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ABSTRACT 

The high capacity of proliferating mammalian cells to transfer electrons from cytosolic NADH to extracellular 
electron acceptors like oxygen is poorly understood and not widely recognized. Nevertheless, trans-plasma mem­
brane electron transport (plasma membrane redox control) probably ranks alongside the Na+/H+ antiport system 
(pH control) and glucose transport in facilitating cellular responses to physiological stimuli. These plasma mem­
brane transport systems are acutely responsive to receptor ligation by growth factors, polypeptide hormones, and 
other cell activators. A novel tetrazolium-based cell proliferation assay that we have shown to measure an NADH-
oxidoreductase component of the trans-plasma membrane electron transport system has allowed direct compar­
isons with NADH:ferricyanide-oxidoreductase and respiratory burst NADPH-oxidoreductase. In addition, an 
NAD(P)H-oxidase at the cell surface and an NADH-oxidase activity in body fluids can be measured by modify­
ing the basic cell proliferation assay. As determined by reduction of the cell-impermeable tetrazolium reagent, 
WST-1, electron transfer across the plasma membrane of dividing cells can exceed that of fully activated human 
peripheral blood neutrophils. Cellular reduction of WST-1 is dependent on the presence of an intermediate elec­
tron acceptor and is inhibited by superoxide dismutase (SOD) and by oxygen, implying indirect involvement of 
superoxide in WST-1 reduction. Cell-surface NAD(P)H-oxidase and serum NADH-oxidase are shown to be dis­
tinct from trans-plasma membrane NADH-oxidoreductase by their differential sensitivity to capsaicin and pCMBS. 
The glycolytic metabolism of cancer cells may be linked to changes in trans-plasma membrane NADH:WST-l-ox-
idoreductase activity and to increased serum NADH-oxidase in cancer. Antiox. Redox Signal. 2, 231-242. 

I N T R O D U C T I O N terns. These changes, which can occur within 

minutes of receptor ligation, include increased 

T r a n s p o r t systems traversing the plasma glucose transport (Hamilton et ah, 1988; Mer-

membrane facilitate cellular responses to rail et ah, 1993; Berridge and Tan, 1995; M c C o y 

physiological stimuli such as growth factors etah, 1997) rapid changes in N a + / H + exchange 

and polypeptide hormones acting through (pH control) (Mills et ah, 1985; Vairo et ah, 1990; 

their cognate cell-surface receptors. Thus, in W a d a et ah, 1993), and increased electron trans-

addition to receptor signaling to the nucleus, port across the plasma membrane (redox con-

which leads to gene transcription, activation of trol) (Morre and Brightman, 1991; Brightman et 

cell-surface receptors also results in acute ah, 1992). Similarly, cell transformation in-

changes in plasma membrane transport sys- volves functional changes in plasma membrane 
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transport systems (Morre et ah, 1995a; Zur-

briggen and Dreyer, 1996; Yamagata and Tan-

nock, 1996; Ahmed and Berridge, 1997, 1998) 
that, in some cases, can be readily distin­

guished from changes in transporter expres­
sion. Regulation of these key transport func­

tions at the plasma membrane has frequently 

been overlooked in the quest to define linear 

signaling pathways to the nucleus that regulate 
gene expression. Nevertheless, proximal con­

trol of glucose transport, Na+/H+ exchange, 
and plasma membrane electron transport is 
probably facilitated by signaling pathways 

originating from activated cell-surface recep­
tors or, in the case of oncogenes, from consti-
tutively activated receptors or components of 

signaling pathways. These pathways could be 
either unique or held in common with other 
pathways, or could diverge from a common 

phosphorylation or G-protein-linked event at 
the cytoplasmic domain of the receptor. A gen­
eralized scheme of coordinate regulation of 
plasma membrane transport systems by recep­
tor activation is shown in Fig. 1. 
Election transport across the plasma mem­

brane is a widespread if not universal property 

of living cells (Crane et ah, 1985; Asard et ah, 
1998), a fact not always appreciated in the sci­
entific literature (Schrenzel et ah, 1998). Spe­
cialized electron transport systems like the res­
piratory burst NADPH-oxidase of phagocytic 
cells are also known, but these are usually re-

glucose H+ e' 

FIG. 1. Acute regulation of plasma membrane trans­
port systems. 

stricted in their cellular distribution and ex­

pression. The plasma membrane oxidoreduc­
tase (PMOR) system of mammalian cells is a 

multienzyme complex that transfers electrons 

from cytosolic N A D H to extracellular election 

acceptors. Although molecular oxygen is prob­
ably the major election acceptor and water the 

product, these transport systems have mostly 
been studied using artificial acceptors like 

ferricyanide and dichlorophenolindophenol 
(DCIP), or in the case of biochemical investi­

gations, oxidation of the reduced pyridine nu­
cleotide cofactor, N A D H . At least two dis­

tinct enzyme activities have been de­

scribed; NADH:ferricyanide-oxidoreductase 
and NADH-oxidase (Brightman et ah, 1992). 

Although NADH:ferricyanide-oxidoreductase 
has been investigated both with viable cells and 
with isolated plasma membranes, most inves­

tigations of NADH-oxidase have involved pu­

rified plasma membranes. Cyanide-resistant 
oxygen consumption by whole cells has been 

shown to be distinct from ferricyanide-reduc-
ing activity (Larm et ah, 1994). 
Recently, we discovered that a new sul­

fonated tetrazolium salt, marketed as a cell pro­
liferation reagent that measures mitochondrial 
succinate dehydrogenase, and containing a sta­
ble, proprietary intermediate electron acceptor, 

was in fact reduced outside the cell by a trans­
plasma membrane NADH:WST-1 oxidoreduc­
tase (Berridge et ah, 1996; Berridge and Tan, 

1998). The availability of a simple, microplate-
based colorimetric assay for measuring trans­
plasma membrane NADH-oxidoreductase of 
viable cells in real time has provided new op­
portunities for investigating the functional role 

of this enzyme. Furthermore, by identifying 
the proprietary intermediate electron acceptor 
and separating it from the tetrazolium salt, we 

have been able to demonstrate a cell-surface 
NAD(P)H-oxidase and a serum NADH-oxi­

dase with similar properties. The serum 

NADH-oxidase is elevated in patients with ad­
vanced cancer and is being investigated as a 

generic cancer test (Berridge and Tan, 1999). 

This review will focus primarily on the cell-

impermeable tetrazolium salt, WST-1, and its 
use in measuring plasma membrane N A D H -

oxidoreductases of viable cells. This assay will 
be compared with other biochemical method-
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ologies and with NADH-ferricyanide reduc­

tase. The results will be discussed with partic­

ular reference to possible physiological roles 

of plasma membrane oxidoreductases and 

changes in these enzymes that may be related 

to cancer. 

USE OF T H E T E T R A Z O L I U M SALT, 

WST-1, A S A N EXTRACELLULAR 

E L E C T R O N A C C E P T O R 

The tetrazolium salt, WST-1 [2-(4-iodo-

phenyl)-3-(4-nitrophenyl)-5-(2,4-disul-

fophenyl)-2H-tetrazolium], was originally de­

veloped to yield a water-soluble formazan 

when used in conjunction with a stable inter­

mediate electron acceptor, and was initially 

used to measure viable cells, N A D H , and re-

dox-coupled reactions such as lactate dehy­

drogenase (Ishiyama et ah, 1993, 1995). Appli­

cations of WST-1 as a cell proliferation reagent 

appear to have overlooked the fact that added 

sulfonate groups not only greatly improve sol­

ubility, but also generate products that do not 

readily cross the plasma membrane. This fact 
was appreciated in the early 20th century when 

disulfonated indigo dyes were used to distin­

guish between intracellular and extracellular 

reductases in a rat tumor model (Voegtlin et ah, 

1925). Nevertheless, the dogma that tetra­

zolium salts are reduced by active mitochon­

dria (Mosmann, 1983) was also applied to WST-
1, despite warning signals that most reduction 
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT) (Berridge and Tan, 

1993; Berridge et ah, 1996) and [3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymeth-

oxyphenyl)-2-(4-sul fophenyl)-2H-tetrazolium 

(MTS) (Goodwin et ah, 1996) was not mito-

chondrially associated. The observation that 

superoxide dismutase (SOD) extensively in­

hibited cellular WST-1 reduction by proliferat­

ing cells (Berridge et ah, 1996; Berridge and Tan, 
1999) provided the first clear indication that a 

trans-plasma membrane NADH-oxidase was 

responsible for WST-1 reduction rather than an 
intracellular oxidoreductase. In addition, WST-

1 formazan accumulated in the culture 

medium, none being associated with cell pel­

lets at any time following WST-1 addition. In 

some experiments, localized color develop­

ment could be observed at the cell surface, but 

this dissipated rapidly. In other experiments 

carried out in collaboration with Dr. Mike 

Davies (Heart Research Institute, Sydney), elec­

tron paramagnetic resonance (EPR) studies 

showed a buildup of 1-methoxy phenazine 

methosulfate (PMS) radicals in the culture 

medium of mouse J774 macrophage cells over 

a period of 30 min (unpublished results). This 

provides a mechanistic basis for involvement 

of this intermediate electron acceptor in WST-

1 reduction. 
WST-1 is marketed as a cell proliferation 

reagent containing a stable intermediate elec­

tron acceptor, but the nature of the intermedi­

ate electron acceptor was not made available 
by the manufacturer. To study the mechanism 

of WST-1 reduction and to develop WST-1 fur­

ther as a cellular redox reagent, we have used 
WST-1 chemical and the intermediate electron 

acceptor originally described by Ishiyama et al. 

(1993). This combination gives results similar 

to those obtained with the commercial WST-1 

cell proliferation reagent. 
The reagents used to measure trans-plasma 

membrane NADH-oxidase, cell-surface NAD(P) 
H-oxidase, eluted and serum NAD(P)H-oxidase, 

respiratory burst NADPH-oxidase and N A D H , 

and N A D P H are summarized in Table 1. 

TRANS-PLASMA M E M B R A N E 
ELECTRON T R A N S P O R T 

Reduction of WST-1 reagent in real time has 

been demonstrated in all viable cells investi­

gated. Initial rates of WST-1 reduction are high­
est in rapidly proliferating cells and lowest in 

resting cells such as mouse spleen cells and 
resting human peripheral blood neutrophils 

(Table 2). Treatment of spleen cells with con-

canavalin A (Con A) (5 jug/ml, 16 hr) increased 

WST-1 reduction 15-fold while activation of 

neutrophils with P M A (100 ng/ml) increased 

WST-1 reduction by 50-fold. It should be noted 

that ConA treatment of spleen cells results in a 

proliferative stimulus, whereas P M A activation 

of neutrophils triggers a respiratory burst in the 

absence of proliferation. With rapidly prolifer­

ating cells, there appears to be no correlation 
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Table 1. NAD(P)H-Oxidase Measurement Using the Cell-Impermeable Tetrazolium 
Salt, WST-1 

Activity measured 

Trans-plasma membrane NADH-oxidase 
Cell surface NAD(P)H-oxidase 
Eluted/serum NAD(P)H-oxidase 
Respiratory burst NADPH-oxidase 
N A D H and NADPH 

WST-1 
(450 fiM) 

+ 
+ 
+ 
+ 
+ 

Assay components 

1-methoxy PMS 
(20 fiM) 

+ 
-
-
-
+ 

NADH/NADPH 
(200 fiM) 

a 

+ 
+ 
_a 
+ 

aCell assay: cofactor present in the cytosol. 

between cell doubling time and WST-1 reduc­

tion because Jurkat and 32D cells, which have 

a doubling time of 13-15 hr, reduced WST-1 at 

a lower initial rate than HeLa and 143B cells 

that have a longer doubling time of 16-20 hr. 

It is notable that many rapidly proliferating 

cells reduce WST-1 at about the same rate as 

fully activated human peripheral blood neu­

trophils and, in some cases (e.g., HeLa, Lewis 

lung carcinoma and 143Bp° cells), initial rates 

of WST-1 reduction were double those of acti­

vated neutrophils. Fully activated human 

peripheral blood neutrophils generate extra­

cellular superoxide at about 8-10 nmol super­

oxide/min per 106 cells as determined by fer-

ricytochrome c reduction, and w e have shown 

that WST-1 is a more efficient electron accep­

tor in this system than ferricytochrome c (Tan 

and Berridge, 2000). 

Although WST-1 reduction was strongly in­

hibited by S O D with all cells tested (Berridge 

and Tan, 1998 and unpublished data), compar­

isons based on superoxide production would 

be compromised because superoxide involve­

ment in WST-1 reduction appears to be indi­

rect (i.e., inhibited by oxygen, unpublished re­

sults). From the data presented in Table 2, it 

can be calculated that the electron flux across 

the plasma membrane of rapidly proliferating 

cells, in terms of the 2-electron reduction of 

WST-1, is 1-2 X 108 electrons/second per cell. 

Direct comparisons with neutrophils are justi­

fied because WST-1 is reduced to about the 

same extent whether or not 1-methoxy P M S is 

employed (Tan and Berridge, 2000). 

Ferricyanide reduction was also determined 

for several of the human cell lines shown in 

Table 2. Ferricyanide reduction was highest 

with HeLa cells and lowest with HL60 cells. 

WST-1 reduction was also high in HeLa cells 

but, interestingly, the p° derivative of 143B 

showed elevated WST-1 reduction compared 

with the parental cell line and reduced ferri­

cyanide reduction. These results contiast with 

a previous study of a p° derivative of human 

T-lymphoblastic Namalwa cells in which 

plasma membrane ferricyanide reductase ac­

tivity was elevated with little change in 

cyanide-resistant oxygen consumption (Larm 

et ah, 1994). 

Cellular reduction of WST-1 can be clearly 

distinguished from ferricyanide reduction, not 

only by its differential sensitivity to S O D but 

also by differences in sensitivity to the cell-im­

permeable sulfhydryl blocking reagent, p-chlor-

omercuriphenylsulfonic acid (pCMBS), the 

vanilloid inhibitor, capsaicin, and its potent 

analogue, resiniferatoxin (Berridge and Tan, 

1998). Table 3 summarizes the effects of these 

and other metabolic and respiratory inhibitors 

on WST-1 reduction by human and murine cell 

lines and spleen cells. The results show that 2-

deoxyglucose (5 m M ) , a competitive inhibitor 

of glucose transport and consequently glycol­

ysis, inhibited trans-plasma membrane WST-1 

reduction by 25-36% (out of a m a x i m u m of 5 0 % 

inhibition possible because of the presence of 5 

m M glucose in the culture medium). In con­

trast, the respiratory inhibitor, cyanide, pro­

moted WST-1 reduction in cells with functional 

mitochondria. More detailed analysis of the ef­

fects of these and other inhibitors has been pub­

lished (Berridge and Tan, 1998). The results are 

consistent with WST-1 reduction being depen-
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Table 2. Cellular Reduction of WST-1 and Ferricyanide 

Cell type 

Human 
Jurkat T-lymphoblastic 
HL60 myelomonocytic 
HeLa cervical carcinoma 
143B osteosarcoma 
143Bp° osteosarcoma 
U937 macrophage 
A375 melanoma 
Malme 3M melanoma 
Neutrophils (resting) 
Neutrophils (PMA activated) 

Murine 
32Dcl3 IL-3-dependent 
32Dcl3bcr-abl (transformed) 
P815 mastocytoma 
LL-LCMV lung carcinoma 
Spleen (unstimulated) 
Spleen (ConA stimulated) 

WST-1 reduction (milliA450/min) 

Trans-plasma membrane 

22.1 ± 1.3 
18.5 ± 0.7 
39.2 ± 4.8 
26.6 ± 4.4 
45.6 ± 5.8 
14.3 ± 1.9 
16.2 ± 2.8 
26.8 ± 2.6 
0.4 ± 0.2 
20.0 ± 2.7 

15.9 ± 2.2 
13.5 ± 1.2 
13.0 ± 1.5 
37.9 ± 1.4 
0.5 ± 0.1 
7.5 ± 0.2 

Cell surface 

5.07 ± 0.72 
4.49 ± 0.16 
7.24 ± 0.47 
4.60 ± 0.29 
4.64 ± 0.37 
3.62 ± 0.27 
8.53 ± 0.95 
10.59 ± 0.30 
1.45 ± 0.43 
5.25 ± 0.51 

3.96 ± 0.30 
2.83 ± 0.21 
4.64 ± 0.25 
7.31 ± 1.62 
0.79 ± 0.03 

ND 

Ferricyanide reduction 
(pmol/sec per 106 cells) 

23.8 ± 0.2 
11.5 ± 0.8 
34.4 ± 1.0 
31.0 ± 0.8 
19.3 ± 1.0 

Results are the average ± SEM of between 2-6 experiments except for spleen cells and the ferricyanide assay where 
results are the average ± SEM of duplicates in one experiment. WST-1 reduction was determined using a microplate 
assay (0.1 ml) with cells at 2.5-3 X 105/ml for the trans-plasma membrane assay and 5 X 105/ml for the surface oxi­
dase assay. Ferricyanide reduction and neutrophil WST-1 reduction were measured spectrophotometrically at 535 nm 
and 450 nm, respectively (Berridge and Tan, 1998, 2000). 

dent on glycolytic N A D H production with a 

sparing action of respiratory inhibitors on cy­

toplasmic N A D H levels. Interestingly, WST-1 

reduction by 143Bp° cells was inhibited by 

cyanide, and this is explained by inhibitory ef­

fects on glycolytic and other cytosolic enzymes. 

These inhibitor studies support the cell studies 

described in Table 2, and, taken together, indi­

cate that WST-1 reduction is dependent on gly­

colytic metabolism. 

Capsaicin has been shown to inhibit preferen­

tially the NADH-oxidase activity of isolated 

plasma membranes from transformed cells and 

the growth of transformed cells in culture, but 

failed to inhibit these activities in nontrans-

formed cells (Morre et ah, 1995a, 1996a). H o w ­

ever, capsaicin also inhibits mitochondrial 

NADH-coenzyme Q oxidoreductase (Shimo-

mura et ah, 1989), raising questions about the va­

lidity of attributing growth inhibition to surface 

NADH-oxidase inhibition in long-term cell 

growth assays conducted over several days. In 

this respect, w e have shown that capsaicin in­

hibits short-term WST-1 reduction over 2 hr to a 

similar extent in non-transformed growth factor-

dependent cell lines (e.g., 32D) and transformed 

cell lines (e.g., HeLa, 143B, Jurkat, and Lewis 

lung) (Table 3). Furthermore, resiniferatoxin in­

hibition of WST-1 reduction cannot be distin­

guished between nontransformed cells (e.g., 32D 

cells, thymocytes, and spleen cells), and trans­

formed ceUs (K562, J774, R A W 264.7, and 

P388D1), 5 0 % inhibition being observed at about 

20/xg/ml (Tan and Berridge, unpublished re­

sults). It is possible that different methods of as­

saying plasma membrane NADH-oxidase (WST-

1 reduction by viable cells versus N A D H 

oxidation by isolated plasma membranes) may 

yield different results. It is interesting to note that 

intracellular metabolic effects of capsaicin and 

resiniferatoxin have been demonstrated previ­

ously using the membrane permeable tetra­

zolium salt, M T T (Berridge and Tan, 1998), which 

is reduced intracellularly by non-mitochondrial 

enzymes (Berridge and Tan, 1993) and is readily 

reduced by p° cells devoid of active mitochondria 

(Berridge and Tan, unpublished results). 

The cell-impermeable thiol-blocking agent 

p C M B S had little effect on most trans-plasma 

membrane WST-1 reduction. In contrast, other 



Table 3. Effect of Inhibitors on Trans-Plasma Membrane and Surface WST-1 Reduction by Different Cells 

ND, Not determined; t-PM, trans-plasma membrane. For clarity, standard errors have been omitted and were less than ± 5% 

Cell line 

Experiment 1 
Jurkat 
143B 
143Bp° 

Experiment 2 
HeLa 
32Dcl23 
LL-LCMV 
Spleen 

pCMBS 

(20 fiM) 

t-PM surface 

104 30 
102 19 
96 23 

90 29 
93 14 
62 10 
94 3 

N-ethylmaleamide 

t-PM 

19 
3 
10 

3 

8 
4 

(20 fiM) 

{ 

ND 

surface 

120 
183 
140 

128 

175 
103 

WST-1 reduction (% control) 

Iodoacetamide 
(5 m M ) 

t-PM surface 

18 102 
11 121 
18 129 

Capsaicin 
(100 fiM) 

t-PM 

42 
63 
54 

62 
66 
67 

ND 

surface 

124 
146 
129 

112 
155 
104 

2-Deoxyglucose 
(5mM) 

t-PM surface 

64 97 
71 103 
75 104 

Cyanide 
(5mM) 

t-PM surface 

160 110 
170 126 
76 112 



REDOX CONTROL BY PLASMA M E M B R A N E NADH-OXIDASES 237 

cell-permeable thiol-blocking agents (N-ethyl-

maleamide [NEM] and iodoacetamide) exten­

sively inhibited WST-1 reduction in all cells, 

consistent with their widespread effects on cel­
lular enzymes. 

The characteristics of cellular reduction of 

WST-1 suggest a trans-plasma membrane 

NADH:WST-l-oxidoreductase activity. In­

volvement of cytosolic N A D H is circumstantial 

and a contribution of other cytoplasmic reduc­

ing agents cannot be formally excluded. The re­

lationship of the putative NADH:WST-l-oxi-

doreductase to plasma membrane electron 

transport activities described by others is not 

altogether clear. An NADH-coenzyme Q oxi­

doreductase that appears to be related to 

NADH-cytochrome b5 reductase has been pu­

rified from liver (Villalba et ah, 1995) and this 

enzyme may initiate electron flow from cy­

tosolic N A D H to membrane coenzyme Q. Fur­

thermore, a cell-surface NADH-oxidase with 

hydroquinone oxidase activity has also been 

described (Kishi et ah, 1999) that could poten­

tially be involved in WST-1 reduction at the 

cell surface. This enzyme, which can be eluted 

from HeLa cells, was inhibited by capsaicin 

and by the anti-tumor sulfonylurea drug, 
IV-(4-methylphenylsulfonyl)-N'-(4-

chlorophenyl)urea (LY181984) suggesting its 

involvement as a terminal oxidase in trans­
plasma membrane electron transport. 

CELL-SURFACE NAD(P)H-OXIDASE 

When WST-1 is added to cells in the ab­

sence of an intermediate electron acceptor, 

little reduction is observed. However, addi­
tion of N A D H results in concentration-de­

pendent WST-1 reduction that is not ob­

served in the absence of cells (Berridge and 

Tan, 2000). In this situation, N A D H is not 

simply acting as an alternative weak inter­

mediate electron acceptor because the char­

acteristics of reduction are quite distinct (Ta­

bles 2 and 3). Interestingly, N A D H also 

promoted cellular reduction of ferricyanide 

(Berridge and Tan, 2000), although, in this 

case, background reduction of ferricyanide 

by N A D H , in the absence of cells, was sig­

nificant and was subtracted. 

Cell-surface NADH-oxidase measured by 

WST-1 reduction in the presence of N A D H was 

present on all dividing and non-dividing cells 

investigated with highest levels on human 

melanoma (Malme 3 M and A375) and carci­

noma (HeLa and Lewis lung) cell lines (Table 

2). Most other tumor cell lines and growth fac­

tor-dependent cell lines were grouped at 

around 3-5 milliA450/min. Non-dividing mu­

rine spleen cells and human peripheral blood 

neutrophils showed the lowest levels of surface 

NADH-oxidase. 

The inhibitor studies presented in Table 3 

show that cell-surface NADH-oxidase exhibits 

a distinct pattern of inhibition compared with 

trans-plasma membrane WST-1-reducing ac­

tivity. pCMBS extensively inhibited surface 

NADH-oxidase activity in all cells tested, 

whereas capsaicin stimulated activity in most 

cells. Surprisingly, thiol-blocking agents that 
readily cross the plasma membrane (N-ethyl-

maleamide and iodoacetamide) either did not 
affect or stimulated surface WST-1 reduction. 

These results are difficult to reconcile with 
pCMBS inhibition and suggest a complex hier­

archy of availability of sulfhydryl groups on 

key cell-surface and cytosolic enzymes. In ad­
dition, the metabolic inhibitors, 2-deoxyglu-

cose and cyanide failed to significantly affect 

surface NADH-oxidase activity, indicating 
the absence of a direct link with cell metabo­

lism. With pCMBS, NEM, and capsaicin, simi­
lar results were obtained with a variety of dif­

ferent transformed and nontransformed cell 
lines and with primary spleen cells, indicating 

that the distinct inhibitor profile is repro­

ducible and common to many different cell 

types. Of all inhibitors investigated, only SOD 

routinely inhibited both cell-surface and trans­
plasma membrane NADH-oxidase activity. 

These results do not support the view that cell-

surface NADH-oxidase activity detected with 

WST-1 is the terminal oxidase of trans-plasma 

membrane NADH-oxidase. Rather, it appears 

that a distinct cell-surface oxidase activity is be­

ing measured. Confirmation of this may have 

to await purification and molecular cloning of 

the donor oxidase of trans-plasma membrane 
NADH-oxidase and the surface NADH-oxi­

dase measured by adding N A D H and WST-1 

to cells. 
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Initial attempts to elute surface NADH-oxi­

dase from a variety of different cells by brief 

treatment at p H 3.3 failed to generate WST-1-

reducing activity in the cell supernatant fol­

lowing neutralization. However, washing cells 

with 0.1 M sodium acetate at p H 5 (del Castillo-

Olivares et ah, 1998) resulted in the release of 

NADH-oxidase from several human tumor cell 
lines (Berridge and Tan, 2000). In contrast, sur­

face NADH-oxidase was poorly released from 
non-transformed 32Dcl3 and 32Dcl23 cells. 

Eluted NADH-oxidase showed similar in­
hibitor characteristics to surface NADH-oxi­
dase with pCMBS and capsaicin (Tan and 
Berridge, unpublished results). Polyacrylamide 

gel electrophoresis of eluted protein showed a 
major 35-kDa band that correlated closely with 
the level of WST-1-reducing activity measured 
in the eluates. 
Cell-surface NADH-oxidase has previously 

been eluted from HeLa cells and this activity 
purified and characterized (Morre et ah, 1995b; 
del Castillo-Olivares et ah, 1998). The enzyme 
was shown to be sensitive to capsaicin and to 
the anticancer sulfonylurea LY181984 as deter­
mined by N A D H oxidation. These results dif­
fer from those obtained using WST-1 to mea­
sure NADH-oxidase activity. Although we 
have been unable to obtain LY181984, differ­
ences in sensitivity to capsaicin suggest that 
different enzymes or possibly different activa­
tion states or protein associations may be in­
volved. Molecular characterization of purified 

protein is needed to resolve these differences. 
In addition to demonstrating surface N A D H -

oxidase on dividing cells, human peripheral 
blood neutrophils were also shown to express 
surface NADH-oxidase activity both in their 
resting state (Table 2) and following activation 
with phorbol myristate acetate (PMA). Thus, 
terminally differentiated neutrophils express 
low levels of surface NADH-oxidase, and this 
activity shows a similar inhibitor response pro­
file to that observed with dividing cells, i.e., in­
hibition by pCMBS, insensitivity to capsaicin, 
and inhibition by SOD. Neither diphenylene io-
dinium (DPI), a specific inhibitor of flavopro-
tein centers, nor catalase had any effect on the 

surface NADH-oxidase activity of neutrophils. 
Finally, the surface NADH-oxidase detected 

with WST-1 was also able to use N A D P H as a 

cofactor for WST-1 reduction, and this was 

demonstrated with all cell types mentioned in 

Table 2 (Berridge and Tan, 2000). Interestingly, 

the initial rate of WST-1 reduction varied with 

the different cofactors. With HeLa, 32D cells, 

and neutrophils, the N A D H : N A D P H ratio was 

near unity; with P815, the N A D H : N A D P H ra­

tio was <1, whereas other cell lines exhibited 

ratios of 2.7-5.2. Again, different cofactor re­
quirements suggest different enzyme proteins 

or perhaps different modifications of a single 

enzyme protein. Biochemical characterisation 
of eluted NADH-oxidase should help resolve 

this issue. 
A cell-surface NAD(P)H-oxidase on cultured 

human fibroblasts that generates superoxide 
following addition of N A D H or N A D P H 

(SOD-sensitive lucigenin chemiluminescence 
and cytochrome c reduction) has been de­

scribed (O'Donnell and Azzi, 1996). This activ­
ity, which produced superoxide at about the 
same rate as activated monocytes (2 nmol/min 
per 106 cells), was completely abolished with 

pCMBS (100 fxM) but was not affected by N E M 
(60 fxM) or DPI (20 p,M), characteristics that are 
similar to those observed with WST-1. Evi­

dence was presented supporting a lipid-me-
tabolizing role for the enzyme, and recombi­

nant rabbit 15-lipoxygenase was shown to 
produce superoxide and to oxidize N A D H . 

NADH-OXIDASE IN SERUM: A 

POTENTIAL TEST FOR C A N C E R 

NADH-oxidase has been detected in culture 
medium conditioned by HeLa cells, and this ac­
tivity was shown to be similar to that at the cell 
surface and to eluted enzyme (Morre et ah, 

1996b; del Castillo-Olivares et ah, 1998). A cap-
saicin-sensitive NADH-oxidase activity has 

also been demonstrated in the sera of cancer 
patients (Morre et ah, 1997) and this activity pu­
rified as a heat and protease-resistant 33.5-kDa 
protein (Chueh et ah, 1997). To investigate 

whether serum NADH-oxidase activity could 
be detected using WST-1, we analyzed sera 

from mice bearing Lewis lung tumors. Figure 
2 shows that in this model tumor size corre­

lated with serum NADH-oxidase activity. The 

increase was absolute and, unlike the Morre as-
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FIG. 2. Groups of 3-4 C57BL6 mice were inoculated 
subcutaneously with 106 Lewis lung carcinoma cells. Af­
ter 21 days, rumor size was measured as the product of 
opposing diameters and serum NADH-oxidase activity 
determined using WST-1 (450 fiM) and N A D H (200 fiM) 
(Berridge and Tan, 2000). Absorbance was measured at 
450 nm in a spectrophotometer. 

all 8 patients with advanced colon cancer with 

liver metastases scored positive (p < 0.01) 

whereas serum from a patient with a small pri­

mary tumor failed to reach significance. An­

other patient with primary liver cancer also 

scored positively. WST-1-reducing activity was 

titratable, but as with the cell studies described 

above, WST-1 reduction was stimulated by 

resiniferatoxin and by capsaicin. Comparison 

of WST-1-reducing activity with C E A tests con­

ducted previously showed a high degree of cor­

relation with only the primary liver cancer 

scoring negative in the C E A test. Subsequent 

investigation of 58 patients with advanced 

colon cancer with liver metastases confirmed 

the initial study showing 8 3 % sensitivity com­

pared with 9 0 % for the C E A test and a com­

bined sensitivity of 93%. A prospective study 

of cancer patients is presently ongoing. 

say system, capsaicin was not used to define 

the activity. These results led us to investigate 

WST-1 reduction by serum of patients with ad­

vanced colon cancer. In a retrospective study, 

S U M M A R Y A N D C O N C L U S I O N S 

As shown by reduction of the cell-imperme­
able tetrazolium salt WST-1 in the presence of 

an intermediate electron acceptor, a trans-

Trans-plasma membrane electron transport 
lllllllllilllllllllllMIIIIIHIIimsillHliillllllllillllllMIHI 

IEA 

Surface NAD(P)H-oxidase 
iMim!l!MilI!i?illlll!!i!!!lllllll!llll 

2Fe(CN)e — • 2Fe(CN)e4" 

NADH 

WST-1 — • WST-1 H 

2e 
NAD(P)H 

WST-1 — • WST-1 H 

2e" 

w 

Q10 acceptor̂  
reductases J 
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cytoplasm 

N A D H N A D + + H + 

FIG 3 Model of mammalian plasma membrane electron transport systems. Trans-plasma membrane electron 
transport is depicted as two independent or overlapping multicomponent enzyme systems identified by ferricyanide 
and WST-1 reduction. Ubiquinone (coenzyme Q10) is involved as an election acceptor/donor m the electron 
transport chain, whereas external N A D H can promote ferricyanide reduction (Berridge and Tan, 2000). N o equiva­
lent external interaction of N A D H with NADH:WST-1 oxidoreductase can be measured because N A D H rapidly re­
duces WST-1 chemically in the presence of intermediate electron acceptor. Surface NAD(P)H-oxidase is measured m 
the absence of an intermediate electron acceptor by adding N A D H or N A D P H . 
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plasma membrane election tiansport activity is 

shown to continuously shift electrons across 

the plasma membrane of rapidly dividing 

mammalian cells. At best this electron flux oc­

curs at about twice the rate of fully activated 

human peripheral blood neutrophils (i.e., 200 

million electrons/sec per cell). In transformed 

cells and tumor cell lines, the election flux was 
equal to or greater than that of growth factor-

dependent cell lines and activated spleen cells, 

whereas electron transport in resting cells was 
an order of magnitude lower. WST-1 reduction 
was shown to be distinct from ferricyanide re­

duction and to generate electrons at a 15-20 
times greater rate, assuming similar efficiency 
of electron capture. NADH:WST-l-oxidore-

ductase shares properties with plasma mem­
brane NADH-oxidases described by others. 
In addition, we have used WST-1 to de­

scribe an active NAD(P)H-oxidase on the sur­
face of viable cells and, as with trans-plasma 
membrane WST-1 reduction, have shown that 
this activity is greatest with proliferating cells 

and least with non-dividing spleen cells and 

neutrophils. Cell-surface NAD(P)H-oxidase 

generates about 1 0 % of the reducing electrons 

of the trans-plasma m e m b r a n e activity. A 

mod e l of plasma m e m b r a n e electron transport 

systems leading to W S T - 1 and ferricyanide re­

duction is s h o w n in Fig. 3. Cell-surface 

N A D H - o x i d a s e is readily released from tumor 

cell lines, and increased WST-1-reducing ac­

tivity is evident in the serum of mice bearing 

tumors and in the serum of advanced colon 

cancer patients. 

A C K N O W L E D G M E N T S 

We thank Mr. Richard Stubbs for providing 
the serum samples from patients with ad­
vanced colon cancer, Drs. David Ritchie and 
Ian Hermans for providing tumor-bearing 
mice, Dr. Mike Murphy for the 143B and 143Bp° 
cell lines, Dr. Alfons L a w e n for helpful discus­

sions and for making available unpublished re­

sults, and Dr. Mike Davies for ongoing in­

volvement with E P R analysis. Finally, w e wish 

to acknowledge the financial support of the 

Health Research Council of N e w Zealand and 

the Cancer Society of N e w Zealand and its 

Wellington Division. 

ABBREVIATIONS 

CEA, carcinoembryonic antigen; ConA, 

concanavalin A; DCIP, dichlorophenolindophe-
nol; DPI, diphenylene iodinium; EPR, electron 

paramagnetic resonance; IEA, intermediate elec­

tron acceptor; LY181984, N-(4-methyl-phenylsul-
fonyl)-IV'-(4-chlorophenyl) urea; MTS, 3-(4,5-di-

methylthiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; 

MTT, 3-(4̂ -dimethylthiazol-2-yl)-2̂ -diphenyl-

tetrazolium bromide; NEM, N-ethylmaleamide; 
pCMBS, p-chloromercuriphenylsulfonic acid; 

PMOR, plasma membrane NADH-oxidoreduc­

tase; PMA, phorbol myristate acetate; PMS, 
phenazine methosulfate; SOD, superoxide dis­

mutase; WST-1, 2-(4-iodophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl) -2H-tetrazolium, 

monosodium salt. 
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