than
20 uM were found to be cytotoxic to cultured
fibroblasts and smooth muscle cells under our
experimental conditions (data not shown).

Discussion

All channel blockers tested demonstrated
inhibitory effects on collagen type | deposition
to the ECM by fibroblasts, each to a different
degree. Ascorbic acid significantly increased
collagen | ECM deposition. Nifedipine, a repre-
sentative member of the channel blockers
class, displayed similar effects on ascorbic acid
and on ascorbyl palmitate dependent collagen
1 deposition by AoSMC and by fibroblasts
(NHDF). Furthermore, nifedipine demonstrated
significant inhibition of collagen IV ECM
deposition.

By determining intracellular collagen content in
relation to the levels of housekeeping intracel-
lular protein beta-actin, we found that nifedip-
ine counteracted ascorbate-dependent stimu-
lation of collagen type | synthesis in AoSMC.
Thus, changes in ECM deposition of collagen
seen in previous experiments were caused by
its decreased intracellular accumulation (syn-
thesis/protein expression). Nifedipine (50 pM)
reduced ascorbate intracellular accumulation
in cultured aortic smooth muscle cells com-
pared to control under water-soluble ascorbic
acid as well as lipid soluble ascorbyl palmitate.
We observed that decreased collagen deposi-
tion by this channel blocker can be rescued by
supplementation of AoSMC with increased lev-
els of ascorbic acid or with ascorbyl palmitate.

These results confirm the adverse effects of
channel blockers on collagen type I and IV ECM
deposition. Ascorbate supplementation could
reverse the inhibition of these critical ECM
components necessary for maintaining optimal
structural integrity of the arterial wall. Ascorbic
acid is essential for the hydroxylation of lysine
and proline, a precondition for optimum cross-
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linking of collagen and elastin and, thus, for
maintaining the integrity of the vascular wall
[12, 17]. As mentioned earlier, Ca** channel
blockers such as verapamil, ditiazem and oth-
ers were shown to significantly decrease colla-
gen deposition in the ECM in human vascular
smooth muscle cells and fibroblasts. These
drugs inhibited the expression of fibrillary col-
lagens type | and Il and of basement membrane
collagen type IV and increased the proteolytic
activity of the 72-kDa type IV collagenase [11].

As in human scurvy, complete dietary ascor-
bate deprivation has been shown to cause
marked alteration in the structural integrity of
vascular connective tissue [13, 18, 19]. In a
previous study, we found that hypoascorbemic
Gulo-/- mice developed early atherosclerosis
accompanied by the deposition of Lp(a) in the
intima and deeper layers of the vascular wall,
while age-matched mice with high amounts of
dietary ascorbate supplementation did not
develop atherosclerosis and no Lp(a) detect-
able in the vascular wall [13]. Disruption of the
endothelial layer, impairment of the basement
membrane and the structural disintegration of
the ECM paralleled the development of scurvy
[18]. Since channel blockers have been shown
to decrease ascorbate-dependent collagen |
and |V, use of channel blockers can lead to
increased probability of development of
atherosclerosis.

Regular intake of ascorbic acid results in a vari-
able absorption rate, between 70 to 95%, with
the degree of absorption decreasing as intake
increases [20]. Fractional human absorption of
ascorbic acid may be as low as 33% at high
intake (1.25 g), but it can reach 98% at low
intake (<200 mg) [20]. Ascorbate concentra-
tions over renal re-absorption threshold pass
freely into the urine and are excreted. At high
dietary doses (corresponding to several hun-
dred mg/day in humans) ascorbate is accumu-
lated in the body until the plasma levels reach
the renal resorption threshold, which is about
1.5 mg/dL in men and 1.3 mg/dL in women
[21]. Ascorbate at concentrations in the plasma
larger than this value (thought to represent
body saturation) is rapidly excreted in the urine
with a half-life of about 30 minutes.
Concentrations less than this threshold value
are actively retained by the kidneys, and the
excretion half-life for the remainder of the vita-
min C store in the body thus increases greatly,
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with the half-life lengthening as the body stores
are depleted. This half-life rises until it is as
long as 83 days by the onset of the first symp-
toms of scurvy [21].

Ascorbic acid is absorbed in the body by both
active transport and simple diffusion. Sodium-
dependent active transport-sodium-ascorbate
co-transporters (SVCTs) and hexose transport-
ers (GLUTs)-are the two transporters required
for absorption. SVCT1 and SVCT2 import the
reduced form of ascorbate across plasma
membrane [22]. GLUT1 and GLUT3 are the
two glucose transporters, and transfer only
the dehydroascorbic acid form of ascorbic
acid [23]. Although dehydroascorbic acid is
absorbed at a higher rate than ascorbate, the
amount of dehydroascorbic acid found in plas-
ma and tissues under normal conditions is low,
as cells rapidly reduce dehydroascorbic acid to
ascorbate [24, 25]. Thus, SVCTs appear to be
the predominant system for vitamin C transport
in the body.

A possible mechanism of ascorbate’s rescuing
effect on channel blocker induced inhibition
could be competitive inhibition of channel
blockers. These conclusions are supported by
the rescuing action of increased levels of ascor-
bate supplementation in channel blocker-
dependent inhibition of collagen deposition.
Kuo et al. reported that hydrophobic 1.4-dihy-
dropyridine compounds (nifedipine and nicar-
dipine) inhibited Na* - dependent and Na* -
independent (K" substituting Na*) accumulation
of ascorbic acid in human intestinal Caco-2
cells [26]. Ebersole and Molinoff report that
ascorbate inhibits binding of dihydropyridine
calcium channel blockers [27]. A study by
Grossmann et al. demonstrated that co-infu-
sion of ascorbate and quinidine (K* blocker)
abolished ascorbate-dependent venodilation in
human veins [28].

The absence of inhibitory effects of channel
blockers on ascorbyl palmitate dependent syn-
thesis, ECM deposition of collagen and on
accumulation of intracellular ascorbate from
channel blockers apparently could be ex-
plained by different pathways of intracellular
uptake independent from ion-channel-associ-
ated transporters, i.e. through hydrophobic por-
tions of the cellular membrane.
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Conclusion

In conclusion, these studies confirm the
adverse effects of channel blockers on colla-
gen type | and IV deposition, the key ECM com-
ponents essential for maintaining optimal
structural integrity of the arterial walls.
Ascorbate supplementation reversed channel
blocker inhibition of synthesis and deposition
of these collagen types The results of this study
imply the benefits of ascorbate and ascorbate
palmitate supplementation in medical manage-
ment of cardiovascular disease in order to com-
pensate for adverse effects of channel
blockers.
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