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The reduction of nitroblue tetrazolium (NBT) with 
intact Red Blood Cells (RBCs) is biphasic with an 
initial rapid reduction followed by a slower second 
phase. This biphasic kinetics has been explained with 
the initial rapid phase attributed to antioxidants in the 
red cell which reduce membrane bound NBT and the 
slower phase associated with the reaction of NBT with 
membrane bound hemoglobin. This model has been 
confirmed by a utilization of a number of red cell 
modifications which either increase the red cell 
antioxidants (vitamin C and vitamin E) or damage 
the red cell membrane (cumene hydroperoxide and 
N-ethylmaleimide). The utilization of this assay for 
human blood samples was investigated by studying 
a series of 20 human subjects ranging between 34 and 
87 years of age. It was possible to fit all of these 
samples with two adjustable parameters which reflect 
the red cell membrane antioxidant capacity (x) and the 
hemoglobin membrane interactions (m). The antioxid- 
ant capacity shows a significant (p < .002; R =- .67)  
decrease with age. This finding is consistent with a 
decrease in the level of antioxidants in aged subjects. 
In addition, the number of hemoglobin membrane 
sites are negatively correlated with the antioxidant 
capacity (p < .02; R =- .52)  suggesting that the oxid- 

ative stress associated with reduced antioxidants res- 
ults in increased hemoglobin-membrane interactions. 

Keywords: Antioxidant capacity, red blood cells, membrane, 
nitroblue tetrazolium, hemoglobin, antioxidant, vitamin E 
(c~-tocopherol), vitamin C (ascorbic acid) 

1. I N T R O D U C T I O N  

H u m a n  erythrocytes  are cont inuous ly  exposed  
to oxidat ive stress. Dur ing  their relat ively short  
life, in which  no pro te in  synthesis  occurs, these 
cells, whose  pr incipal  role is to carry  oxygen  to 
the t issues and  organs,  come in contact  wi th  
react ive oxygen  species f rom var ious  sources.  
The no rma l  autoxidat ion of hemoglobin ,  which  is 
of par t icular  relevance at r educed  oxygen  pres-  
sure, I1] p roduces  superox ide  wi th in  the erythro-  

cyte. In addit ion,  erythrocytes  are exposed  
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606 A.A. DEMEHIN et al. 

to reduced oxygen species generated by the 
oxidation-reduction of drugs or xenobiotics 
transported by blood and metabolism in various 
tissues and organs which release reactive oxygen 
species into the b]ood. [2"31 

The high levels of cytoplasmic antioxidants 
present in erythrocytes including superoxide 
dismutase, catalase, glutathione and ascorbic acid 
minimize oxidative damage to the cytoplasmic 
components of the erythrocyte. Furthermore, 
within the cytoplasm, enzymes like methemo- 
globin reductase and diaphorase reverse any 
hemoglobin oxidation which occurs as a result of 
the reaction of hemoglobin with oxidants. Mem- 
brane associated antioxidants like a-tocopherol 
minimize oxidative damage to the red cell 
membrane. Nevertheless, it is more difficult to 
reverse oxidative damage within the membrane 
than in the cytoplasm as seen by the accumulation 
of membrane oxidative products in old red cells. [41 

In this paper, we have used the reduction of 
nitroblue tetrazolium(NBT) in the presence of 
erythrocytes to study red cell membrane 
oxidative processes. NBT is only slightly soluble 
in aqueous solution and is, therefore, concen- 
trated in the membrane. In an earlier study, Is] 
we found that NBT, which is known to react 
with superoxide, also reacts with hemoglobin. 
In this study, we show that the reduction of 
NBT associated with the red cell membrane is 
determined both by the interaction of hemoglo- 
bin with the membrane as well as the antioxid- 
ants in equilibrium with the membrane. The 
reduction of NBT by antioxidants reflects 
the antioxidant capacity of the erythrocyte 
membrane. The interaction of hemoglobin with 
the membrane is thought to be associated with 
erythrocyte membrane damage. 

2. MATERIALS AND METHODS 

2.1. Chemicals 

NBT, dl-a-tocopherol, vitamin C, N-ethylmale- 
imide and glutathione were obtained from Sigma 

(St Louis, MO), and cumene hydroperoxide 
(CumOOH) from Aldrich (St Louis, MO). 

2.2. Erythrocytes 

Red blood cells were obtained from blood 
samples collected from healthy participants of 
the Baltimore Longitudinal Study on Aging. The 
red blood cells were washed thrice in phosphate 
buffered saline (PBS), p H  7.4, containing 0.1 mM 
EDTA to remove the buffy coat and plasma. 

2.3. Kinetic Reduction of NBT by RBCs 

The spectrum of the RBCs without the NBT 
was acquired in the 640-490 nm region using a 
Perkin-Elmer Lamda 6 UV-Visible Spectrophoto- 
meter in order to determine the concentration of 
hemoglobin and the initial level of hemoglobin 
oxidation. A scattering accessory was used to be 
able to measure spectra of RBCs. NBT was then 
added to the suspension of cells to a final con- 
centration of l x  10-4M NBT in PBS buffer, pH 
7.4. This NBT concentration was four times the 
concentration of hemoglobin in the RBC sam- 
ple. Is] Immediately after adding the NBT, spec- 
tra were obtained at predetermined times in 
order to follow the kinetics for the reduction of 
NBT. Each spectrum was analyzed by  fitting it to 
a linear combination of the parent spectra 
for oxyhemoglobin, deoxyhemoglobin, pH 7.4- 
methemoglobin and reduced NBT (Figure 1). 

In order to take into account the scattering 
effect of red cells, the parent spectra used for fit- 
ting were generated in red cells for the different 
hemoglobin components and in the presence of 
red cell membranes for reduced NBT. isl The 
hemoglobin concentration was determined by 
iron analysis of hemolyzed cells. The concentra- 
tion of reduced NBT (formazan) was obtained 
by adding excess potassium superoxide (KO2) to 
the NBT. The precipitation of the diformazan I6] 
was prevented by  adding white ghosts within 
30 s after the addition of KO2. The association of 
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NBT REDUCTION BY RED BLOOD CELLS 607 

2.0 
Hemoglobin and Reduced NBT Spectra 
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FIGURE 1 Spectra of oxygenated hemoglobin (oxyHb) and 
deoxygenated hemoglobin (deoxyHb) in the intact RBCs, 
oxidized hemoglobin (metHb) at pH 7.4, and reduced 
NBT (NBTr) in the membrane used for the analysis of 
acquired experimental spectra. The concentration of the 
hemoglobin components are 9.43 x 10-5M and of reduced 
NBT is 5.92 x 10 ~M. 

diformazan with membrane presumably pre- 
vents the aggregation and precipitation. With a 
scattering accessory to correct for the scattering 
of the membrane it was possible to obtain a 
spectrum of the reduced NBT that was used as 
one of the parents to fit our experimental data. 
By using the entire spectra consisting of 300 
points between 640nm and 490nm for fitting, 
reliable determinations of small changes in the 
concentrations of the different species could be 
quantified as indicated by the standard errors 
obtained. All preparations and spectrophoto- 
metric determinations were carried out at a 
temperature of 21-22 °C. 

2.4. Analysis  of Kinetic Data 

The kinetic data were analyzed using MLAB, 
a mathematical modeling program originally 
written by Garry Knott and marketed by 
Civilized Software, Inc., Bethesda, MD. This 
program permits you to model complex kinetic 
reactions by writing the differential equations 
for the changes in concentration of each chem- 

ical species. It is possible to generate the time 
dependent changes in the concentration of all 
the species for any set of rate constants after 
the initial conditions are set. An iterative least 
square method is used to find the best set of rate 
constants, which will fit the experimental data. 

2.5. Effect of Vitamin E on the Reduction of 
NBT by RBCs 

A stock solution (750pM) of Vitamin E was 
dissolved in ethanol. The concentration of the 
stock solution was determined by absorption at 
294 nm where E~%= 71. An aliquot of this solu- 
tion was transferred to a glass tube with the 
solution spread out on the surface of the tube. 
The ethanol was removed by nitrogen gas produ- 
cing a thin film of vitamin E on the wall of the 
tube. The red cells in PBS were then added to the 
tube containing the film of vitamin E and rocked 
for 30 minutes. The amount of vitamin E remain- 
ing on the side of the tube at the end of rocking 
with RBCs was determined by rinsing with 
ethanol and taking a fluorescence reading at an 
emission wavelength of 335 nm and excitation 
wavelength of 292 nm. The low level of fluores- 
cence in this ethanol solution was used to 
establish that > 99.9% of the vitamin E was 
incorporated into the red cell membrane by this 
method. A control mixture of RBCs without 
vitamin E was rocked under the same condition. 

After vitamin E incorporation, NBT was added 
to the sample. The spectra prior to the addition 
of NBT and at specified time intervals after the 
addition of NBT were monitored (see above) to 
determine the time course for NBT reduction by 
the vitamin E modified RBCs. 

2.6. Effect of Vitamin C on the Reduction of 
NBT by RBCs 

A fresh solution (10 raM) of vitamin C was pre- 
pared in PBS buffer, pH 7.4 before starting the 
experiment. An aliquot of this solution was trans- 
ferred to the cuvette containing the RBCs in PBS 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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buffer, pH 7.4 before adding the NBT. The spec- 
tra prior to the addition of NBT and at specified 
time intervals after the addition of NBT were 
monitored (see above) to determine the time 
course for NBT reduction by the vitamin C modi- 
fied RBCs. 

2.7. Effect of Cumene Hydroperoxide on the 
Reduction of NBT by RBCs 

A stock solution (20 mM) of CumOOH was pre- 
pared in ethanol. Aliquots of the stock solution 
(1.5-6.01~1) were added to the suspension of 
RBCs in PBS buffer, pH 7.4 to make a final con- 
centration of 20, 30, and 40 ~tM of CumOOH in a 
total volume of 3 ml. The ethanol volume added 
never exceeded 0.2% of the total incubation vol- 
ume. The spectra prior to the addition of NBT 
and at specified time intervals after the addition 
of NBT were monitored (see above) to determine 
the time course for NBT reduction by CumOOH 
modified RBCs. 

2.8. Effect of N-Ethylmaleimide (NEM) on the 
Reduction of NBT by  RBCs 

Erythrocytes (40% hematocrit) were incubated 
with NEM at 37°C for 1 h in PBS buffer, pH 
7.4. Incubations were performed at final NEM 
concentrations of 5, 10, and 50mM. The cells 
were subsequently washed in PBS buffer, pH 
7.4 to remove excess NEM. [71 The time course 
for NBT reduction by NEM modified RBCs was 
followed spectroscopically (see above). 

3. RESULTS A N D  DISCUSSION 

3.1. The Reduction of NBT by Hemoglobin  in 
Solution in the Presence of Membranes 
and in Red Blood Cells 

It has been shown that oxidized NBT with no 
visible absorption reacts with hemoglobin 
producing oxidized hemoglobin and the two 

electron reduced NBT or formazan. I51 In the 
course of this two electron reduction of NBT a 
reactive tetrazolinyl radical [8] intermediate with- 
out any visible spectrum is first produced. The 
reaction of NBT with hemoglobin can be 
followed by the spectral changes of hemoglobin 
and NBT. The oxidation of hemoglobin (Figure 1) 
results in a decrease in the absorption bands of 
Fe(II) hemoglobin between 580nm and 540 nm 
and increases in the region of 630nm and 
500nm. This spectral change is superimposed 
over the increased absorption in this region due 
to the formation of the two electron reduced 
formazan (Figure 1). 

In comparing the reaction of NBT with puri- 
fied hemoglobin and with hemoglobin in the 
presence of red cell ghosts, [9] it was found that, 
even though red cell ghosts do not reduce NBT, 
the addition of red cell ghosts to a hemoglobin 
sample dramatically increases the apparent rate 
for the reduction of NBT (Figure 2). The results 
shown in Figure 2 were obtained at low oxygen 
pressures where the reoxidation of NBT by 
oxygen (see below) does not take place and, 
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FIGURE 2 Effect of red blood cell ghosts on the reduction of 
NBT. (A) ghosts in the absence of added hemoglobin; 
(B) deoxyhemoglobin without added ghosts; and (C) in 
the presence of both deoxyhemoglobin and ghosts. The 
increased NBT reduction by hemoglobin in the presence 
of ghosts was confirmed in three independent experiments. 
Initial concentrations of deoxyhemoglobin and NBT are 
1 X 10 -4  M.  
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NBT REDUCTION BY RED BLOOD CELLS 609 

therefore, NBT reduction as well as hemoglobin 
oxidation are both accurate measures of the 
reactivity. However,  the enhanced reactivity 
in the presence of membranes as determined 
by increased oxidation of hemoglobin is also 
observed at atmospheric oxygen pressure (data 
not shown). 

This phenomenon was attributed to a greater 
solubility of NBT in the membrane than in aque- 
ous solution. [91 Hemoglobin in close proximity 
to the membrane, therefore, experiences a much 
higher local concentration of NBT resulting in an 
accelerated reaction between hemoglobin and 
NBT. 

For red cells only a small fraction of the hemo- 
globin is associated with the membrane. How- 
ever, since most of the added NBT is associated 
with the membrane and the small fraction of 
NBT dissolved in the cytoplasm will react very 
slowly with the cytoplasmic hemoglobin, it 
can be assumed that the reduction of NBT by  
red cells takes place almost exclusively on the 
membrane. 

An additional factor necessary to consider in 
comparing the reaction of NBT with purified 
hemoglobin and with red cells is the enzymatic 
reduction of oxidized hemoglobin formed in 
the red cell. This reaction results in minimal 
increases in oxidized hemoglobin even with 
appreciable reduction of NBT. The spectral 
changes observed are, therefore, dominated by 
the increased absorption associated with the 
reduction of NBT (Figure 3). Although these 
spectral changes are small, reliable changes in 
reduced NBT are determined by fitting 300 
points in the entire 640nm to 490nm region 
(see above). The reliability of this analysis and 
the ability to clearly distinguish between differ- 
ent samples is indicated by the data shown in 
Figure 4. In this figure spectral data from 640 nm 
to 490 nm obtained at a series of times after the 
addition of NBT at atmospheric oxygen pressure 
were analyzed as a linear combination of the 
different spectral components (see above). For 
each blood sample the data fall along a curve 
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FIGURE 3 Time dependent changes of the spectra of hemo- 
globin in the red blood cells on reaction with NBT at atmo- 
spheric pressure (159 mmHg). Hemoglobin concentration in 
diluted RBCs was 1 x 10 -4 M, and NBT concentration was 
1 x 10-4M. 
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FIGURE 4 Reduction of NBT by RBCs at atmospheric pres- 
sure for 36 and 87 year old human subjects. Each point refers 
to the mean of three separate determinations; vertical bars 
represent the standard deviation. Concentrations of RBC 
hemoglobin and NBT are the same as in Figure 3. 

defined by  our kinetic model (see below) with- 
out much scattering, even though the actual 
concentrations of reduced NBT being formed 
are relatively low. 

In order to establish the nature of the hemo- 
globin red cell membrane interaction responsible 
for NBT reduction, we have investigated the 
effect of adding exogenous hemoglobin to a 
red cell sample. The observation (Figure 5) that 
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FIGURE 5 The effect of added extracellular hemoglobin on 
the red blood cell reduction of NBT. (11) RBC+NBT; (A) 
RBC+I x 10-5M Hb + NBT; (@)RBC+I x 10 6M Hb +NBT. 
Concentrations of RBC hemoglobin and NBT are the same as 
in Figure 3. 

extracellular hemoglobin has no observable 
effect on NBT reduction indicates that NBT 
reduction is associated with the interactions of 
hemoglobin with the cytoplasmic surface of the 
red cell. While no hemoglobin binding sites have 
been reported on the extracellular side of the red 
cell, a number of hemoglobin binding sites have 
been reported for the cytoplasmic surface of the 
red cell. I1°-151 These include the relatively strong 
binding site on the cytoplasmic end of band 3. 
These cytoplasmic binding sites for hemoglobin 
in close proximity to membrane associated NBT 
are, thus, presumably responsible for the facilit- 
ated NBT reduction by hemoglobin in the red cell. 

3.2. Kinetic Model for the Analysis of the 
Reduction of NBT by RBCs 

In developing a model for the reduction of 
NBT by red blood cells, the model used for the 
published work I5] on the reaction of NBT with 
hemoglobin was used as a starting point. The 
hemoglobin model indicated that, in addition to 
the two step reduction of NBT by two hemes, 
it was necessary to consider the reversible reac- 

tions of oxygen with the tetrazolinyl radical and 
the fully reduced formazan. 

kl 
Reaction 1: NBTr + 02 ~- NBT ° + O~- 

klb 

k2 
Reaction 2: NBT ° + 02 ~ NBT + O~ 

kab 

Since these reactions produce superoxide, 
which rapidly dismutates, [161 it was necessary 
to include the dismutation reaction: 

Reaction 3: O~- + O~- + 2H + k3 ~ H 2 0 2  q- 0 2  

The hemoglobin model Isl was modified to con- 
sider the membrane results (Figure 2), which 
implies that in red cells the reduction of NBT 
takes place on the membrane (see above). It was, 
therefore, necessary to include in the red cell 
model the binding of both reduced and oxidized 
hemoglobin to the hemoglobin binding sites on 
the red cell membrane (m). 

k4 
Reaction 4: Hb + m ~ Hb-m 

k4b 

k5 
Reaction 5: metHb + m ~ metHb-m 

ksb 

where Hb-m and metHb-m represent reduced 
hemoglobin and oxidized hemoglobin, respect- 
ively, bound to the membrane. 

The reaction of NBT with hemoglobin in RBCs 
was assumed to exclusively involve the hemo- 
globin bound to the membrane. 

Reaction 6: Hb-m + NBT ~ NBT ° + metHb-m 

Reaction 7: Hb-m + NBT ° k7 ) NBTr + metHb-m 

In setting up the model for the red cell, we 
have assumed the literature value I17! for super- 
oxide dismutation (Reaction 3) previously used 
in the hemoglobin study. Although Reactions 
1, 2, 6 and 7 involving the oxidation of NBT by 
oxygen and the reduction of NBT by hemoglobin 
are analogous to those used in the hemoglobin 
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NBT REDUCTION BY RED BLOOD CELLS 611 

model, the same rate constants could not be used 
because for red cells the reaction is assumed to 
be taking place on the membrane instead of in 
solution. For the reaction on the membrane, the 
effective concentrations of the reactants as well 
as the medium in which the reaction is taking 
place are different. For reactions 1 and 2 we have 
assumed that all four rate constants (kl, klb, k2 
and k2b) are influenced to the same extent 
because of the membrane association of NBT. 
Only one adjustable parameter was, therefore, 
used in accounting for the reactions of oxygen 
and superoxide with NBT. 

The reaction of red cell hemoglobin with NBT 
is complicated by the fact that only a small frac- 
tion of the total hemoglobin is bound to the 
membrane at anytime and able to react with 
NBT. The contribution of hemoglobin to NBT 
reduction is, therefore, influenced by the concen- 
tration of hemoglobin binding sites "m" and the 
rate constants for the binding of hemoglobin to 
the membrane (k4, k4b). 

A careful inspection of the red cell data 
(Figure 4) shows that a model utilizing Reactions 
1-7 does not adequately fit the red cell data. For 
red cells, at atmospheric oxygen pressure there 
is an initial rapid reduction of NBT, even though 
no apparent reduction of NBT is observed for 
hemoglobin in solution at atmospheric oxygen 
pressures. [5] No NBT reduction for hemoglobin, 
however, does not indicate that NBT doesn't 
react with hemoglobin, since enhanced oxida- 
tion of hemoglobin is observed under these same 
conditions. Is] The inability to detect any reduced 
NBT under these conditions was explained by 
the reoxidation of NBTr and the tetrazolinyl 
radical by oxygen (Reactions 1 and 2). The reduc- 
tion of NBT by red cells at atmospheric oxygen 
pressure (Figure 4) can in part be explained by 
the competition between hemoglobin and oxy- 
gen for the tetrazolinyl radical. An increased rate 
for the reaction of hemoglobin bound to the 
membrane with membrane associated tetrazol- 
ium radical would be expected to partially 
compete with the NBT reoxidation reactions 

(Reactions 1 and 2) producing some reduced 
NBT even at atmospheric oxygen pressures. 
However, the reaction of NBT with membrane 
bound hemoglobin should be the same for all 
subjects, and can therefore not explain the vari- 
ability shown in Figure 4. 

In addition to the subject variability, the initial 
rapid reduction of NBT was less noticeable for 
samples that were stored, even at 4°C. This 
variability is inconsistent with the expectation 
that NBT reduction should be determined by 
the concentration of hemoglobin bound to the 
membrane. The difficulty of obtaining white 
ghosts with stored blood Ils'191 further suggests 
that storage of blood increases the binding of 
hemoglobin to the membrane leading to the pre- 
diction of an increase in the reduction of NBT 
instead of the observed decrease. 

The reported I2°'21! decrease in the concentra- 
tion of antioxidants during storage of blood 
implies that the rapid reduction of NBT by red 
cells may involve a reaction with antioxidants 
associated with the red cell. Two additional 
reactions for the reduction of NBT and the tetra- 
zolinyl radical by antioxidants would then be 
required to explain NBT reduction by red blood 
cells. 

Reaction 8: NBT + x k--G NBT ° + ox 

NBTr + Reaction 9: NBT ° + x ox 

where: x represents the antioxidants associated 
with the red cell and ox is the oxidized anti- 
oxidant. The rate constants for these reactions 
would represent an average for all of the anti- 
oxidants present, which can reduce NBT. 

Using Reactions 1 to 9, we have been able to fit 
the data obtained for the reaction of NBT with 
red cells (Figure 4). For this purpose the pro- 
gram MLAB was used. A differential equation 
describing the change in concentration with time 
was written for each reactant (oxidized NBT: 
NBT, tetrazolinyl radical: NBT °, formazan: 
NBTr, oxygen: 02, superoxide: O~- reduced 
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612 A.A. DEMEHIN et al. 

TABLE I Rate constants obtained for the kinetic model used to analyze the reduction of NBT by Red Blood Cells 

Rate constants Reactions 

kl 20.06 4_ 0.62 M-lmin  1 
klb (1.05±0.22) X 101°M-lmin - I  
k2 (1.144-0.34) x 10s M-lmin  -1 
k2b (7.77±0.46) x 10SM lmin-1 
k3 (9.0±1.8) x 101° M- lmin  -1 
k4 (2.11±0.13) x 106M-:min -~ 
k4b (1.644-0.14) x 10 stain -1 
k5 (4.94±0.16) x 10SM-lmin -1 
k5b 3.07 ± 0.10rain -1 
k6 1278.28 4- 0.4,5 M lmin-1 
k 7 (1.31 ± 0.12) x 10 l° M 1rain-1 
k8 1267.81-t- 0.11M lmin-1 
k9 (1.81 ±0.24) x 10SM-lmin -~ 

Oxidation of reduced NBT (Formazan) by 02 
Reaction of superoxide ion with tetrazolinyl radical 
Oxidation of reduced tetrazolinyl radical 
Reaction of superoxide ion with NBT 
Dismutation of superoxide torts (ref. 31) 
Binding reaction of hemoglobin to membrane 
Dissociation reaction of hemoglobin-membrane 
Binding reaction of methemoglobin to membrane 
Dissociation reaction of methemoglobin-membrane 
Reaction of NBT with hemoglobin bound to membrane sites 
Tetrazolinyl radical with Hb on membrane sites 
Reaction of NBT with anfioxidants 
Reaction of tetrazolinyl radical with antioxidants 

hemoglobin: Hb, oxidized hemoglobin: metHb, 
membrane hemoglobin binding sites: m, reduced 
hemoglobin bound to the membrane: Hb-m, oxid- 
ized hemoglobin bound to membrane: metHb-m, 
reduced antioxidant: x and oxidized antiox- 
idant: ox). Equation (1) shows the differential 
equation used for one of these species, oxidized 
NBT. 

d [ N B T ] / d t  = k2* INBT']* IO2] - k2b* [NBT]* 

- k6*INBTI*iHb-ml - ks*INBT]*Ixl 

(1) 

The whole series of differential equations can 
be used to generate curves for the time dependent 
change in concentration of these species. Further- 
more, it is possible to perform a least square fit to 
the experimental curve by fitting the constants. 

In order to obtain reliable values for the rate 
constants to be used for the red cells the four rate 
constants for Reactions 1 and 2 obtained in the 
hemoglobin reaction lSl involving the reactions of 
NBT with oxygen were all corrected by a single 
fitting parameter which reflected the different 
reactivities in the membrane (see above). The 
rate constant for superoxide dismutation was 
taken from the hemoglobin data. To further con- 
strain the rate constants for Reactions 4-9 a set of 
rate constants were obtained which gave a satis- 
factory fit to a large number of samples with 
different initial rates of reduction (see below). 

The only parameters permitted to vary were 
the concentration of antioxidants, "x", and the 
concentration of hemoglobin membrane binding 
sites, "m' .  The rate constants obtained are given 
in Table I. 

Although both hemoglobin and the antioxid- 
ants react with NBT they produce distinct 
changes in the time course for the reduction of 
NBT as shown in simulated Figures 6, 7 and 8. 
Figure 6 indicates the effect of increasing the 
concentration of antioxidants, "x' .  In this figure, 
the reaction of hemoglobin with NBT was elimin- 
ated by setting m---0. This demonstrates that 
the initial rapid reduction of NBT (Figure 4) is 

1"5 1 ~ x = 2.0e-5 M 

- -  ,,, = A NA-6 M 

x = O M  
0.0 

0 10 20 30 40 
Time(rain) 

FIGURE 6 The contribution of the level of antioxidants, "x ' ,  
to the kinetics of the reduction of NBT by RBCs at atmo- 
spheric pressure. For these simulations, the rate constants in 
Table I were used with m = 0, and "x" varied as shown. 
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4 

k = 5.28e5 
1 = ~ 5  

I I I 

0 10 20 30 40 

Time(min) 

FIGURE 7 The effect of changing the rate constant for 
hemoglobin binding to membrane (k4) on the reduction of 
NBT by RBCs. For these simulations, the rate constants in 
Table I were used except for k4 that was varied as shown; 
x = 0 ,  and m = l  x 10-6M. 

2 . 5  

m =1e-6 M 
2.0 

m = 8e-7 M 

v 
~-- m = 6e_7M r n  

Z 

"~ 1,0 m = 4e-7 M 

0 . 5  

0 . 0  ' ' ' ' 
10 20 30 40 

Time(rain) 

FIGURE 8 The effect of changing the concentration of 
heine-membrane binding sites, "m ' ,  on the reduction of 
NBT by RBCs at atmospheric pressure. The rate constants 
in Table I were used and "m" varied as shown. 

attributed to the reaction of antioxidants. The 
actual slope of this initial reaction depends on 
the rate constants for the reaction of NBT with 
the antioxidants. At later times, because of the 
depletion of the antioxidants, a slow reversal 
takes place involving the reoxidation of NBTr. 

The effect of changing the level of antioxidants 
in Figure 6 can be compared with the effect of 
increasing the binding constant for hemoglobin 
to the membrane (Figure 7) and the effect of 

increasing the value of "m ' ,  the concentration 
of membrane sites for hemoglobin (Figure 8). 
Both of these effects produce a more gradual 
increase in the reduction of NBT, but  cannot 
generate the initial rapid reduction observed in 
red cell samples. This is true even though the 
rate constants for the reaction of hemoglobin 
with NBT and NBT ° (1.28 x 103 and 1.31 x 101°) 
are actually somewhat greater than those for the 
reactions of NBT with antioxidants (1.27 x 103 
and 1.81 x 108). This phenomenon is explained 
by  the limited number of hemoglobin membrane 
binding sites. Unlike the reaction with antioxid- 
ants, only a small fraction of the hemoglobin is 
bound to the membrane and able to react with 
NBT at any time. 

A comparison of the simulated curves in 
Figures 7 and 8 distinguish between the effect 
of increasing hemoglobin binding (Figure 7) and 
increasing the concentration of binding sites 
(Figure 8). Increasing this rate constant (k4) for 
a given value of "m" affects the slope for 
the slower second phase of the reaction. The 
increased slope is indicative of increased effi- 
ciency of the recycling of hemoglobin through 
the "m" binding sites. The increase in "m" (Fig- 
ure 8) produces a parallel increase in the magni- 
tude of the second phase for NBT reduction as 
expected for an increase in the concentration of 
sites involved in the recycling process. The dif- 
ference in the kinetics associated with the level 
of antioxidants and the hemoglobin-membrane 
interactions makes it possible to obtain informa- 
tion from the kinetics regarding both processes 
associated with NBT reduction (see below). 

3.3. Red Cell  Modif icat ions  Used  to Confirm 
the Contribution of Antioxidants  and 
Membrane  Interactions to Red Cell  
Induced Reduct ion of NBT 

In the analysis of the reduction of primarily 
membrane associated NBT by RBCs, we have 
postulated two processes which are responsible 
for the reduction. These are (1) the antioxidants 
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614 A.A. DEMEHIN et al. 

present  in the cell which  are able to direct ly 
reduce  NBT and  (2) hemog lob in  which  b inds  to 
the m e m b r a n e .  In  order  to demons t r a t e  that  
these interactions do  actual ly alter the react ion 
of NBT wi th  red cells, we  have  changed  the 
cellular concentrat ions of ant ioxidants  b y  incorp-  
orat ing more  ant ioxidants  (vi tamins C and  E) 
into the red cell. At  the same  t ime red cell mod i -  
fications (using cum ene  hyd rope rox ide  and  
N-e thylmale imide)  have  been p e r f o r m e d  which  
as a result  of oxidative d a m a g e  [6'22"231 alter the 

proper t ies  of the red cell membrane .  The inter- 
action of hemog lob in  wi th  band  3 of the m e m -  
brane  is controlled b y  the conformat ion  of b a n d  
3, as well  as interactions involving a n u m b e r  of 
other m e m b r a n e  proteins.  Oxidat ive  d a m a g e  to 
any  of these m e m b r a n e  prote ins  will influence 
the b ind ing  of hemog lob in  to the m e m b r a n e  
and,  thereby,  the reduct ion of NBT. 

Prior to actually pe r fo rming  the necessary  
modif icat ions of the red cell, it was  necessary to 
de te rmine  whe the r  the reagents  used  direct ly 
reduced  NBT. Figure 9 shows  that  ascorbic acid 
and  c~-tocopherol reduce  NBT, while  glutathione,  
N-e thy lmale imide  and  c u m e n e  hyd rope rox ide  
do not. 

10 

~ 6 

I-- 
113 
Z 4 

~ 2  

• vit. E 

• vit. C 

• NEMIGSH 

• CumOOH • m  

L-.::::L: " 

0 v v  V A  v 

' ;o  ' 2o ' ' 

Time(min) 

FIGURE 9 Reduction of NBT by vitamins C and E, glu- 
tathione, N-ethylmaleimide and cumene hydroperoxide in 
the absence of red blood cells. 

• • • 

4'o ' .'o go 

5 • • • A 

~ 3  ,_ - . . . . . . . . .  =--__Z~= A =K f ' "  

~n" ~1 • 0 . . . . . . .  • . . . . . . .  t r  . . . . . . .  • . . . . . . .  • . . . . . . . .  • . . . . . . . .  

.,~a- -~'~'-i/•'''" • RBC+40 ~M vit.E 1 
~" • Control RBC 

o ' do 4'0 • F ) B c ÷ 4 o . M , v i t . c ,  
0 60 80 100 

Time (min) 

FIGURE 10 Effect of added vitamins C and E on the reduc- 
tion of NBT by RBCs. (@) control RBCs, (n) control 
RBCs + 40 IIM vitamin C; (A) Control RBCs + 40 pM 
vitamin E . . . . . . .  Control RBCs data fit with model using rate 
constants of Table I. - -  Vitamins C and E data fit with 
model setting x = 43.27 I~M, the rate constants for the reaction 
of the antioxidant with NBT (ks, k9) were varied (see Table II) 
and --- vitamin C data fit with model varying only x, ks, k9 
(see Table U for R 2 values). 

Since v i tamins  C and  E direct ly reduce  NBT, 
the addi t ion  of these v i tamins  to red b lood  cells 
are expected  to increase the reduct ion of NBT. 
Figure 10 shows  the effect of increasing the 
concentrat ion of these two  ant ioxidants  b y  
40 IIM. The expected  increase in the reduct ion  
of NBT is clearly discerned.  

Since v i t amin  E is m e m b r a n e  soluble, all of the 
added  v i t amin  E is expected  to react wi th  NBT 
predict ing an increase in "x" of 40 tIM. The results 
for v i t amin  E in Figure 10 have  been  ana lyzed  b y  
increasing the va lue  of "x" b y  40 ~M. In order  to 
fit this data,  the only p a r a m e t e r s  adjusted (Table 
II) were  the rate constants  for the react ion of the 
ant ioxidants  wi th  NBT (ks) and  the tetrazolinyl  

radical (k9). These constants,  which  represen t  the 
average  rate constant  for all the ant ioxidants  
present ,  are expected  to change w h e n  addi t ional  
v i t amin  E is added .  

The reduct ion of NBT b y  ascorbic acid in the 
red cell has  p rev ious ly  [241 been  at t r ibuted to the 

invo lvemen t  of ascorbate as the electron donor  
for a t r a n s m e m b r a n e  oxidoreductase  presen t  in 
the red cell m e m b r a n e .  NBT was  a s s u m e d  to be  
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NBT REDUCTION BY RED BLOOD CELLS 

TABLE II Effect of vi tamins C and E on the reduct ion of NBT by  RBCs 

615 

Sample ks (M- lmin  1) k9 (M 1rain 1) a 2 x(~lM) 

Control 1267.81 q- 0.11 (1.81 q- 0.24) x 10 a 0.96 3.27 • 0.28 
tControl + 40 ~M Vit. C 2692.91 + 295.60 (2.09 ± 0.53) x 105 0.56 43.27 ± 0.28 
tControl + 40 ~M Vit. E 507.13 :E 35.00 (9.72 ± 1.59) x 106 0.92 43.27 ± 0.28 
• Control + 40 ~M Vit. C 364.08 ± 52.00 (1.04 -{- 0.50) × 107 0.94 16.41 & 0.27 

Vitamins C and E modif ied  RBCs data fitted by assuming x equals control conc. + added  vitamin conc. (43.27 ~tM), adjusting 
only ks and k 9. 
* Vitamin C data fitted by adjusting k8, k9 and x. 

the electron acceptor for this reaction. This pro- 
cess would explain the reduction of membrane 
bound NBT by cytoplasmic ascorbic acid. An 
additional mechanism for the reaction of vitamin 
C with membrane bound NBT could involve the 
cycling between vitamin C and vitamin E,  [25"26] 

by which vitamin C re-oxidizes vitamin E. This 
process maintains the cellular membrane antioxid- 
ant capacity and would further reduce NBT. 
Both of these mechanisms do not necessarily 
predict a quantitative oxidation of vitamin C by  
membrane bound NBT. The contribution of 
only a fraction of the added vitamin C to the value 
of "x" is consistent with the smaller increase in 
NBT reduction for vitamin C (Figure 10). The 
analysis of the vitamin C data by adjusting both 
the value of "x" as well as ks and k9 is shown by 
the dashed line through the vitamin C data in 
Figure 10. In this case (Table II), the value of x 
increased by only 13.14 ~M which corresponds 
to 32.9% of the added vitamin C. As indicated 
by the solid line through the vitamin C data line 
in Figure 10, it was possible to fit the vitamin 
C data (although the fit was clearly not as 
good) increasing the value of x by 40 ~tM as done 
for vitamin E, and only adjusting the values for 
k8 and kg. 

The reduction of stearic acid nitroxide radicals 
incorporated into red cell membranes [27] by red 
cell antioxidants has previously been suggested 
as a method to evaluate the ability of red cell 
antioxidants to protect the red cell membrane. 
Surprisingly, even though the nitroxide is associ- 
ated with the membrane, vitamin E, associated 

with the membrane had almost no effect, while 
the dominant effect was attributed to cyto- 
plasmic vitamin C. The difference between 
our method and the nitroxide method [27] can be 
explained by the difference in the kinetics for the 
reactions of NBT and the spin label. Unlike the 
spin label, which only undergoes one reduction 
step, the subsequent reduction of the tetrazolinyl 
radical to the formazan, kg, is orders of magni- 
tude higher than the initial reduction, ks. This 
amplifies the effect of slowly reacting antioxid- 
ants. Thus, the NBT method is able to detect 
antioxidants which could not be detected by 
the spin label method. 

Notwithstanding the very rapid reaction of the 
tetrazolinyl radical with antioxidants, our NBT 
based assay requires that the antioxidant is either 
associated with the membrane and /o r  interacts, 
even transiently, with the membrane. Antioxid- 
ants which function exclusively in the cytoplasm 
should not reduce NBT. These antioxidants as 
well as enzymes with specific functionality which 
will not reduce NBT do not contribute to the anti- 
oxidant capacity measured by the NBT assay. 
Glutathione a cytoplasmic antioxidant present at 
high concentrations also does not react with NBT 
(Figure 9) even when added in solution, and can 
therefore not contribute to the NBT determined 
measure of antioxidants. 

NEM, a reagent which readily reacts with sulf- 
hydryl groups, does not directly react with NBT 
(Figure 9). Its reaction with cytoplasmic sulfhy- 
dryl groups including those on glutathione is 
not expected to influence the reduction of NBT 
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616 A.A. DEMEHIN et al. 

b y  red cells. Howeve r ,  N E M  also reacts wi th  
su l fhydryl  g roups  on m e m b r a n e  prote ins  and  
has  been  impl ica ted  as p rov id ing  oxidat ive 
stress to the red cell membrane .  I7'281 As s h o w n  

in Figure 2, red cell ghosts  in the absence of 
hemog lob in  do not  reduce  NBT. The same  result  
s h o w n  in Figure 2 was  obse rved  even  if the 
ghos t  su l fhydra l  g roups  were  b locked b y  N E M  
(data not  shown).  Oxidat ive  d a m a g e  to the red 
cell m e m b r a n e ,  which  alters hemog lob in  bind-  
ing explains the effect of N E M  on NBT reduct ion  
s h o w n  in Table III. It has  no  effect on the anti- 
oxidant  capacity,  " x ' ,  bu t  does p roduce  an in- 
crease in bo th  " m "  and  k4. 

The effect of m e m b r a n e  d a m a g e  on hemoglo-  
b i n - m e m b r a n e  interactions was  conf i rmed  b y  
react ing the red cell wi th  cum ene  hydrope rox -  
±de, which  reacts exclusively wi th  the m e m b r a n e  
and  is k n o w n  to d a m a g e  ~22~ the m e m b r a n e .  

C u m e n e  hyd rope rox ide  does  not  direct ly react 
wi th  NBT (Figure 9). Therefore,  the enhanced  
NBT reduct ion b y  cumene  hydroperox ide  should 
be  at t r ibuted to enhanced  b ind ing  of hemoglo-  
bin to the m e m b r a n e .  This predic t ion is consist- 
ent  wi th  the results  s h o w n  in Table IV where  no  
change in "x" was  observed,  bu t  increases in 
bo th  " m "  and  k4 were  observed.  

3.4. Re lat ionship  of x and m to Red Cell  
Membrane  Properties 

Our  analysis indicates that  the kinetics for the 
reduct ion of NBT b y  red b lood  cells p rov ides  
informat ion  regard ing  (1) the ant±oxidants avail-  
able to protect  the red  cell m e m b r a n e  f rom oxid- 
ative stress and  (2) the interactions be tween  
hemoglob in  and  the red cell m e m b r a n e .  The 
mode l  descr ibed above  was  used  to fit the NBT 
reduct ion  b y  RBCs for a n u m b e r  of different 
subjects. In fitting the data,  all the rate constants  
(Table I) we re  kep t  the same.  The only  var iable  
fitting pa rame te r s  were  " x ' ,  which  is a measu re  
of the red cell m e m b r a n e  ant±oxidant capaci ty  
and  "m" ,  which  reflects the interact ion of hemo-  
globin wi th  the m e m b r a n e .  

From the analysis  of the kinetics of NBT 
reduct ion  in RBC samples  f rom these different  
subjects, the range  of va lues  for "x" are be tween  
0.61 and  10.97~tM (Figure 11). These values  
should  reflect the total ant±oxidant capaci ty  of 
the red cell m e m b r a n e ,  which  should  include 
bo th  m e m b r a n e  associated ant±oxidants like 
v i t amin  E as well  as cytoplasmic  ant±oxidants, 
which  interact  wi th  the m e m b r a n e  a n d / o r  m e m -  
b rane  ant±oxidants, like v i t amin  C. There  is 

TABLE III Effect of N-ethylmaleimide (NEM) on the reduction of NBT by RBCs 

NEM 

Control RBC 5 mM 10 mM 50 mM 

x(10-6M) 1.46 + 0.11 1.46 i 0.11 1.46 -E 0.11 1.46 ± 0.11 
k4 (106M 1 rain-l) 2.11 ± 0.13 2.18 ± 0.17 2.67 ± 0.29 15.53 ± 3.06 
m(10 6 M) 0.42±0.02 0.44+0.02 0.5610.02 1.50±0.05 
R 2 0.92 0.80 0.92 0.88 

TABLE 1V Effect of cumene hydroperoxide on the reduction of NBT by RBCs 

CumOOH 

Control RBCs 20 ~M 30 ~Vl 40 ~tM 

x(10-6M) 7.07 + 0.52 7.07 ± 0.52 7.07 ± 0.52 7.07 + 0.52 
k4 (10 6M-lmin t) 2.11 ± 0.13 2.93 4- 0.88 8.60 ± 1.60 14.09 ± 1.71 
m (10-6M) 0.51 i 0.07 0.64 ± 0.11 0.69 i 0.09 0.79 i 0.06 
R 2 0.92 0.85 0.97 0.94 
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FIGURE 11 Correlation of membrane antioxidant capacity, 
"x', (for a 1 x 10-4M heine suspension) with age. 

isolated data on the level of certain antioxidants 
in the red cell, [29-33] and in one study [331 they 

determined the antioxidant chain breaking activ- 
ity in red cell membrane and plasma lipid 
extracts. This lipid extract contain only the lipid 
soluble antioxidants which were shown to pre- 
dominantly involve vitamin E. However, the 
antioxidant activity, measured in plasma by this 
method corresponded to only a fraction of the 
total plasma antioxidant activity [34] and was 
much less than the red cell value measured by 
our method (see below). Since no data is avail- 
able which estimates the total antioxidant capa- 
city in the red cell, we have compared the total 
antioxidant capacity determined in our study 
with the total antioxidant capacity reported for 
plasma. In order to make this comparison, it is 
necessary to correct our values of antioxidant 
capacity determined for a 1 x 10-4M heine sus- 
pension to the ~ 20 mM heme concentration pre- 
sent in red cells. [35] This correction results in a 
0.1-1.68 mM concentration of antioxidants in the 
red cell after normalizing for the hemoglobin 
concentration present in whole blood, which is 
within the range of the values of total antioxid- 
ant activity determined for the plasma by the 
"total radical-trapping antioxidant parameter 
(TRAP) analysis". [34'361 

1.5 

:c• 0"9 

5~ 

" ~  0.6 

- r  

0 . 3 i  

R = -0 .48 ,  p < 0 . 0 3  

I I , I , I i I i 

2 4 6 8 t 0  12  

Antioxidant capacity(pM) 

FIGURE 12 Negative correlation of membrane antioxidant 
capacity (for a 1 x 10 4M heine suspension) with concentra- 
tion of hemoglobin-membrane binding sites, "m' .  

From the analysis of the kinetics of NBT 
reduction in RBC samples the range of values 
for "m" was 0.29-1.36 ~tM (Figure 12). This para- 
meter should reflect the concentration of hemo- 
globin binding sites on the membrane which 
result in facilitated reduction of NBT dissolved 
in the red cell membrane. The strongest binding 
sites for hemoglobin to the membrane are on 
band 3. [12-14] There are, however, a greater 
number of weaker hemoglobin binding sites on 
the membrane, Ilsl which can also contribute to 
the facilitated NBT reduction. We have previ- 
ously [371 determined the stoichiometry for the 
interaction of hemoglobin with NBT incorpor- 
ated into red cell membranes by studying the 
enhanced rate of NBT reduction (see Figure 2), 
which depends on the hemoglobin/membrane 
ratio. On the basis of these earlier studies it 
was determined that there are - 7  x 106 hemo- 
globin tetramer sites which interact with 
membrane bound NBT per red cell. In order to 
relate the binding sites of hemoglobin to the 
membrane to our determination of "m" for a 
1 x 10-4M heme concentration, it is necessary to 
first estimate the number of cells present in our 
experiment in terms of the mean cell hemoglobin 
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618 A.A. DEMEHIN et al. 

(MCH) of ~ 30. [38] On the basis of this estimation 
an estimated value of "m" equal to 0.62 ~tM is 
predicted. This value is within the range found 
in the human subjects studied (Figure 12). 

3.5. A g i n g  Effect  o n  x a nd  m 

A number of red cell properties including cell 
v o l u m e  [391 and deformability [4°] have been 
shown to change during subject aging. It has 
been suggested that many of these changes are 
associated with enhanced oxidative stress 
experienced by the red cells in older subjects. 
This increased oxidative stress is thought to be 
associated with increased radical formation 
and /or  decreased antioxidant levels. [41[ We have 
studied 20 different subjects ranging from 34 to 
87 years of age. Our analysis indicates that the 
kinetics for the reduction of NBT by red blood 
cells provides information regarding (1) the 
antioxidants available to protect the red cell 
membrane from oxidative stress and (2) the 
interactions between hemoglobin and the red 
cell membrane. Figure 11 shows that as a func- 
tion of age the value of "x ' ,  the measure of the 
antioxidants available to protect the red cell 
membrane, significantly decreased (R=- .67;  
p < .002). This reflects a loss in the antioxidant 
capacity of the red cell membrane during aging. 
Despite results, which suggest that antioxidant 
levels in the plasma generally increase with 
age, [421 these results suggest that the red cell 
membrane should be more susceptible to oxid- 
ative damage in older subjects. This finding is 
however, consistent with the reported decrease I42] 
in total plasma antioxidant capacity in male sub- 
jects past 74 years of age. 

These results indicate that the red cell mem- 
brane in the aged has a lower antioxidant capa- 
city. A possible relationship between this lower 
antioxidant capacity and red cell oxidative 
damage is shown in Figure 12. In this figure it 
is shown that the antioxidant capacity "x" is 
negatively correlated with the concentration of 
hemoglobin membrane binding sites "m' .  This 

data suggests that an increase in the concentra- 
tion of hemoglobin membrane interactions may 
be associated with increased oxidative damage 
resulting from a lower level of membrane 
antioxidants. 

It has been reported [43[ that hemoglobin 
membrane interactions are regulated by the 
conformation of band 3, which is influenced by 
interactions with ankyrin, band 4.1 and glyco- 
phorin. Membrane damage, which influences these 
interactions, could increase hemoglobin binding. 
This hypothesis is supported by reports [441 that 
hemoglobin membrane interactions increase 
in old cells that have undergone oxidative dam- 
age. Furthermore, hemoglobin binding to the 
membrane provides a mechanism for oxidants 
generated during hemoglobin oxidation to 
escape the red cell protective processes. 11'371 This 
possibility suggests a synergistic relationship, 
whereby oxidative stress damages the membrane 
causing enhanced binding of hemoglobin to the 
membrane. This enhanced binding results in 
non-neutralized reactive oxygen species which 
further damage the red cell membrane amplify- 
ing red cell oxidative damage. 
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