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Ca’ " -mediated ascorbate release from coronary artery endothelial
cells

'Kim A. Davis, 'Sue E. Samson, *Kelly Best, 'Kanwaldeep K. Mallhi, 'Magdalena Szewczyk,
3John X. Wilson, 'Chiu-Yin Kwan & *!'?Ashok K. Grover

"Department of Medicine, McMaster University, Hamilton, Ontario, Canada; *Department of Biology, McMaster University,
Hamilton, Ontario, Canada and *Department of Physiology and Pharmacology, University of Western Ontario, London, Ontario,
Canada

1 The addition of Ca®* ionophore A23187 or ATP to freshly isolated or cultured pig coronary artery
endothelial cells (PCEC) potentiated the release of ascorbate (Asc). Cultured PCEC were used to
characterize the Ca>*-mediated release. An increase in Ca”>*-mediated Asc release was observed from
PCEC preincubated with Asc, Asc-2-phosphate or dehydroascorbic acid (DHAA).

2 The effects of various ATP analogs and inhibition by suramin were consistent with the ATP-
induced release being mediated by P2Y2-like receptors.

3 ATP-stimulated Asc release was Ca®*-mediated because (a) ATP analogs that increased Asc
release also elevated cytosolic [Ca>*], (b) Ca>* ionophore A23187 and cyclopiazonic acid stimulated
the Asc release, (c) removing extracellular Ca®* and chelating intracellular Ca®*inhibited the ATP-
induced release, and (d) inositol-selective phospholipase C inhibitor U73122 also inhibited this release.
4 Accumulation of Asc by PCEC was examined at Asc concentrations of 10 uM (Na * -Asc symporter
not saturated) and 5mM (Na™-Asc symporter saturated). At 10 uM Asc, A23187 and ATP caused an
inhibition of Asc accumulation but at 5mM Asc, both the agents caused a stimulation. Substituting
gluconate for chloride did not affect the basal Asc uptake but it abolished the effects of A23187.

5 PCEC but not pig coronary artery smooth muscle cells show a Ca>*- mediated Asc release

pathway that may be activated by agents such as ATP.
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Introduction

Vitamin C (ascorbate, Asc) is an essential cofactor in carnitine
and collagen synthesis, and an antioxidant that helps to
protect cells against oxidative stress (May et al., 1995; 2003;
Jones et al., 2002). Asc is involved in recycling oxidized
tocopherol (Vitamin E) which protects the plasma membrane
against lipid peroxidation (Jones et al., 2002; May et al., 2003).
In humans and some other mammals, Asc is an essential
vitamin and dietary intake leads to 50-100 uM of Asc in
plasma (Weber et al., 1996; Jones et al., 2002; Woollard et al.,
2002). In patients with low plasma levels of Asc, an increase in
Asc intake prevents vascular endothelial dysfunction during
atherosclerosis (Lehr et al, 1995; Weber et al., 1996;
Carr et al., 2000; Woollard et al., 2002).

The absorption of Asc in the small intestine and uptake into
various cells, including smooth muscle and endothelium,
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occurs via the NaT-Asc symporters SVCT1 and SVCT2
(Daruwala et al., 1999; Tsukaguchi et al., 1999; Holmes
et al., 2000; May et al., 2001). SVCT]1 is considered to be a
low-affinity high-velocity carrier that is expressed in epithelial
cells. SVCT2 has slightly higher affinity and is expressed in
lower abundance in most cells including endothelial cells (Best
et al., 2005). Asc that gets oxidized to dehydroascorbic acid
(DHAA) can also be absorbed by the tissues via glucose
transporters and recycled. The recycling requires enzymes that
utilize reductants such as glutathione and NADPH and are
present in most cells including vascular smooth muscle and
endothelium (May et al., 2001; Holmes et al., 2002).

Several stimuli trigger an increase in cytosolic Ca?*
concentration ([Ca®*]) and thus lead to increased NO
production and release thereby inducing vasodilation (Bodin
et al., 1991; Buxton et al., 2001; Braet et al., 2003; Sprague
et al., 2003; Yamamoto et al., 2003). In vitro, Asc has been
shown to protect NO from forming peroxynitrite but the Asc
concentrations used in these experiments were 100-times
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higher than those present in the plasma (Jackson et al., 1998).
Whereas the pathways for Asc entry into pig coronary artery
endothelial cells (PCEC) have been identified, there are no
reports to show if PCEC could release Asc upon stimulation
that leads to increase in [Ca®"],. Here, we report that A23187
and ATP elicit release of Asc from PCEC.

Methods
Materials

Niflumic acid, 5-nitro-2-(3-phenylpropylamino)benzoic acid,
indanyloxyacetic acid-94, A23187, DHAA, ATP and its
analogs, 1-[6-[((17b)-3-Methoxyestra-1,3,5[10]-trien-17-yl) amino]
hexyl]-1H-pyrrole-2,5-dione (U73122), 1-[6-[((17b)-3-Methoxy-
estra-1,3,5[10]-trien-17-yl)amino]hexyl]-2,5-pyrrolidinedione
(U73343, inactive analog used as a control), saponin, and
lectin from Griffonia simplicifolia were purchased from Sigma-
Aldrich Canada (Oakville, Canada). Fluo 3/AM was pur-
chased from Teflabs (Austin, U.S.A.) and BAPTA/AM from
Molecular Probes (Eugene, U.S.A.). Dynabeads M450 Epoxy
were purchased from Dynal Biotech. Inc. (Lake Success,
U.S.A.). Tissue culture supplies were obtained from Invitrogen
(Burlington, Canada) and serum was purchased from CanSera
(Etobicoke, Canada).

Asc release from freshly isolated PCEC

The following protocol was developed and optimized in initial
experiments to study Asc release from freshly isolated PCEC
attached to lectin-coated magnetic beads (Dynabeads) (Hewett
& Murray, 1993; Wang et al., 2002). The magnet Dynal MPC-S
(Dynal Biotech. Inc., Lake Success, U.S.A.) was used to
concentrate the magnetic beads and a Dynal Biotech Sample
Mixer was used for stirring. Magnetic beads (1.2 x 10® beads in
300 ul) were quickly washed two times in 0.1 M sodium borate
buffer (pH 9.5) and then suspended in 480 ul of borate buffer
and 120ul of lmglectinml™' in phosphate buffer saline
solution (10mM Na-phosphate and 140mM NaCl pH 7.4).
The beads were stirred for 24 h at 4°C, washed for 10 min in
the phosphate buffer saline solution containing 0.1% bovine
serum albumin, once each for 30 min and 20 h at 4°C and then
resuspended in 300 ul of the same solution but containing
0.02% Na-azide. The lectin coated beads were stored at 4°C
and used within 1-2 weeks. Pig hearts were obtained from
Maple Leaf Meats (Burlington, Canada) and immediately
placed in chilled physiological saline solution containing (in
mM): 138 NaCl, 2 CaCl,, 10 glucose, 10 HEPES, 5 KCl, 1
MgCl, at pH 6.4. Left anterior coronary artery was removed
from the hearts and placed immediately in Krebs’ solution
containing (in mM): 115 NaCl, 5 KCI, 22 NaHCO,, 1.1 MgCl,,
1.7 CaCl,, 1.1 KH,PO,4, 0.03 EDTA and 7.7 glucose at 22-24°C.
The arteries were dissected open, endothelial cells dislodged
using a cotton swab and placed in chilled Na-HEPES buffer
containing (in mM): 134 NacCl, 5.4 KCl, 10 glucose, 0.8 MgSO,,
20 HEPES and 1.8 CaCl,, pH 7.3. Typically, endothelium from
40 hearts was pooled. The cells were mixed with 200 ul of beads
and 200 uM DHAA in a 50ml Ehrlenmeyer flask and gently
shaken at 37°C for 30 min. Another 200 uM DHAA was added
and the suspension containing beads and the cells was divided
into 24 aliquots which were stirred at 22-24°C for another

30-60 min. The beads were washed 2 x with 25 ul of the Na-
HEPES buffer and then suspended in 25 ul of the buffer with or
without specified additives. Each sample was incubated for
Smin in a shaking water bath at 37°C and then placed on the
magnet. The buffer was removed and added to a chilled tube
containing 2.7 ul of 8.5% metaphosphoric acid. The contents of
the tubes were then suspended in 25ul of 0.85% metapho-
sphoric acid. The samples were stirred for 60 min at 4°C and
then placed on the magnet and the suspension was removed and
centrifuged at 14,000 x g for 2min. The supernatant was saved
for Asc measurement using HPLC. The samples for HPLC were
cleared by centrifugation through 0.45uM filters and saved at
—80°C until use. The pellets containing the cell lysates were
suspended in 2.5ul 1M tris and 22.5ul of 100mM tris-EDTA
and used for protein estimation. Cells isolated by this method
were positive for von Willebrand factor.

Cell cultures

PCEC were dislodged from the inner surface of coronary
arteries using a sterile cotton swab and cultured as previously
described (Grover & Samson, 1997). Briefly, the cells were
plated in 6-well plates in Dulbecco’s modified Eagle’s medium
supplemented with 0.5mM 4-(2-hydroxyethyl-1-piperazine
ethane sulfonate) (HEPES) pH 7.4, glutamine (2mM),
gentamicin (50mgl™"), amphotericin B (0.125mgl™"), and
10% fetal bovine serum. After being grown to confluence,
the PCEC were removed from the plates by trypsinization
(0.25% trypsin, I mM EDTA in Ca®*- and Mg”"-free Hank’s
balanced salt solution, Invitrogen) for 4min at 37°C and
replated. At the third passage a large stock of cells was frozen
into aliquots. Confluent cell cultures from passage 4 were split
one in six to 60 mm dishes and used on day 7 of growth.
In Western blots, these cells reacted positively with anti-
endothelial NO synthase and anti-von Willebrand factor but
not with anti-smooth muscle a-actin (Grover & Samson, 1997).
Pig coronary artery smooth muscle cells (PCSMC) were
cultured and frozen after passage 2, thawed and cultured to
be used at confluence after passage 4. PCSMC reacted
positively with anti-smooth muscle a-actin and SERCA2b-
selective antibody, I1ID8, but not with selective antibodies
against SERCA2a, endothelial NO synthase or von Will-
ebrand factor as described previously (Grover & Samson,
1997).

*C-Asc loading and release measurement

Cells were incubated for 18h with '“C-Asc alone or with
14C-Asc plus *H-deoxyglucose in the presence of 25mMm
glucose. Preincubating the cells with 1 um *H-deoxyglucose
did not affect cell growth, Asc accumulation or Asc release.
The final Asc concentration was 200 uM including 20 uM of
14C-Asc (specific activity 13 mCimmol~!, stored as an aqueous
solution in 20mM homocysteine at —80°C). Petridishes
(60mm) containing the cells were rinsed 2 x with a Na™-
HEPES buffer prewarmed to 37°C (Holmes et al., 2000). This
solution was 290-300 mOsm. Then the cells were placed in 1 ml
of Asc-free Na*-HEPES buffer (with or without the specified
additives) in a shaking water bath (30 r.p.m.) at 37°C. The cells
were harvested in 1 ml water by scraping and used for protein
estimation and scintillation counting. These procedures were
modified as specified in the Results. A 60 mm dish of the cells
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contained 1.440.4 x 10° cells (0.2040.07 mg protein). For
monitoring '“C-Asc uptake over short times, the cells were
washed with the Na*-HEPES buffer and placed in the same
buffer with specified concentrations of '*C-Asc for 12min at
37°C after which the plates were washed and the amount of
radioactivity in the cells was determined.

Asc determination with HPLC in cultured cells

Cell scrapings or release solutions were acidified with
metaphosphoric acid (final concentration 0.85%) and frozen
immediately at —80°C and subsequently analyzed by HPLC
with a Waters M460 amperometric detector as described
previously (Holmes et al., 2000; 2002).

[Ca’™ ], measurements

PCEC cultured on coverslips were rinsed with a solution
containing (in mM): 115 NacCl, 5.8 KCl, 2 CaCl,, 0.6 MgCl,, 12
glucose, 25 HEPES-Na, pH 7.4 at 22-24°C. The cells, while
still attached to the cover slips, were loaded with FLUO 3/AM
and probenecid and then used for [Ca’*]; measurement as
previously described (Grover & Samson, 1997).

Ethidium bromide staining

PCEC were cultured as described above but on a glass
coverslip glued under a 5mm hole in the Petridish, washed 2 x
with the same buffer as used for the Asc efflux experiments and
then placed in the same buffer containing ethidium bromide
(20 ugml1™") and specified additives. After 5min at 37°C, the
cells were washed 3 x in the buffer without the ethidium
bromide or the additives and finally were viewed using an
LSM510 confocal microscope.

Data analysis

Values presented are mean +s.e.m of the specified number of
replicates. Student’s z-test was used to test null hypotheses and
P values <0.05 were considered to negate them. The results
were also verified with a one-way ANOVA test. Each
experiment was repeated two to four times with the specified
number of replicates per experiment.

Results
Asc release from freshly isolated cells

The total amount of PCEC cell protein obtained from 40
hearts was between 21 to 25ug and we optimized the con-
ditions for carrying out experiments using this small amount of
material. Preincubation with DHAA, as described in the
Methods, increased the authentic Asc content (determined
using HPLC) of the cells from 13nmolmg protein~' to
134+ 10nmolmg protein™' (mean+s.e.m. of 100 measure-
ments). This increase in Asc content permitted efflux studies
using this small amount of material. Data pooled from
experiments using PCEC on five different days showed that
A23187 and ATP produced an increase in the release of
authentic Asc (Figure 1a). The increase in Asc release obtained
with A23187 was 314+ 62% over the release from control cells
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Figure 1 A23187 and ATP-induced release of Asc from different
cells. (a) Freshly isolated PCEC. Cells were isolated and incubated
with DHAA as described in the Methods. For each tube, Asc
released in 5min and that remaining in the cells was determined by
HPLC. Percent release was computed as 100 x Asc released/(Asc
released + Asc remaining). The values are mean+s.e.m. from data
pooled from experiments on five different days from a total of 32, 20
and 17 tubes for control, 100uM ATP and 10uM A23187,
respectively. Both agents caused a significant (P<0.05) increase
in the release. (b) Comparison of '*C release from cultured PCEC
and PCSMC. PCEC and PCSMC were preincubated with “C-Asc
and used for release in paired experiments. Mean value of
total Asc content was 12.9nmolmgprotein~' in PCEC and
20.9 nmol mg protein~' in PCSMC. Values are mean+s.e.m. of six
replicates. Test—Control values differed significantly from zero
(P<0.05) for PCEC but not for PCSMC from the no additive
control. The paired experiment was replicated three times and the
effect on the two cell types was also examined several times in non-
paired experiments.

and it was significantly greater than that obtained with ATP
(136 +£42%).

ATP and A23187 release "*C-Asc from PCEC but not
PCSMC

Next, we tested if cells cultured from PCEC and PCSMC also
showed similar increases in release. Characteristics of the
PCEC and PCSMC have been reported earlier (Grover &
Samson, 1997). In Western blots, the lysates from PCEC react
positively to anti-von Willebrand factor and anti-endothelial
NO synthase but negatively to anti-smooth muscle ¢-actin.
Conversely, the lysates from PCSMC react positively to
anti-smooth muscle o-actin but not to anti-von Willebrand
factor or anti-endothelial NO synthase.

The cultured cells when tested using HPLC did not contain
any Asc, unlike freshly isolated cells. Therefore, PCEC were
first preincubated with '“C-Asc and then “C release was
examined. As cultured cells did not have the same limitation
of availability of material as the fresh cells, they were pre-
incubated with 'C-Asc to attain total cell levels of Asc
(12.9nmol mg protein~") similar to the natural Asc content of
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the freshly isolated PCEC (13 nmol mg protein~'). Hence, the
absolute values of release with the cultured PCEC were
significantly smaller than those obtained in Figure la. How-
ever, A23187 and ATP increased '“C release (Figure 1b), with
the increase being significantly greater with A23187 than with
ATP. In contrast, neither agent increased '“C release from
PCSMC. Thus, freshly isolated or cultured PCEC showed this
release but PCSMC did not. As the amount of freshly isolated
PCEC was so limited, cultured PCEC were used in subsequent
experiments.

Time course of "*C-Asc release from cultured PCEC

Figure 2 shows the time course of cumulative release of 'C
from PCEC preincubated with '“C-Asc. Both, A23187 and
ATP, produced a significant increase in the “C release that
corresponded to 200-300 and 100-150% acceleration over the
basal values, respectively. Rates of the ATP-induced *C-Asc
release were significantly greater for the first Smin than for
later periods. Therefore, release over S min was examined in all
the subsequent experiments.

ATP and A23187 do not alter permeability of PCEC

Cells were incubated with '*C-Asc and *H-deoxyglucose. The
latter is converted intracellularly to the anion *H-deoxyglu-
cose-phosphate which has a molecular weight similar to Asc.
ATP and A23187 increased the efflux of '*C-Asc but not that
of *H-deoxyglucose (data not shown). We also estimated the
amount of protein in the efflux solution to test the possibility
that A23187 or ATP may damage or dislodge the cells during
the experiment. However, neither agent significantly affected
the protein in the efflux solution.

Staining of nuclei of PCEC with ethidium bromide was used
as another measure of cell permeability. Ethidium bromide
does not readily cross the cell membrane but can go through
membranes of damaged cells, large channels created by P2X7
receptors (Ke et al., 2003) or large pores created by saponin.
Nuclei were not stained for control cells or for those incubated
with ATP or A23187, but nearly all of the nuclei were stained
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Figure 2 Time course of cumulative release from PCEC preincu-
bated with *C-Asc for 18 h. Cumulative '*C-release after 1, 2, 5, 10
and 15min calculated as nmolmgprotein~!. The values are
mean +s.e.m. of five replicates. At 2, 5, 10 and 15min the release
with 10 uM A23187 and 100 um ATP differed significantly (P<0.05)
from the control values without any additives.

in the saponin permeabilized PCEC used as a positive control
(data not shown). Thus, the '*C-Asc release induced by ATP
and Ca®" ionophore did not represent a general increase in
membrane permeability.

HPLC and "*C-Asc measurements of release from PCEC

We preincubated PCEC with *C-Asc and then examined the
release in a Smin period for authentic Asc by HPLC-based
electrochemical assay and by 'C scintillation counting
(Figure 3a). Analysis using HPLC and scintillation counting
gave identical results (P>0.05) for the increase in the release
with A23187 or ATP. Thus, the released material was Asc and
not a degradation product (Figure 3a).

Cells can take up Asc-2-phosphate and convert it into Asc.
ATP and A23187 stimulated Asc release from PCEC which
had been preincubated with Asc for 18 h using 400 uM Asc-2-
phosphate (Figure 3b). Cells can also take up DHAA via a
glucose transporter and reduce it to Asc (Holmes et al., 2002;
May et al., 2003). ATP and A23187 stimulated Asc release
from PCEC which had been preincubated with DHAA
(Figure 3c). Thus, ATP and A23187 stimulated authentic
Asc release in PCEC preincubated with Asc, Asc-2-phosphate
or DHAA.

Next, we preincubated the cells with different concentrations
of DHAA to examine the relationship between total cell Asc
content on the A23187-induced Asc release. The absolute
amount of A23187 stimulated release was proportional to the
total Asc content of the cells (Figure 3d), that is, Asc released
when determined as percent of uptake was independent of the
level of loading. In another set of experiments, PCEC were
incubated for a short time (1 h instead of 18 h) and at a lower
concentration of '*C-Asc (50 uM instead of 200) to decrease the
14C-Asc accumulation. Values for the Asc released upon
stimulation with ATP and A23187 as percent of total cell Asc
content were independent of the total cell content (data
not shown). These experiments, using different agents and
conditions to alter the Asc content of the cultured PCEC,
argue against the A23187-induced release being from only
certain subcellular *C-Asc pools.

Nature of receptors involved in ATP-induced '*C-Asc
release from cultured PCEC

We determined the effects of adding several ATP metabolites
and analogs on the '“C-Asc release from PCEC (Figure 4a).
ATP, ATP-y-S and UTP increased the release but adenosine,
ADP and UDP (100 uM for all agents) did not. The ATP-
induced release was inhibited by suramin (Figure 4b).
Figure 4c shows that the Asc release depended on the
concentrations of A23187, ATP and UTP. A23187 at 10 uM
was saturating because the release obtained using 20 uM
A23187 was not any greater. Release with UTP occurred at
slightly lower concentrations than with ATP (Figure 4c) but
both agents caused a similar maximum release. Adding UTP
with a saturating concentration of ATP did not further
increase the '*C-Asc release (Figure 4d) suggesting that the
two agents acted via a common pathway. Based on the actions
of various analogs and on the inhibition by suramin, ATP
appeared to act through P2Y2-like nucleotide receptors (Von
& Wetter, 2000). ATP did not increase the release produced
with 10 uM A23187 (Figure 4d) suggesting that the ATP-
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Figure 3 Effects of ATP and A23187 on Asc release by HPLC- 0.4 = %
based electrochemical assay. (a) PCEC were preincubated with A= | A
4C-Asc and the cells were rinsed with the release solution used in 0.2 1 : ﬁ :
Figure 2. The induced release (Test (ATP, A23187)-Control) was 0

determined for Smin using scintillation counting (**C) or HPLC
(Asc). Values are mean +s.e.m. of five replicates. The Test—Control
value for ATP or A23187 did not depend (P>0.05) on the method
of measurement (HPLC or “C). (b) Asc release induced by 10 um
A23187 or 1mM ATP using HPLC from PCEC preincubated for
18h with 400 uM Asc 2-phosphate. (c) Asc release from PCEC
preincubated with 100 uMm DHAA for 30 min. Values are mean+
s.e.m. of 12 replicates. A23187 and ATP increased the Asc release
significantly when the cells were preincubated with Asc 2-phosphate
or DHAA (P<0.05). (d) Relationship between total Asc content of
cells and A23187-induced Asc release. Different levels of total cell
Asc were obtained as in (c) but by incubating the cells in the presence
of wvarious concentrations of DHAA. The amount released
mg protein~' min~! correlated linearly (r*=0.9832, P<0.05) with
the total loading (nmol mg protein™").

induced release occurred via a Ca*>"-dependent pathway which
was saturated in the presence of 10 uM A23187. CPA-induced
Asc release (0.76 +0.12 nmol mg protein ' min~') was compar-
able to that with A23187 (0.8940.06 nmol mg protein™' min™")
thus confirming the role of Ca*.

Ca’ ™ dependency of the "*C-Asc release

Because A23187 and the sarco/endoplasmic reticulum pump
inhibitor CPA stimulated the '*C-Asc release from PCEC, we
examined the effects of various agents on [Ca®*].. Figure 5a is

Figure 4 Effects of ATP analogs and A23187 on “C-Asc release
from PCEC. (a) Effects of ATP analogs. PCEC were preincubated
with "C-Asc and used for '*C release over Smin. The data are from
several individual experiments. In each experiment, the effect of an
agent was compared in five plates with 5-7 plates of the control. The
experiments have been replicated more than 30 times with ATP and
2-3 times with each of the other agents. Additional release was
observed with 100 uMm for ATP, ATP-y-S, UTP, and 10uM for
A23187 (P<0.05) but not with 100 uMm ADP and UDP or 1 mM
adenosine (P> 0.05). (b) Effect of 300 uM suramin on the increase in
4C-Asc release produced by 100 uM ATP. Values are mean +s.e.m.
of five replicates. Suramin inhibited the release induced by ATP
(P<0.05). (c) Effects of different concentrations of A23187, ATP
and UTP. The data are mean +s.e.m. from 4-5 replicates. (d) Effects
of 1 mM ATP alone or with 100 uM UTP or 10 uM A23187. The data
are mean +s.e.m. from 4 to 5 replicates. Inclusion of UTP with ATP
did not produce any additional release (P>0.05). The release
obtained with ATP plus A23187 did not differ significantly from
that obtained with A23187 alone (P>0.05).

a typical tracing showing the effect of 100 uMm ATP on [Ca®*];
in PCEC. ATP at concentrations of 10, 100 and 1000 um
increased [Ca®*]; by 5+1, 50412 and 65+ 15nM, respectively.
The increase in [Ca®*]; was observed with 100 um ATP, ATPyS
and UTP, and 10 um CPA (Figure 5b). ADP and UDP (both
100 uM) produced smaller increases in [Ca®*]; and adenosine
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Figure 5 (a) Tracing showing the effect of 100 uM ATP on [Ca’®*];
in PCEC. [Ca®>"]; were determined as described in the Methods. A
change in [Ca®*]; is shown as A[Ca®>*]; in nM. (b) Effects of different
agents on [Ca?"]; in PCEC. In 5-10 tracings such as in (a), an
increase in [Ca®*]; was observed with 100 um ATP, ATP--S or
UTP, 10 uMm A23187 or CPA (P<0.05), a much smaller increase was
observed with 100uM ADP and UDP but none with 1mm
adenosine.

did not produce a significant increase. The enhancement in
14C-Asc release obtained with different agents and at different
concentrations of ATP correlated positively (*=0.6530,
P <0.05) with the increase in [Ca®*].

The ATP-induced '“C-Asc release was lower in nominally
Ca?*-free solution (0mM added CaCl,) than in the solution
used in most experiments (1.5mM CaCl,, Figure 6a). The
ATP-induced release was also significantly lower from cells
loaded with BAPTA (intracellular Ca>"-chelating agent) than
from the control PCEC (Figure 6a). The ATP-dependent
release was abolished when cells were loaded with BAPTA and
placed in nominally Ca®*-free solution (Figure 6a). The
inositol phosphate (IPs)-specific phospholipase C inhibitor
U73122 (Agarwal et al., 1993) decreased the ATP-induced '*C-
Asc release. The effect of U73122 was selective in that the
structurally related inactive analog U73343 had no effect
(Figure 6b) suggesting that the release of IP; is a step in the
ATP-induced "*C-Asc release. The L-type voltage gated Ca*™ -
channel blocker nitrendipine (10 zM) did not alter the *C-Asc
release (data not shown).

As an increase in [Ca®"]; would also activate endothelial NO
synthase, we also tested if the NO synthase inhibitor L-
nitroarginyl methyl ester (L-NAME) would affect the A23187-
stimulated Asc release. However, 100 uM L-NAME which is
sufficient to block the endothelium-dependent relaxation
produced by A23187 (Garcia-Villalon et al., 1993), did not
affect the stimulated Asc release (Table 1).

Effects of anion channel inhibitors on "*C-Asc release

The anion channel blockers (Landry et al., 1987; Nilius &
Droogmans, 2003) 300 uM niflumic acid, 5-nitro-2-(3-phenyl-
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Figure 6 Effects of Ca®* manipulations on Asc release. (a) Effects
of removing extracellular Ca>* and chelating intracellular Ca>* on
ATP-stimulated "“C-Asc release. Note that the basal '“C-Asc release
was examined under each condition to determine the ATP-
stimulated release. The data are mean +s.e.m. from 4 to 5 replicates.
Placing the cells in nominally Ca**-free solution or loading them
with BAPTA significantly lowered (P<0.05) the ATP-induced '*C-
Asc release. The two treatments together lowered the ATP-induced
release even further (P <0.05). The experiments were replicated three
times. (b) Effect of IP;-specific phospholipase inhibitor on '“C-Asc
release. Appropriate vehicle controls were used in the experiments.
U73122 significantly decreased the ATP-stimulated '*C-Asc release
(P<0.05) but U73343 had no effect (P>0.05).

Table 1 Effect of L-NAME on Asc efflux

Additive “C-Asc release
(nmol mg protein~' min~")
None 1.12+0.06
A23187 (10 um) 2.07+0.15
L-NAME (100 M) 1.33+0.05
A23187 (10 um) + L-NAME (100 um) 1.9540.08

Note: The above values are mean+s.e.m. of 12 replicates.
A23187 increased the Asc release (P<0.05). L-NAME did not
affect basal or the A23187-stimulated '“C-Asc release
(P>0.05).

propylamino) benzoic acid, indanyloxyacetic acid-94, and
ImM sulfinpyrazone inhibited the ATP-induced '*C-Asc
release from PCEC by 87+17, 95+9, 97+6, and 97+12%,
respectively. PCEC also contain a Na™-Asc symporter with a
K, value of 27+ 3 uM for Asc (Best et al., 2005). Similarly, the
anion channel blockers 300 uM niflumic acid, 5-nitro-2-(3-
phenylpropylamino)benzoic acid, indanyloxyacetic acid-94,
and 1 mM sulfinpyrazone also inhibited the Asc accumulation
through the Na™-Asc symporter by 85+4, 70+6, 88+ 5, and
92+ 1%, respectively.

Effects of ATP and A23187 on Asc influx

Using HPLC, Asc could not be detected in cultured PCEC
unless they were previously incubated with Asc. Next, we
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studied the acute "*C-Asc accumulation in these cells to test the
hypothesis that the ATP- or A23187-stimulated Asc release
occurred by diffusion and not by Na*-Asc symporter. The
rationale was that in a solution containing SmM Asc, the
inward uptake via the Na™'-ascorbate symporter (K, for
Asc=27+3uM) (Best et al., 2005) would be fully saturated.
Hence, an increase in Asc accumulation with ATP or A23187
would signify either an increase in the maximum velocity of the
Na *-ascorbate symporter or Asc entry by diffusion. At 10 um
extracellular Asc, the Na*-ascorbate symporter would not be
saturated and hence uptake via the symporter would dominate.
If ATP and A23187 were to increase maximum velocity of the
symporter, they would also increase Asc accumulation at
10 uM Asc. Accumulation via the symporter has been shown to
produce very high concentrations of cytosolic Asc. Therefore,
if ATP and A23187 were to stimulate Asc by diffusion, they
would decrease the net Asc accumulation at 10 uM Asc and
increase it at SmM Asc. Consistent with the diffusion
hypothesis, ATP and A23187 decreased Asc accumulation at
10uM Asc (Figure 7a) but they increased it at SmM Asc
(Figure 7b). The increased Asc accumulation was monitored
with "C-Asc and also verified using HPLC. As in the efflux
experiments, the effects of ATP on Asc accumulation were
inhibited by suramin (data not shown).

Substituting gluconate for chloride in the bathing solution
abolished both the effects of A23187, that is, the decrease
in Asc accumulation at 10uM Asc and the increase at
5mM Asc (Figure 7c and d). These data suggest the Ca’"-
dependent increase in diffusion of Asc is mediated by carriers
or channels.

a [Asc, ] =10 uM b [Asc,l=10uM
0.06 0.08 % %
- 0.06 b
0.04] | = -2
i g I 0.04
5 £ 0.02 Sl e < 0.02
BT < I L
s g Chloride Gluconate
&
& =
gp C [Asc,, ] = 5000 uM d  [Asc,,]=5000 uM
<3z 3 3
:U E 2] _ & = 2 &
E < s 5| &
13 é‘ g 1 = 2
ol = ol 1%

Chloride Gluconate

Figure 7 Effects of ATP and A23187 on '*C-Asc accumulation by
PCEC from solutions containing 10 uM or SmM Asc. PCEC were
not previously incubated with Asc. [Asc,,] indicates the concentra-
tion of '*C-Asc in the uptake solution. The data are mean +s.e.m. of
five replicates in a and 10 replicates in b, ¢ and d. (a) Effects of 1 mm
ATP and 10 uM A23187 on accumulation from a solution containing
10 uM Asc. The data are mean +s.e.m. of 10 replicates. A23187 and
ATP inhibited the accumulation (P<0.05). (b) Effects of I mM ATP
and 10uM A23187 on accumulation from a solution containing
SmM Asc. A23187 and ATP activated the accumulation (P<0.05).
(c) Effect of anion substitution and A23187 on Asc accumulation
from a solution containing 10 uM Asc. Substituting gluconate for
chloride overcame the inhibition of accumulation produced with
A23187 (P<0.05). (d) Effect of anion substitution and A23187 on
Asc accumulation from a solution containing SmM Asc. Substitut-
ing gluconate for chloride overcame the activation of accumulation
produced with A23187 (P<0.05).

Discussion

Stimulation of PCEC with ATP and Ca>* ionophore resulted
in release of authentic Asc, as identified by an HPLC-based
electrochemical assay. It differs from the loss of Asc owing to
oxidation that occurs when the cells are exposed to hydrogen
peroxide or superoxide (Holmes ez al., 2000). In the latter
instance, there is a loss of Asc from the cells but no increase in
Asc in the medium. The accelerated Asc release was not due to
a general increase in membrane permeability. '“C-Asc was
dissolved in homocysteine and this resulted routinely in 30 uM
homocysteine in the medium. Homocysteine in the medium
may alter cellular metabolism (Raposo et al., 2004). Asc was
introduced into cells using ascorbate-2-phosphate or DHAA
but no homocysteine and, under these conditions, ATP and
A23187 accelerated the Asc release, thereby ruling out
homocysteine as the cause of ATP- or A23187-stimulated
Asc release. Furthermore, to vary the '“C-Asc concentrations,
20-60 uM homocysteine was used in initital experiments and
the accelerated release was observed. We also conducted an
experiment where 1 mM dithiothreitol was included during the
preincubation with “C-Asc. The accelerated release was still
observed (data not shown). It is noted that oxidizing and
reducing agents such as dithiothreitol and hydrogen peroxide
cannot be used in the efflux solution because they modify the
nature of the released substance.

The increase in release caused by several agents correlated
with the increase in [Ca®"]; they produced. However, the
increase in [Ca®"]; appeared to precede the Asc release.
Reasons for this delay are not known at present. In the
presence of A23187, ATP did not produce an additional
release. Thus, the actions of the various agents used was
consistent with a Ca®*-mediated release of Asc. This was also
confirmed in the experiments using nominally Ca’*-free
solutions and chelation of [Ca®"]; with BAPTA. The results
with U73122 suggest the involvement of the IP; selective
phospholipase C (Agarwal et al., 1993) in the ATP-stimulated
Asc release. In astrocytes, glutamate activates Asc efflux but it
has not been established if the mechanism requires an increase
in [Ca’*]; (Siushansian et al., 1996; Wilson et al., 2000). Asc is
also released from heptatocytes and hepatic endothelium but
the mechanism underlying the release is not known (Upston
et al., 1999). Also, the pathways reported here for PCEC differ
from those in PGF2¢ luteal cells where Ca®*-ionophore does
not potentiate Asc release (Pepperell et al., 2003).

As the increase in Asc release by several agents correlated
with the increase in [Ca®"], which may also activate the
endothelial NO synthase, one needs to consider if the two are
related. It is also interesting to note that smooth muscle that
does not express the endothelial NO synthase did not show any
increase in Asc release with ATP or A23187. ATP, CPA and
A23187 can cause endothelium-dependent relaxation and a
large component of it is blocked with the NO synthase
inhibitor L-NAME (White & Angus, 1987; Grover & Samson,
1997; Yamamoto et al., 2003). However, L-NAME did not
affect the stimulation of Asc release by A23187 indicating that
there is no direct link between stimulation of the two
pathways. Asc also plays a key antioxidant role in endothelial
cells as shown with menadione (May et al., 2003). Menadione
causes an increase in oxidative stress and increases L-arginine
uptake by endothelial cells, but it inhibits endothelial NO
synthase. The inhibition of NO synthase is prevented by acute
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loading with ascorbate. Oxidative stress caused by relatively
high concentrations of NO is also prevented by ascorbate
(May & Qu, 2004). Thus, there is no proven link between
stimulation of NO and Asc release. However, one cannot rule
out the possibility that the co-release of Asc may protect either
NO or the endothelial cell surface from damage owing to
oxidative stress. In patients with low plasma levels of Asc, an
increased Asc intake prevents vascular endothelial dysfunction
during atherosclerosis (Lehr et al., 1995; Weber et al., 1996;
Carr et al., 2000; Woollard et al., 2002). Organic nitrates have
been used for the treatment of ischemic heart disease (Csont &
Ferdinandy, 2005). ATP causes increased NO release from
endothelium (Yamamoto ef al., 2003). Organic nitrates and the
released NO act to protect by causing vasodilation. However,
NO can also react with superoxide to produce the highly
deleterious peroxynitrite during ischemic reperfusion and
preconditioning (Ferdinandy & Schulz, 2003). We conjecture
that a co-release of the antioxidant Asc could protect the
released NO by preventing peroxynitrite formation. If so, the
release of Asc from endothelium may have implications in
ischemic heart disease and preconditioning.

In order to consider potential mechanisms of the stimulated
Asc release, we first present the kinetic parameters for the
Na*-Asc symporter of PCEC: maximum velocity of
0.3-0.6 nmol mg protein 'min~!, K, for Na*t is 73+ 14mm,
Hill coefficient for Na™ is 2 (Best et al., 2005). The rates of Asc
release  with  A23187  (0.6-0.8 nmolmg protein™' min™")
exceeded this maximum velocity of the symporter. Even the
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