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Antioxidants, vitamin C and dithiothreitol, activate
membrane-bound guanylate cyclase in PC12 cells

Zi-Jiang Chen, Danian Che and Chung-Ho Chang

Abstract

Antioxidants and antioxidant enzymes are known to protect against cell death induced by
reactive oxygen species. However, apart from directly quenching free radicals, little is known
about the effect of antioxidants on hormone-activated second messenger systems. We
previously found that antioxidants such as 17-3 estradiol and resveratrol activate membrane-
bound guanylate cyclase GC-A, the receptor for atrial natriuretic factor (ANF), in PC12 cells. It
is possible that other antioxidants may also activate membrane-bound guanylate cyclase GC-A.
The aim of this study was to determine if dithiothreitol (DTT), vitamin C, and vitamin E activate
membrane-bound guanylate cyclase GC-A in PC12 cells. The results showed that both DTT and
vitamin Cincreased cGMP levels in PC12 cells, whereas vitamin E had no effect. DTT and vitamin
C inhibited membrane-bound guanylate cyclase activity stimulated by ANF in PC12 cells. In
contrast, DTT and vitamin C had no effect on soluble guanylate cyclase activity stimulated by
substance P. Furthermore, NO synthase inhibitors L-NAME and aminoguanidine did not affect
DTT- and vitamin C-stimulated guanylate cyclase activity. The results indicate that DTT and
vitamin C, but not vitamin E, activate membrane-bound guanylate cyclase GC-A in PC12 cells.

Introduction

Reactive oxygen species (ROS) including superoxide, hydrogen peroxide and
hydroxyl radicals have been implicated in ageing and other age-related disorders
such as cancer, hypertension, atherogenesis, Alzheimers disease, and Parkinsons
disease (Halliwell & Gutteridge 1990; Sagar et al 1992; Ames et al 1993; Sohal &
Weindruch 1996). ROS exert damaging effects by reacting with nearly every
molecule found in living cells, including DNA, proteins, membrane lipids and
carbohydrates. ROS have also been shown to induce apoptosis or necrosis (Buttke
& Sandstrom 1994 ; Jabs et al 1996; Gardner et al 1997). In contrast, addition or
overexpression of antioxidants and antioxidant enzymes, such as N-acetylcysteine,
reduced glutathione, vitamin C, vitamin E, glutathione peroxidase and exogenous
catalase, prevents apoptosis in a variety of systems (Malorini et al 1993 ; Mayer &
Noble 1994; Ferrari et al 1995; Jacobson & Raff 1995; Rabizadeh et al 1995).
However, little is known about the effect of antioxidants on hormone-activated
second messenger systems.

c¢GMP is a second messenger that mediates the effects of many hormones, such as
ATP, serotonin, bradykinin, substance P, and atrial natriuretic factor (ANF)
(Murad et al 1988; Drewett & Garbers 1994). There are two types of guanylate
cyclase isoforms (membrane-bound and soluble guanylate cyclase) that catalyse the
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Figure 1  Effects of DTT on cGMP formation in PCI2 cells.
Confluent cells were exposed to 0.5 mM isobutylmethylxanthine at
37°C for 10 min and then stimulated with various doses of DTT for
a further 10 min. The reaction was stopped with 10 % trichloroacetic
acid. Generated cGMP was measured by radioimmunoassay. DTT
stimulated cGMP formation in a dose-dependent manner with an
ECS50 at approximately 3 mMm. Data represent mean+s.d. of four
replicates.

formation of cGMP from GTP. Membrane-bound
guanylate cyclase GC-A is the receptor for ANF and
activated by ANF, whereas soluble guanylate cyclase is
activated by NO generated by NO synthase or NO
donors (Murad et al 1988 ; Drewett & Garbers 1994).
Recently, we found that antioxidants such as 17-f4
estradiol and resveratrol activate membrane-bound
guanylate cyclase GC-A in PC12 cells (Chen et al 1998,
2000). To determine if other antioxidants also affect the
ANF/membrane-bound guanylate cyclase system or
substance P/soluble guanylate cyclase system, we
measured the effect of dithiothreitol (DTT), vitamin C,
and vitamin E on basal, ANF-stimulated and substance
P-stimulated cGMP formation in PC12 cells.

Materials and Methods

Materials

Synthetic rat ANF (8-33) was purchased from Peninsula
Laboratories, Inc. (Belmont, CA). Vitamin C, vitamin
E, DTT and other common chemicals were purchased
from Sigma (St Louis, MO).

cGMP determination

PC12 cells were cultured until confluence in 6-well plates
(35 mm) with RPMI medium containing 5% bovine
fetal serum and 10 % horse serum. The cells were washed
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Figure 2  Effects of vitamin C on cGMP formation in PC12 cells.
Confluent cells were exposed to 0.5 mM isobutylmethylxanthine at
37°C for 10 min, and then stimulated with various doses of vitamin C
for a further 10 min. The reaction was stopped with 10 % trichloro-
acetic acid. Generated cGMP was measured by radioimmunoassay.
Vitamin C increased cGMP levels in a dose-dependent manner with
an EC50 at approximately 7 mMm. Data represent mean +s.d. of four
replicates.

with 2 mL serum-free medium and preincubated at
37°C for 10 min with 900 xL of medium containing
0.5 mmisobutylmethylxanthine. Various concentrations
of DTT, vitamin C and vitamin E were added to the cells
and incubated for 10 min at 37°C. After incubation, the
medium was aspirated and 1 mL cold 10% trichloro-
acetic acid was added to the plates. The cell extracts
were scraped and centrifuged for 15 min at 2000 g, and
the supernatant fractions were extracted with water-
saturated ether to remove trichloroacetic acid. The
cGMP levels in the supernatants were determined by
radioimmunoassay (Chang et al 1990; Chang & Song
1993; Miao et al 1995; Chen et al 1998, 2000).

Results

Effects of DTT, vitamin C and vitamin E on
c¢GMP formation in PC12 cells

To determine if antioxidants affect guanylate cyclase
activity, we measured the effects of DTT and vitamin C
on cGMP formation in PC12 cells. The results indicate
that DTT (Figure 1) and vitamin C (Figure 2) increased
cGMP levels in PCI12 cells in a dose-dependent manner.
The maximum activation for DTT and vitamin C was
approximately 44- and 4.25-fold, respectively. The EC50
values for activation of guanylate cyclase activity by
DTT and vitamin C were 3 and 7 mm, respectively.



Vitamin C- and DTT-mediated guanylate cyclase activation
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Figure3 DTT and vitamin C inhibited ANF-stimulated guanylate
cyclase activity in PC12 cells. Confluent cells were exposed to 0.5 mm
isobutylmethylxanthine at 37°C for 10 min, and stimulated with
various doses of DTT or vitamin C for 10 min and then stimulated
with 0.1 M ANF for a further 10 min. The reaction was stopped with
10% trichloroacetic acid. Generated cGMP was measured by radio-
immunoassay. Both DTT and vitamin C inhibited ANF-stimulated
guanylate cyclase activity. Data represent mean +s.d. of four repli-
cates.

Vitamin E had no effect on cGMP formation (data not
shown).

Effects of DTT and vitamin C on ANF- and
substance P-stimulated guanylate cyclase
activity in PC12 cells

There are two general types of guanylate cyclase iso-
forms present in the cells, soluble and membrane-bound
guanylate cyclase (Murad et al 1988 ; Drewett & Garbers
1994). Membrane-bound guanylate cyclase GC-A is the
receptor for ANF. Binding of ANF to GC-A stimulates
the enzyme activity. Soluble guanylate cyclase is acti-
vated by hormones such as ATP, oxytocin, and sub-
stance P through NO. To determine which guanylate
cyclase isoform is activated by DTT and vitamin C, we
measured the effects of DTT and vitamin C on 0.1 uMm
ANF- and 1um substance P-stimulated guanylate
cyclase activity in PC12 cells. Figure 3 shows that both
DTT and vitamin C inhibited ANF-stimulated cGMP
formation in a dose-dependent manner. In contrast,
DTT and vitamin C had no effect on substance P-
stimulated cGMP formation (data not shown). Fur-
thermore, the NO-synthase inhibitors, L-NAME and
aminoguanidine, had no effect on 10 mm DTT- and 20
mM vitamin C-stimulated cGMP formation (Figure 4).
These results suggest that DTT and vitamin C increase
cGMP levels through the activation of the ANF/
membrane-bound guanylate cyclase pathway, but not
the NO/soluble guanylate cyclase pathway.
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Figure 4 Effects of L-NAME and aminoguanidine on DTT- and
vitamin C-stimulated guanylate cyclase activity in PC12 cells. PC12
cells were exposed to 0.5 mMm isobutylmethylxanthine at 37°C for
10 min, preincubated with L-NAME (2 um) or aminoguanidine
(600 xMm) for 10 min and then challenged with 10 mM DTT or 20 mm
vitamin C for a further 10 min. The reaction was stopped with 10 %
trichloroacetic acid. The generated cGMP was measured by radio-
immunoassay. Neither L-NAME or aminoguanidine affected DTT-
stimulated and vitamin C-stimulated guanylate cyclase activity. Data
represent mean +s.d. of four replicates.

Discussion

Recently, we found that 17-8 estradiol and resveratrol
activate membrane-bound guanylate cyclase GC-A in
PC12 cells (Chen et al 1998, 2000). Since 17-4 estradiol
and resveratrol also exert antioxidant effects, it is poss-
ible that other antioxidants may activate the ANF/
membrane-bound guanylate cyclase system. To examine
this possibility, we determined the effects of DTT,
vitamin C and vitamin E on basal and ANF-stimulated
guanylate cyclase activity in PC12 cells. The results
indicate that DTT and vitamin C increase cGMP forma-
tion in PC12 cells, whereas vitamin E has no effect on
guanylate cyclase activity. The EC50 for activation of
guanylate cyclase activity by vitamin C was 7 mM. The
concentration of vitamin C in the plasma is approxi-
mately 50 uM, 10-fold higher in cerebrospinal fluid, up
to 1 mM in glia, and 10 mm in neurons (Specter 1977;
Milby 1982; Rice 2000). It should be noted that these
reported concentrations of vitamin C represent steady-
state levels in tissues. Local fluctuations in vitamin C
levels in tissues may exist. Thus, it may be possible that
the physiological concentration of vitamin C in tissues,
particularly in neurons, may significantly stimulate the
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ANF/membrane-bound guanylate cyclase pathway.
The concentrations of DTT used in many reports are
over the range of 1-100 mM. For instance, treatment of
cells with 2 mm DTT prevents TGF-£ binding to its type
1 receptor (Wells et al 1999). DTT at a concentration of
5 mM significantly reduces the angiotensin II-induced
contractile response in the rabbit aorta (Kawano at al
1998). At a concentration of 10 mm, DTT reverses the
inhibitory effect of orthovanadate on calcineurin activity
(Morioka et al 1998) and inhibits fetal cord serum
ultrafiltrate-induced sperm capacitation and superoxide
production (de Lamirande & Gagnon 1998). DTT at a
concentration of 100 mm has been used to reverse the
inhibition of H"-ATPase activity by S-nitrosogluta-
thione (Forgac 1999). In this study, we found that the
EC50 for the activation of guanylate cyclase by DTT
was 3 mM.

Several lines of investigation indicate that vitamin C
and DTT increase cGMP formation through the ac-
tivation of the ANF receptor/membrane-bound guanyl-
ate cyclase pathway, but not the NO/soluble guanylate
cyclase pathway. Firstly, vitamin C and DTT do not
affect soluble guanylate cyclase activity stimulated by
substance P. Secondly, NO synthase inhibitors have no
effect on vitamin C- and DTT-stimulated cGMP forma-
tion, indicating that DTT and vitamin C do not increase
cGMP through NO/soluble guanylate cyclase signalling
pathway. Thirdly, vitamin C and DTT reduce ANF-
stimulated, but not substance P-stimulated, guanylate
cyclase activity. Both vitamin C and DTT are less potent
than ANF in stimulating guanylate cyclase activity.
Therefore, when vitamin C and DTT are added together
with ANF, they compete with ANF for the activation of
guanylate cyclase and thus lower ANF-stimulated
guanylate cyclase activity in PC12 cells. These results
demonstrate that vitamin C and DTT can also activate
the second messenger system in addition to detoxifying
the action of ROS.

Several clinical studies have shown that plasma vit-
amin C levels are inversely related to systolic and
diastolic pressure (Yoshioka et al 1984; Bulpitt 1990;
Moran et al 1993; Ness et al 1996), and that vitamin C
lowers blood pressure in hypertensive patients (Duffy et
al 1999). However, the mechanisms by which vitamin C
regulates blood pressure remain unclear. Moran et al
(1993) suggest that vitamin C may prevent the oxidation
of lipids and may therefore have an antihypertensive
effect. Koh (1984) proposes that vitamin C prevents
hypertension by lowering the sodium content in the
blood. Trout (1991) suggests that plasma vitamin C may
lower blood pressure in part by altering leukotriene
metabolism. Recently, Taddei et al (1998) showed that

vitamin C improves endothelium-dependent vasodila-
tion by restoring nitric oxide activity in essential
hypertensive patients. The ANF/membrane-bound
guanylate cyclase signalling pathway is also involved
in blood pressure regulation because ANF (John et al
1995) and membrane-bound guanylate cyclase GC-A
(Lopez et al 1995) knockout mice are hypertensive, and
transgenic mice overexpressing ANF are hypotensive
(Steinhelper et al 1990). Therefore, it is possible that the
hypotensive effect of vitamin C may be partly due to the
activation of membrane-guanylate cyclase.

In conclusion, the results demonstrate that the anti-
oxidants vitamin C and DTT activate membrane-
bound guanylate cyclase GC-A in PCI12 cells. Since
membrane-bound guanylate cyclase GC-A is the re-
ceptor for ANF, these results indicate that antioxidants
can also exert their effects by interacting with other
receptors.
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