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A B S T R A C T 

Biological thiols can regulate cell signal transduction. The effects of two biothiols, homocys­

teine (Hcy), a risk factor for cardiovascular disease, and a-lipoic acid (aLA), a therapeutic an­

tioxidant, on p44/42 mitogen-activated protein kinases (MAPK) phosphorylation were exam­

ined in NIH/3T3 fibroblasts. Cells grown in serum-containing media had constitutive levels 

of M A P K phosphorylation as determined by Western blot analysis using the phospho-spe­
cific M A P K antibody. Treatment of cells with 20 fiM Hcy for 0-60 min resulted in a transient 

enhancement of M A P K phosphorylation. In contrast, 20 fiM aLA inhibited serum-mediated 

phosphorylation of M A P K . The differential effects of these two thiols are not due to their re­

dox states as oxidized Hcy (Hcy thiolactone) enhanced M A P K phosphorylation. The effect of 
aLA appears to be serum-dependent because Hcy or aLA treatment of serum-deprived cells 

activated M A P K phosphorylation. Thus, aLA and Hcy can either induce common signal trans­

duction pathways or differentially modulate M A P K phosphorylation, depending on the state 
of the cell. This relationship may be important to understand how some biothiols are asso­

ciated with pathogenic events while others offer potential as therapeutic agents. Antiox. Re­

dox Signal. 1, 123-128. 

INTRODUCTION pathogenesis of arteriosclerosis (McCully, 
1996). Hereditary hyperhomocysteinemia (ho-

Thiol-containing biological molecules mocystinuria; >100 fiM plasma Hcy) is associ-

play various roles in physiology. Homo- ated with defects of cystathionine synthase, 

cysteine (Hcy) can act as a pro-oxidant and is Hcy methyltransferase and methylenetetrahy-

a putative pathogenic agent in cardiovascular drofolate reductase, and the rapid develop-

disease. Glutathione and a-lipoic acid (aLA) ment of arteriosclerosis. Moderate hyperho-
serve as antioxidants and appear useful in ther- mocysteinemia (̂ 14 /xM plasma Hcy) is 

apeutic interventions. Mechanisms by which recognized as an independent risk factor for 

various biothiols elicit differential actions in cardiovascular disease (Clarke et al, 1991; Sel-

cells are not understood. hub et al, 1995). It has been postulated that the 

Hcy, generated during the metabolism of production of reactive oxygen species (ROS) 

methionine, appears to be involved in the m a y be involved in the pathogenesis of Hcy-
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mediated disease (Olszewski and McCully, 

1993). Hcy promotes the proliferation of vas­
cular smooth muscle cells (Tsai et al, 1994; Dal-

ton et al, 1997), an action that may be mediated 

via production of ROS (Sundaresan et al, 1995; 
Irani et al, 1997). 

aLA is essential in mitochondrial dehydro­

genase reactions catalyzing the oxidative de­
carboxylation of a-keto acids such as pyruvate, 

a-ketoglutarate, and branched chain a-keto 

acids. aLA and its reduced form dihydrohpoic 
acid (DHLA) appear also to serve as biological 

antioxidants. D H L A has been shown to prevent 
microsomal lipid peroxidation (Bast and Hae-
nen, 1988; Scholich et al, 1989) and aLA and 

D H L A scavenge hydroxyl radicals, although 
only D H L A reacts with superoxide (Suzuki et 
al, 1991). Therefore, aLA, either directly or via 

reduction to DHLA, may act as an antioxidant. 
aLA is employed therapeutically in diabetes 

and other diseases in which the pathogenic role 
of oxidative stress has been documented 
(Packer et al, 1995). 

p44 and p42 mitogen-activated protein ki­
nases (MAPK), also referred to as extracellular 
signal-regulated kinases (ERK) 1 and 2 play im­
portant roles in cell growth, apoptosis, and mi­
gration (Davis, 1993). Various growth factors, 
cytokines, and hormones elicit a cascade of 
events that involve phosphorylation and acti­
vation of MAPK. W e have examined the influ­
ence of Hcy and aLA on M A P K phosphoryla­

tion in a fibroblast cell line. 

MATERIALS A N D METHODS 

Cell culture 

Stable transfectants of NIH/3T3 cells (gift 
from Dr. Marcio Chedid, National Cancer In­
stitute) with control pCEV29 vector or consti­
tutively active mutant of p21ras (Lys substituted 
for Gly at amino acid 12) were grown in Dul­
becco's modified Eagle's medium (DMEM) 

supplemented with 10% fetal bovine serum 
(FBS), 1% penicillin/streptomycin, gentamicin 
(0.5 mg/ml), and geneticin (0.25 mg/ml) in an 

atmosphere of 5% C02 at 37°C in humidified 
air. Cells grown at 80-90% confluency were 
used for experiments. D,L-Homocysteine, L-ho-
mocysteine thiolactone, R,S-a-lipoic acid, and 

L-ascorbic acid (vitamin C) (Sigma Chemical 

Company, St. Louis, M O ) were dissolved in 

D M E M to make 0.2 m M stock solutions within 

1 hr of being used for experiments. 

Western blot analysis 

Cells were solubilized with 50 m M HEPES 
solution p H 7.4 containing 95 m M sodium flu­

oride, 2.7 m M sodium orthovanadate, 10 m M 
tetrasodium pyrophosphate, 4 m M EDTA, 1% 

Triton X-100, 0.35 mg/ml phenylmethylsul­

fonyl fluoride (PMSF), 10 /xg/ml leupeptin, and 

10 /xg/ml aprotinin (Sigma Chemical). Follow­
ing centrifugation in a microfuge, protein con­

centrations were determined in supernatants 
using the method described by Bradrod (1976). 

Cell lysates (10 fig protein) were elec-

trophoresed through a reducing (5% ̂ -mer­
captoethanol) 10% SDS poly aery lamide gel and 
electroblotted onto a nitrocellulose membrane. 
The membrane was incubated with the rabbit 
polyclonal immunoglobulin G (IgG) for phos­

phorylated p44/42 M A P K (New England Bio-
labs, Beverly, M A ) or p44 M A P K protein (Santa 
Cruz Biotechnology, Santa Cruz, CA). The de­
tection was made with horseradish peroxidase 
(HRP)-linked secondary antibody using the 

ECL system (Amersham Life Science, Arling­
ton Heights, IL). Experiments were repeated at 
least six times to confirm the results. 

Electrophoretic mobility shift assays 

To prepare nuclear extracts, cells were 

washed in phosphate-buffered saline (PBS) and 
incubated in 10 m M HEPES p H 7.8,10 m M KCl, 
2 m M MgCl2, 0.1 m M EDTA, 0.1 m M PMSF, 

and 5 /xg/ml leupeptin. IGEPAL CA-630 
(Sigma Chemical) was then added at a final 

concentration of 0.6% (vol/vol), mixed vigor­
ously, and centrifuged. Pelleted nuclei were re­
suspended in 50 m M HEPES pH 7.8, 50 m M 
KCl, 300 m M NaCl, 0.1 m M EDTA, 0.1 m M 

PMSF, and 10% (vol/vol) glycerol, then mixed 

and centrifuged. The supernatant was har­
vested and protein concentrations determined. 

Binding-reaction mixtures contained 2 /xg of 
protein of nuclear extract, 1 /xg poly(dI-

dC)poly(dl-dC) (Pharmacia Biotech, Piscat-

away, NJ), and 32P-labeled double-stranded 
oligonucleotide containing the serum response 
element [5'-GGA TGT C C A TAT T A G G A G 
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ATC T-3'] in 50 m M NaCl, 0.2 m M EDTA, 0.5 

m M DTT, 10% (vol/vol) glycerol, and 10 m M 

Tris-HCl p H 7.5. Electrophoresis of samples 

through a native 6% polyacrylamide gel was 

followed by autoradiography. Supershift ex­

periments were performed with the rabbit 

polyclonal IgG for serum response factor (Santa 

Cruz Biotechnology). 

High-pressure liquid chromatography analysis of 

ascorbate and dehydroascorbate 

Cellular ascorbate was determined by the re­

verse-phase high-pressure liquid chromatogra­

phy (HPLC) (Okamura, 1980). Cells were 

washed with cold Hank's balanced salt solu­

tion (HBSS) and scraped into 2 % metaphos-

phoric acid (MPA) solution. The sample was 

sonicated, centrifuged, and 20 /xl of super­

natant was injected onto a C-18 column (Mi-

crosorb-MV, Rainin). Ascorbic acid was eluted 
isocratically with a mobile phase containing 30 

m M sodium acetate, 0.26 m M EDTA, and 

0.025% octylamine p H 5.0 and measured at 0.6 
V with electrochemical detection. Dehydroas­

corbate was measured after mixing the super­

natant with phosphate buffer p H 8.0 contain­

ing 1.5 mg/ml dithiothreitol (DTT). The differ­

ence in peak area between the reduced and 

nonreduced samples reflects dehydroascorbate 

content. 

RESULTS 

Cells grown in DMEM containing 10% FBS 

exhibited constitutive levels of tyrosine phos­

phorylation of both p44 (ERK-1) and p42 (ERK-
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FIG. 1. Hcy enhances but aLA inhibits p44/42 M A P K 
phosphorylation in cells grown in serum containing me­
dia. NIH/3T3 cells grown in D M E M containing 10% FBS 
were tieated for 0-60 min with Hcy (20 fiM) or aLA (20 
/iM). Cell lysates were subjected to immunoblot analysis 
using the antibody for phospho-p44/42 M A P K (ERKl/2). 
The protein levels of p44/42 M A P K did not change in re­
sponse to Hcy treatment as determined by using the an­
tibody which reacts with p44/42 M A P K proteins (data 
not shown). 
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FIG. 2. Hcy and aLA induce phosphorylation of p44/42 
M A P K in serum-deprived cells. NIH/3T3 cells were 
serum starved for 18 hr and treated for 0-60 min with 
Hcy (20 fiM) or aLA (20 fiM). Cell lysates were subjected 
to immunoblot analysis using the antibody for phospho-
p44/42 M A P K (ERK 1/2). The protein levels of p44/42 
M A P K did not change in response to Hcy or aLA treat­
ment as determined by using the antibody which reacts 
with p44/42 M A P K (data not shown). 

2) M A P K at amino acid position 204 (Sturgill 

et al, 1988) as s h o w n in the representative 

Western blot in Fig. 1. Treatment of cells with 

H c y (20 fiM) for 0-60 m i n caused transient en­

hancement of p44/42 M A P K phosphorylation 

with the peak level of activation observed at 10 

min. The protein levels of p44/42 M A P K did 

not change in response to Hcy treatment as il­
lustrated by experiments using the antibody for 
p44 M A P K protein which also cross-reacts with 

p42 MAPK. 
In contrast to stimulatory effects of Hcy on 

p44/42 M A P K phosphorylation, aLA inhibited 
serum-dependent p44/42 M A P K phosphoryla­

tion. Significant inhibition was detected by 30 
min and phosphorylation levels were unde­

tectable by 60 min (Fig. 1). The protein levels 

of p44/42 M A P K did not change in response 
to aLA treatment. The differential actions of 

Hcy and aLA on p44/42 M A P K phosphoryla­

tion are not due to their redox states because 
treatment of cells with the oxidized form of 
Hcy, Hcy thiolactone (20 fiM) caused a tran­
sient enhancement of serum-dependent p44/42 

M A P K phosphorylation. 
Serum-deprived cells are often employed in 

investigations of growth factor-mediated 

p44/42 M A P K activation to eliminate basal 

background signals and to synchronize cells 

into a quiescent state (York et al, 1998). Incu­

bation of serum-deprived NIH/3T3 cells with 
Hcy (20 fiM) resulted in phosphorylation of 

p44/42 M A P K (Fig. 2). Phosphorylation of 

p44/42 M A P K by Hcy was transient with the 

peak level of activation achieved at 30 min. 

Similar to the action of Hcy, aLA (20 /xM) in­

duced activation of p44/42 M A P K phosphory­

lation in serum-deprived cells (Fig. 2). The 

kinetics of aLA-mediated p44/42 M A P K acti-
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vation was also transient with maximal activa­

tion occurring at 30 min. The protein levels of 

p44/42 M A P K did not change in response to 
Hcy or aLA treatment. 

Ras GTPase-activated cells (Macara et al, 

1996) was employed to study the nature of the 

serum-stimulated cells in which differential in­
fluences of Hcy and aLA were observed. 

Serum-deprived NIH/3T3 cells expressing 

constitutively active p21ras mutant (lysine sub­
stituted for glycine at amino acid 12) had con­

stitutive levels of phosphorylated p44/42 
M A P K (Fig. 3). Although both Hcy and aLA 

slowly increased M A P K phosphorylation, ef­
fects exerted by the two thiols in cells grown in 
serum, particularly inhibition by aLA, were not 

observed in active Ras mutant-expressing cells. 
Activation of p44/42 M A P K has been shown 

to elicit stimulation of transcription factors in­

cluding serum response factor (SRF) (Leaman 
et al, 1996). A significant constitutive level of 
SRF D N A binding activity was observed with­
out Hcy treatment in cells grown in serum. This 
serum-dependent SRF activity was further en­
hanced in a dose-response fashion by 20 and 
100 fxM Hcy (Fig. 4A). aLA (20 or 100 /xM) did 
not enhance SRF activity (data not shown). 
Cells expressing active p21ras mutant also 

have constitutive SRF activity, even in the ab­
sence of serum (Fig. 4B), indicating the Ras-de-
pendent activation of SRF. In contrast to the ac­
tion of Hcy in serum-stimulated cells, 

treatment of active Ras mutant expressing cells 
with Hcy (20 fiM) inhibited Ras-dependent SRF 
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FIG. 3. Effects of Hcy and aLA on p44/42 MAPK phos­
phorylation in cells expressing active p21rfls mutant. 
NIH/3T3 cells stably tiansfected with the gene for con­
stitutively active mutant of p21ros (Lys-12) were serum 
starved for 18 hr and treated for 0-60 min with Hcy (20 
fiM) or aLA (20 /xM). Cell lysates were subjected to im­
munoblot analysis using the antibody for phospho-
p44/42 MAPK (ERK 1/2). The protein levels of p44/42 
MAPK did not change in response to Hcy or aLA tieat­
ment as determined by using the antibody which reacts 
with p44/42 MAPK (data not shown). 
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FIG. 4. Effects of Hcy on SRF activity. A. NIH/3T3 cells 
grown in D M E M containing 10% FBS were treated for 
0-60 min with Hcy (100 fiM) B. NIH/3T3 cells stably 
transfected with the gene for constitutively active mutant 
of p21ras were serum starved for 18 hr and tieated for 0-60 
min with Hcy (20 fiM). Nuclear extracts were subjected 
to electrophoretic mobility shift assays. Supershift exper­
iments using the SRF antibody confirmed the serum re­
sponse element binding protein was SRF (data not 
shown). 

activity by 30 min, and effects sustained up to 

60 min. a L A had no effect on SRF in Ras-acti-

vated cells. 

Vitamin C (20 llM) also inhibited SRF activ­

ity in cells expressing constitutively active 

p21ras (data not shown). However, the percent 

dehydroascorbate of total vitamin C detected 

by H P L C after vitamin C treatment was simi­

lar in control (20.0 ± 6.3%, n = 4) and consti­

tutively active mutant p21ras expressing cells 

(19.7 ± 3.0%, n = 4). 

DISCUSSION 

In serum-deprived cells, Hcy and aLA both 
elicited the phosphorylation of p44/42 MAPK. 
However, in cells grown in serum-containing 
media, 20 /xM Hcy stimulated, but 20 /xM aLA 

inhibited p44/42 M A P K phosphorylation. 
These differential actions of Hcy and aLA are 

not due to differences in redox states of the thi­

ols because the oxidized Hcy thiolactone en­

hanced the phosphorylation. Further, the dif­

ferential effects do not appear to be cell 

cycle-dependent (Newberry and Pike, 1995) be­

cause both Hcy and a L A slowly increased 

M A P K phosphorylation in Ras-activated cells. 

Hcy, at concentrations found in individuals 

with moderate hyperhomocysteinemia, acti-
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vating p44/42 M A P K phosphorylation may 

have relevance to its role as a risk factor for car­

diovascular disease. The inductive action of 

Hcy on signal transduction m a y be related to 

its capacity to promote vascular smooth mus­

cle cell proliferation, a critical step in arte­

riosclerosis (Tsai et al, 1994). Because SRF par­

ticipates in the regulation of c-/os gene 

transcription (Leaman et al, 1996), Hcy-medi-

ated phosphorylation of p44/42 M A P K and 

subsequent activation of SRF m a y also be rele­

vant to signaling for c-/os gene expression and 

cell proliferation (Dalton et al, 1997). 

a L A is employed as a therapeutic antioxi­

dant in treating diabetes and other conditions 

associated with elevated oxidative stress status 

(Packer et al, 1995). Inhibition of NF-KB-de­

pendent gene expression by a L A (Suzuki et al, 

1992) m a y be related to its efficacy in prevent­

ing blood cell adhesion to vascular endothe­

lium (Roy et al, 1998). Serum-dependent inhi­

bition of p44/42 M A P K by a L A also suggests 

this biothiol m a y be useful in attenuating path­

ogenic cell growth and apoptosis. Our results 

with active Ras transfectants suggest the target 

of a L A inhibition of serum-dependent M A P K 

phosphorylation m a y reside upstream of Ras. 

Alternatively, serum-aLA interactions m a y 

generate inhibitors of M A P K phosphorylation. 

Hcy activated SRF in control NIH/3T3 cells, 

but inhibited SRF D N A binding activity induced 

by transfection of constitutively active mutant of 

p21ras. NIH/3T3 cells expressing active mutant 

of p21rflS exhibit elevated mitogenic activity that 

can be inhibited by antioxidants (Irani et al, 

1997). Similarly, vitamin C inhibited SRF activ­

ity in cells expressing constitutively active p21ras 

although, as dehydroascorbate levels were not 

different from control cells, R O S m a y not be in­

volved in Ras-dependent SRF activation. The 

mechanism of Hcy and vitamin C actions m a y 

be analogous to antioxidant-inhibition of signal 

transduction for NF-kB activation that is inde­

pendent of R O S scavenging properties (Ander­

son et al, 1994; Suzuki et al, 1994). 

In contiast to Irani et al. (1997), w e found 

serum-deprived fibroblasts expressing a con­

stitutively active p21ras mutant have higher 

basal levels of p44/42 M A P K than controls. 

This observation is more consistent with the 

well-accepted mechanism where p21ras acti­

vates p44/42 M A P K (Leaman et al, 1996). Fur­

thermore, Ras-dependent signaling events 

elicited by the constitutively active point m u ­

tant appear distinct from those induced by 

serum. 

Antioxidants appear to reduce the risk of 

many chronic diseases by preventing ROS-in­

duced damage to D N A , proteins, and lipids 

(Halliwell and Gutteridge, 1985). Although 

R O S can inhibit many elements of cell function, 

the capacity of R O S to stimulate signal trans­

duction processes (Suzuki et al, 1997) m a y also 

be relevant to their pathogenic mechanisms of 

action. Irani et al. (1997) found that R O S induce 

cell growth by serving as signaling molecules 

and suggested that antioxidants prevent ab­

normal cell growth by eliminating oxidant sig­

nals. However, this hypothesis does not ac­

count for the actions of antioxidants that elicit 

signal transduction events such as the Ras-

ERK-SRF pathway described by Miiller et al. 

(1997). W e report here that pro- and antioxi­

dant biothiols can induce c o m m o n signal trans­

duction pathways or act to modulate cell sig­

nal transduction differentially depending upon 

the state of the cell. 
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