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Abstract-Glucose metabolism and hemoglobin reactivity in intact human erythrocytes were assessed 
in the presence of the tryptophan metabolites, 3-hydroxyanthranilate (9HAT), quinolinate and pico- 
linate. Of these compounds, only 3-HAT altered red cell oxidative status by inducing, in a dose- 
dependent manner, formation of methemo~obin and non-fictions oxidation products of hemoglobin, 
and by increasing both net glycolytic flux and flux through the hexose monophosphate shunt. 3-HAT 
also decreased the normal lactate to pyruvate production ratio with pyruvale accumulating at the expense 
of lactate. These findings are consistent with the auto-oxidative reactivity of quinolinate, picolinate, and 
3-HAT in that only 3-HAT undergoes base-catalyzed auto-oxidation (Dykens et al., Biochem Pharmucol 
36: 211-217,1987). Lactate and pyruvate added to the medium in physiologic concentrations uncoupled 
oxidative glycolysis from reductive glycolysis, resulting in accumulation of pyruvate in the presence of 
3-HAT with little increase in total glycolytic flux. Superoxide dismutase (SOD), which accelerates 3- 
HAT auto-oxidation in oitro (Dykens et al., Biochem Pharmacol36: 211-217,1987), exacerbated HAT- 
mediated oxidative insult by increasing methemoglobin formation, hexose monophosphate shunt flux, 
and pyruvate accumulation. Persistence of 3-HAT-induced red cell metabolic responses and oxidative 
damage in the presence of SOD, DETAPAC (diethylenetriaminepentaacetic acid) and formate suggests 
that an organic-based radical, perhaps the anthranilyl radical produced during 3-HAT auto-oxidation, 
is the proximate agent exerting oxidative stress. Slow rates of auto-oxidation indicate that 3-HAT may 
be useful as a probe of antioxidant mechanisms in normai and diseased red blood cells. 

The oxidative reactivity of t~ptoph~ metabolites 
in the kynurenine pathway warrants further exam- 
ination because tryptophan loading, used as a “nat- 
ural” soporific, not only induces the enzyme 
tryptophan oxygenase, the rate-limiting enzyme 
leading to the kynurenine pathway, but also com- 
petitively inhibits tryptophan hydroxylase, the initial 
enzyme in the pathway leading to serotonin syn- 
thesis. Both responses act to increase levels of metab- 
olites from the kynurenine pathway in both blood 
and brain following tryptophan loading [l-5]. 
Among the metabolites arising in the kynurenine 
pathway, 3-hydroxyanthranilate (3-HAT) has been 
shown to possess auto-o~dative reactivity [6-111, 
and to be potentially carcinogenic (12-14, but see 
151. Moreover, quinolinate, a dicarboxylic purine 
also arising in the kynurenine pathway and found in 
human brain [16], is a potent convulsant [2,17] that, 
when introduced directly into the striatum, can 
induce neuronal degeneration in rats similar to that 
observed in Huntington’s disease [IS]. Unlike 3- 
HAT, however, quinolinate demonstrates no oxi- 
dative reactivity in u&o [6; present data]. This obser- 
vation, in light of reports that quinolinate is an 
agonist at the N-methyl-D-aspartate (NMDA) bind- 
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ing site and is physiologically active there [B-20], 
supports the suggestion [6,18] that the neurotoxicity 
of quinolinate is attributable to its structural simi- 
larity to other dicarboxylic excitotoxins [ 18-241, and 
not to generation of cytotoxic by-products of auto- 
oxidation. 

Earlier cell-free experiments [6] have shown that 
3-HAT auto-oxidation is accelerated by both 
superoxide dismutase (SOD) and catalase, enzymes 
classically considered antioxidants. 3-HAT auto-oxi- 
dation is believed to be a two-step process with 
formation of superoxide and anthranilyl radicals pre- 
ceding condensation reactions that eventually yield 
the pigment cinnaba~nat~ [6-111. It has been pro- 
posed [6,8, 111 that SOD and catalase potentiate 3- 
HAT by removing 0; and H202, thereby preventing 
reverse reactions with initial 3-HAT auto-oxidation 
products such as the anthranilyl radical and semi- 
quinoneimine. Prevention of reverse reactions 
probably allows accumulation of other products of 
3-HAT auto-oxidation including hydroxyl and/or 
organic-based radicals in addition to the above- 
mentioned superoxide, hydrogen peroxide and cin- 
nabarinate (61. 

Tomoda et al. [ 111 reported that, when red cells are 
incubated with 3-HAT, oxyhemogtobin is oxidized 
to methemoglobin, and other oxidized metabolites, 
while cinnaba~nate accumulates in the medium. 
However, this work predates publication of data on 
the pH sensitivity of 3-HAT auto-oxidation [6] and 

1555 



1556 J. A. DYKENS, S. G. SULLIVAN and A. STERN 

does not include assessment of 3-HAT auto-oxi- 
dation rates in the absence of hemoglobin. In 
addition, many studies of red cell metabolic 
responses to oxidative stress are carried out with cells 
incubated in buffered phosphate medium despite 
reports that physiologic (plasma) concentrations of 
lactate and pyruvate in the incubation medium 
uncouple the two functions of glycolysis, i.e. ATP 
and NADH production [25,26]. Accordingly, we 
have examined the effects of these tryptophan 
metabolites on red cell glucose metabolism and 
hemoglobin reactivity, paying particular attention to 
the pH sensitivity of 3-HAT auto-oxidation. Like- 
wise, to model in viuo conditions more accurately, 
red cell glycolytic responses to 3-HAT auto-oxi- 
dation were also examined in the presence of exogen- 
ous lactate and pyruvate. 

MATERIALS AND METHODS 

Red cell preparations. Adult human blood from 
healthy volunteers was drawn daily into tubes con- 
taining 3.8% sodium citrate. After centrifugation, 
plasma and white cells were removed, and the red 
cells were washed three times in an equal volume 
of 0.9% NaCl. Methemoglobin-containing red cells 
were prepared by suspending packed red cells in an 
equal volume of 0.5% NaN02, 0.45% NaCl and 
incubating for 10min at 25”. To remove excess 
NaNO,, cells were washed five times in 0.9% NaCl. 
Red cells containing carbonmonoxyhemoglobin 
were prepared by sparging a 25% (v/v) red cell 
suspension in Krebs-Ringer phosphate buffer 
(120 mMNaCh4.7 mMKC1; 1.3 mMCaCl2; 1.2 mM 
KH,PO,; 1.2mM MgS04; 16.2mM NaH2P04, 
pH 7.4) with CO until the visible spectra of red cell 
lysates reached a maximum at 569 nm. Red cells 
containing carbonmonoxyhemoglobin were then col- 
lected by cent~~gation and resuspended in Kreb- 
Ringer phosphate buffer previously sparged with CO 
(PO, < 5 torr). Incubations of cells containing 
carbonmonoxyhemoglobin were carried out under 
100% co. 

Incubation conditions and assays. Incubations with 
the indicated concentrations of tryptophan metab- 
olites were carried out at 37” in stoppered lo-ml 
Erlenmeyer flasks containing 25% (v/v) red cell sus- 
pensions in Krebs-Ringer phosphate as described 
above containing 5 mM glucose (KRG). 3-Hydroxy- 
anthranilic acid (Sigma Chemical Co., St. Louis, 
MO) is not very soluble at pH values near neutrality, 
a factor exacerbated by the pH-dependent nature of 
3-HAT auto-oxidation [6]. Accordingly, a 187.5 mM 
stock solution of 3-HAT was prepared daily in 
1.0 mM KCl, 0.1 M HCl, and 10 M HCl was added 
dropwise until all the 3-HAT dissolved (5-6 drops). 
The final pH was 2.0, a pH at which 3-HAT auto- 
oxidation does not occur at appreciable rates [6]. 
The stock 3-HAT solution was titrated to neutrality 
with 10 M NaOH immediateIy before addition to red 
cell suspensions. Both quinolinate (2,3-pyridine- 
dicarboxylic acid) .and picolinate (Zpyridinecar- 
boxylic acid), obtained from the Aldrich Chemical 
Co. (Milwaukee, WI), were dissolved in 100 mM 
phosphate buffer and the pH was adjusted to 7.4. 
Superoxide dismutase (Sigma Chemical Co.) was 

diluted in 100 mM sodium phos hate buffer (pH 7.4) 
to a concentration of 10 units P ~1. Catalase in phos- 
phate buffer (88,823 units/ml) was obtained from 
~albiochem-Behring (La Jolla, CA). DETAPAC 
(diethylenet~aminepentaacetic acid) and formate 
were obtained from Sigma. 

Oxyhemoglobin (HbO*), methemoglobin (Hb3’) 
and intact hemoglobin (defined as the sum, 
HbOZ + Hb3+) were measured by the method of 
Harley and Mauer [27] with modifications as pre- 
viously described (281. 

Flux through the hexose monophosphate shunt 
was monitored by following r4C02 formation from 
[U-14C]glucose as described by Trotta et al. [29]. U- 
14C-Labeled glucose was used rather than 1-14C- 
labeled so that all hexose monophosphate shunt 
(HMS) flux, including recycling of pentoses, could 
be assessed [25,26]. 

Pyruvate and lactate in the medium and red cell 
compartments were assayed by the method of Beut- 
ler [30] with previously described modifications 
[2S, 261. 

RESULTS 

Red cells incubated in the presence of 3-hydroxy- 
anthranilate accumulated methemoglobin and non- 
intact hemoglobin in direct proportion to the amount 
of 3-HAT present in the incubation medium (Table 
1). Conversely, at even higher concentrations, 
neither quinolinate nor picolinate induced formation 
of methemoglobin or non-intact hemoglobin above 
control levels (Table 1). 

In the presence of 2.5 mM 3-HAT, amounts of 
oxy-, met- and non-intact hemoglobins were altered 
significantly by the addition of superoxide dismutase, 
catalase, DETAPAC and formate in various com- 
binations to the incubation medium (Table 2). 
Addition of superoxide dismutase, either alone or in 
conjunction with catalase, increased methemoglobin 
accumulation 2-fold with no corresponding increase 
in non-intact hemoglobin. Although catalase 
appeared to reduce the formation of non-intact 
hemoglobin by half (Table 2), large variability rend- 
ered the effect not significant at P < 0.05. 
DETAPAC and formate, separately or together, 
prevented all 3-HAT-induced accumulation of 
methemoglobin and non-intact hemoglobin, except 
when SOD was also present (Table 2). 

The effects of 3-HAT, quinolinate and picolinate 
on hexose monophosphate shunt activity are pre- 
sented in Fig. 1. Neither quinolinate nor picolinate 
altered HMS flux compared to controls. However, 
HMS activity increased directly with increasing 3- 
HAT concentrations (r = 0.90, N = 66, P < O.OOl), 
showing an 8- and 17-fold acceleration in the pres- 
ence of 2.5 and 10.0 mM 3-HAT respectively (Fig. 
1). In red cell suspensions depleted of O2 via sparging 
with either NZ or CO, 3-HAT increased shunt activity 
to approximately one-half the activity seen in the 
presence of O2 (Fig. 1). HMS activities in methemo- 
globin-containing cells exposed to 3-HAT under nor- 
moxie conditions were similar to those seen in cells 
with unaltered hemoglobin red/ox status (Fig. 1). 

The presence in the incubation medium of physio- 
logic concentrations of lactate and pyruvate had no 
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Table 1. Percentages of oxyhemoglobin, methemoglobin and non-intact hemoglobin isolated from 
intact RBCs after a 1-hr incubation in the presence of the tryptophan metabolites 3-hydroxy- 

anthranilate (3-HAT), quinolinate, or picolinate at the indicated concentrations 

Concentration 
(mM) 

Non-intact 
N Oxyhemoglobin (%) Methemoglobin (%) hemoglobin (%) 

3-HAT 
0.0 
1.0 
2.5 
5.0 
Quinolinate 
2.5 
5.0 
7.5 
Picolinate 
2.5 
5.0 
7.5 

30 100.0 f 2.4” 2.3 + 1.2” 0.0 2 0.0” 
5 82.8 f 4.0h 10.8 k 4.0b 6.2 * 7.2” 

11 73.3 2 14.9s 11.6 t 6.6b 12.9 t 11.7” 
5 39.1 ‘- 8.1’ 38.2 k 8.2’ 22.8 ” 14.gb 

5 98.5 2 1.2” 1.8 ? 0.9” 0.0 r 0.0” 
5 99.0 -e 0.8” 2.2 2 1.1” 0.0 -+ 0.0” 
5 98.8 2 1.9” 2.1 z 1.3” 0.0 2 0.0” 

5 97.8 2 1.5” 1.7 + 0.8” 0.0 * 0.0” 
5 98.8 2 1.3” 2.1 + 1.1” 0.3 2 0.2” 
5 98.5 2 0.8” 1.9 2 0.6” 0.0 t 0.0” 

Values are means (2 SD, N indicated). Means significantly different at P < 0.05, one-way ANOVA 
following arcsine transformation, have different superscripts. Temp. = 37”, pH 7.4. 

Table 2. Percentages of oxyhemoglobin, methemoglobin and non-intact hemoglobin isolated from intact RBCs following 
a 1-hr incubation in the presence of auto-oxidizing 3-HAT (2.5 mM) plus excess superoxide dismutase (2000 units/ml, 
SOD), excess catalase (660 units/ml, CAT), diethylenetriaminepentaacetic acid (DETAPAC, 2.5 mM), and formate 

(FORM, 2.5 mM) 

Addition 
Non-intact 

N Oxyhemoglobin (%) Methemoglobin (%) hemoglobin (%) 

Control* 30 
3-HAT* 11 
3-HAT + 

SOD 8 
CAT 11 
SOD + CAT 9 
DETAPAC 4 
FORM 4 
DETAPAC + FORM 4 
SOD + DETAPAC 4 
SOD + FORM 4 
SOD + DETAPAC + FORM 4 

100.0 f 2.4” 2.3 2 1.2” 0.0 ? 0.0” 
73.3 IL 14.9b 11.6 2 6.6b 12.9 ? 11.7” 

49.8 * 17.2’ 26.4 2 8.1c 12.0 f 9.1” 
75.8 IL 15.3b 17.6 f 10.gbC 6.7 f 8.9” 
56.3 k 18.0” 27.4 f 20.0” 13.7 k 10.9a 
99.2 f 1.4” 0.5 2 0.6” 0.0 2 0.0” 
97.6 f 2.1” 1.3 * 1.2” 0.4 k 0.6a 
98.3 f 2.2” 2.0 5 1.1” 0.0 f 0.0” 
84.6 * 4.gab 10.9 -1- 9.7b 7.6 k 4.2” 
71.6 + 12.4b 22.6 k 18.9k 11.3 * 9.7” 
69.4 2 7.5b 24.4 2 11.3k 8.9 2 8.8” 

Values are means (k SD, N indicated). Means significantly different at P < 0.05, one-way ANOVA following arcsine 
transformation, have different superscripts. Temp. = 37”, pH 7.4. 

* Data from Table 1. Ratios indistinguishable from controls were found when cells were incubated with SOD, catalase, 
DETAPAC or formate in the absence of 3-HAT. 

effect on stimulation of pentose shunt activity by 3- 
HAT (Table 3). As was the case concerning for- 
mation of reduced and non-intact hemoglobin (see 
Table l), superoxide dismutase in the medium, either 
alone or with catalase, increased the 3-HAT-induced 
acceleration of hexose monophosphate shunt activity 
(Table 3). However, the presence of catalase alone 
did not potentiate 3-HAT-induced acceleration of 
HMS flux (Table 3). 

In KRG (Krebs-Ringer phosphate containing 
5 mM glucose) lacking pyruvate and lactate, both 
pyruvate accumulation and total glycolytic flux 
(= sum of net accumulation of lactate plus pyruvate) 
increased in direct proportion to 3-HAT con- 
centration (Fig. 2). These increases in pyruvate 
accumulation and total glycolysis occurred in the 
absence of significant increases in lactate accumu- 

lation (Fig. 2). Physiologically reasonable con- 
centrations of lactate plus pyruvate (2.0 and 0.1 mM 
respectively) in the incubation medium permitted 
more substantial accumulation of pyruvate, par- 
ticularly at 3-HAT concentrations above 1.5 mM, in 
conjunction with no significant changes in lactate 
accumulation (Fig. 2). Total glycolytic flux increased 
in a manner similar to that seen in the absence 
of exogenous lactate and pyruvate. The effects of 
exogenous lactate and pyruvate are better revealed 
by examining the molar ratio between the accumu- 
lated lactate and pyruvate. In the absence of lactate 
and pyruvate, the normal ratio between accumulated 
lactate and pyruvate, 4.8 (k1.3 SD, N = 16), 
declined in response to increasing 3-HAT con- 
centrations to 1.33 (~0.5 SD, N = 4) in the presence 
of 7.5 mM 3-HAT. At no 3-HAT concentration used 
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Fig. 1. Hexose monophosphate shunt activity in red blood cells during a I-hr exposure to the indicated 
concentrations (mM) of the tryptophan metabolites 3-hydroxyanthranilate (3-HAT) in normoxic 
cells (0, N = 36) or following either sparging of the flask with N2 (m, N = 6) or carbon monoxide 
(0, N =4), and in the presence of red cells containing methemoglobin (0, N = 6). HMS activity in red 
blood cells exposed to the indicated concentrations (my) of quinolinate (V, N = 6) or picolinate 
(A, N = 6). Values are pmol CO* X lo-**ml ~~~;~:hr- (mean rt SD, N indicated). Temp. = 37”, 

Table 3. Hexose monophosphate shunt activity in red blood ceils during a I-hr exposure to 
2.5 mM 3-hydroxyanthr~ilate (3-HAT) plus excess superoxide dismutase (2000 units/ml, 
SOD), excess catatase (~units/ml, CAT), or both (SOD/CAT), and in the presence of 

physiologic con~ntrations of lactate and pyruvate 

CO* [ymol x 10-2+(ml RBC))‘*hr-‘1 

Additions 

0.0 
3-HAT 
3-HAT + SOD 
3-HAT + CAT 
3-HAT + SOD + CAT 

2.89 2 1.43 (14) 
28.31 + 6.02b (21) 
63.64 2 14.81’ (14) 
32.62 5 8.50b (14) 
61.68 2 15.13’ (14) 

2.0 mM Lactate + 0.1 mM 
Pyruvate 

2.39 * 0.65” (11) 
23.40 + 4.74b (8) 
63.59 t 7.60’ (8) 
23.83 z!z 1.41b (8) 
60.06 -c 10.91’ (7) 

Values are means C SD (N indicated in parentheses). Means not significantly different at 
P < 0.001 (one-way ANOVA, Student-Newman-Keuls) share superscripts. Values indis- 
tinguishabie from controls were obtained when cells were incubated with SOD, cataiase, 
and both together (data not shown). Temp. = 37”, pH 7.4. 

did pyruvate account for more than 45% of the total further, to 0.44 (kO.09 SD, N = 4) at 7.5 mM 3- 
glycolytic flux when lactate and pyruvate were absent HAT, with pyruvate accounting for fully 81% of the 
(Fig. 2). However, in the presence of exogenous total glycolytic flux and lactate for less than 20% 
lactate and pyruvate, the molar ratio between (Fig. 2). Thus, although total glycolytic flux increased 
accumulated lactate and pyruvate declined even similarly in the absence and presence of exogenous 
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Fig. 2. Net pyruvate and lactate production in intact red blood cells during a 1-hr incubation in KRG 
containing the indicated concentrations of 3-hydroxyanthranilate (3-HAT) either in the absence (striped 
bars), or in the presence (solid bars), of physiologic concentrations of pyruvate and lactate (2.0 and 
0.1 mM respectively). Values are nmol pyruvate or lactateem RBC’a hr-r (mean k SE, N = 4 except 
where indicated). Temp. = 37”, pH 7.4. Two-way ANOVA for pooled lactate data reveals no significant 
effects of 3-HAT concentration or exogenous lactate and pyruvate. However, both pyruvate accumu- 
lation and total glycolytic flux increased directly with 3-HAT concentration (pyruvate: y = 0.11x + 0.33, 
r = 0.73, N = 34, P < 0.001; total flux: y = 0.18x + 1.68, r = 0.84, N = 34, P < 0.001). Means not 

significantly different at P < 0.05 (two-way ANOVA, Student-Newman-Keuls) share superscripts. 

lactate and pyruvate, when lactate and pyruvate were 
present, increases in total flux were due to pref- 
erential accumulation of pyruvate over lactate. 

Total glycolytic flux and the ratio between accumu- 
lated lactate and pyruvate in cells incubated with 
quinolinate or picolinate at 5.0 and 7.5 mM were 
indistinguishable from controls (data not shown). 
This was true regardless of whether lactate and pyru- 
vate were present in the medium. 

The presence of SOD increased production of 
pyruvate in cells incubated with 3-HAT without a 
corresponding increase in lactate accumulation 
(Table 4). However, this increase in pyruvate, 
coupled with slightly higher lactate production, 
resulted in a significant increase in total glycolytic 
flux. Exogenous catalase did not elevate pyruvate or 

lactate production above levels seen with 3-HAT 
alone. Addition of both SOD and catalase did not 
increase pyruvate accumulation or total glycolytic 
flux above levels seen with only SOD present (Table 
4). 

DISCUSSION 

Red cells incubated in the presence of 3-HAT 
accumulated methemoglobin and non-intact hemo- 
globin in direct proportion to 3-HAT concentration. 
In a dose-dependent manner, exposure to 3-HAT 
also increased flux through hexose monophosphate 
shunt, pyruvate formation, and net glycolytic flux 
as reflected by the accumulation of pyruvate plus 
lactate. In contrast, even at concentrations of up to 
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Table 4. Net pyruvate and lactate production in intact red blood cells during a 1-hr incubation in 
the presence of auto-oxidizing 3-HAT (2.5 mM) plus excess superoxide dismutase (2000 units/ml, 

SOD), or excess catalase (660 units/ml, CAT) 

Addition N Pyruvate* Lactate* Sum of lactate + pyruvate* 

Control 9 0.30 2 0.05” 1.37 r 0.73” 2.04 -+ 0.53” 
3-HAT 6 0.56 + 0.15b 1.55 t 0.54” 2.70 2 1.2@ 
3-HAT + SOD 6 0.75 2 0.18C 1.79 * 0.54” 2.51 IT 0.63’ 
3-HAT + CAT 6 0.63 ? 0.13bC 1.68 + 0.54” 2.40 -+ 0.61” 
3-HAT + SOD -t CAT 6 0.74 2 0.09’ 1.63 r 0.49” 2.37 ? 0.51’ 

Values are means i SD (N indicated). Temp. = 37”. pH 7.4. Means not significantly different at 
P < 0.05 (one-way ANOVA, Student-Newman-Keuls) share superscripts. 

* Expressed in pmol.(ml RBC))‘*hrr’. 

7.5 mM, neither quinolinate nor picolinate had any 
effect on hemoglobin status, HMS activity or gly- 
colytic flux. These findings are in accord with the 
previously-reported oxidative reactivity of these 
compounds: 3-HAT undergoes base-catalyzed auto- 
oxidation [6-111, whereas neither quinolinate nor 
picolinate exhibits oxidative reactivity under ident- 
ical conditions [6]. Although 3-HAT auto-oxidation 
eventually yields the pigment cinnabarinate via con- 
densation reactions, during auto-oxidation a variety 
of reactive intermediates including HZ02, super- 
oxide, anthranilyl and semiquinoneimine radicals are 
generated [6-111. These reactive species are capable 
of oxidizing hemoglobin in solution to non-functional 
forms and can bleach the final product, ~innabarinate 
16,111. 

In cell-free experiments, 3-HAT auto-oxidation 
was not accelerated by catalase or by either hemo- 
globin or methemoglobin in solution, although inter- 
conversion between the two forms of hemoglobin 
occurs [6]. Conversely, superoxide dismutase accel- 
erated 3-HAT auto-oxidation 400%, probably by 
preventing back reactions between superoxide and 
anthranilyl radicals (or quinoneimine) formed during 
the initial events of auto-oxidation [6]. Acceleration 
of 3-HAT auto-oxidation by SOD was also shown in 
the present experiments using intact red cells in that, 
at all 3-HAT concentrations examined, addition of 
SOD to the incubation medium exacerbated 
methemoglobin formation (Table 2), increased 
hexose monophosphate shunt activity (Table 3), and 
stimulated net glycolytic flux with preferential 
accumulation of pyruvate (Table 4). The worsening 
of hemoglobin oxidative damage and increased 
mobilization of red cell metabolic oxidative defenses 
observed in the presence of SOD argues that the 
major agent exerting oxidative stress is not super- 
oxide anion, but rather either Hz02 or an 
organic-based radical such as semiquinoneimine or 
anthranilyl. 

Catalase prevents bleaching of cinnabarinate by 
HzOz in cell-free experiments, but does not accel- 
erate 3-HAT auto-oxidation [6]. Likewise, catalase 
had no effect on the formation of met- and non-intact 
hemoglobin in intact cells, or on the stimulation of 
hexose monophosphate shunt and glycolysis induced 
by 3-HAT. The failure of catalase to diminish red 
cell metabolic responses to auto-oxidizing 3-HAT, 
coupled with the observed worsening of hemoglobin 

oxidative damage in the presence of SOD, provides 
additional circumstantial evidence that an organic- 
based radical, not Hz02 or superoxide anion, is the 
agent inflicting oxidative stress. 

Except when SOD was also present, both 
DETAPAC, a chelator which removes iron reac- 
tivity, and formate, an effective hydroxyl radical 
scavenger, prevented the accumulation of methem- 
oglobin and non-intact hemogIobin normally induced 
in red cell suspensions by 3-HAT auto-oxidation 
(Table 2). Interconversion between oxyhemoglobin 
and methemoglobin observed in cell-free experi- 
ments suggests the presence of one-electron donors 
and acceptors such as 3-HAT, quinoneimine, 
superoxide and anthranilyl radicals, as well as oxid- 
ized or reduced transition metal cations 16, 111. For- 
mation of non-functional hemoglobin derivatives in 
solution [6] and in intact cells implies irreversible 
oxidative attack by intermediates such as H202 and 
hydroxyl radicals. Complete protection against 
hemoglobin oxidation in intact cells during 3-HAT 
exposure by both DETAPAC and formate (Table 2) 
implicate transition metals and hydroxyl radicals in 
3-HAT-mediated oxidative damage. However, the 
failure of catalase to prevent hemoglobin oxidative 
damage in intact cells suggests that direct attack by 
HZ02 is not the primary mechanism of hemoglobin 
oxidation, and also that hydroxyl radical from metal- 
catalyzed Fenton reactions which require H202 is not 
the major oxidatively damaging compound. Indeed, 
hemoglobin oxidation continued unabated even 
when SOD, formate and DETAPAC were added 
together, further supporting the suggestion that an 
organic, not oxygen-based, radical is the agent 
responsible for oxidative damage. 

Experiments on HMS activity in hypoxic cells 
(either NZ or CO sparged) exposed to 3-HAT also 
support findings from cell-free experiments [6] with 
several interesting exceptions. In the absence of cells, 
3-HAT auto-oxidation can be followed by moni- 
toring either O2 consumption or cinnabarinate for- 
mation [6]. When cell-free suspensions are depleted 
of oxygen by Nz-sparging, no cinnaba~nate is 
formed. However, in red cell suspensions depleted 
of oxygen by sparging with N2 or CO, HMS flux was 
accelerated to fully half the rates obtained under 
normoxic conditions, indicating that 3-HAT auto- 
oxidation persists during anoxia (Fig. 1). It should 
be noted in this context that the red ceil provides 
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electron sinks other than oxygen capable of sup- 
porting 3-HAT auto-oxidation [29]. Acceleration of 
HMS due to 3-HAT was also not affected by the 
hemoglobin oxidation state: rates of HMS flux in 
cells containing either oxyhemoglobin or methem- 
oglobin increased with 3-HAT concentration in a 
similar manner. This is consistent with results from 
cell-free experiments in which both oxyhemoglobin 
and methemoglobin are shown to interact with prod- 
ucts of 3-HAT auto-oxidation, but not to alter rates 
of overall auto-oxidation 161. 

The role of red cell glycolysis as a source of anti- 
oxidant reducing equivalents has been subject to 
misinterpretation because glycolytic responses to 
oxidative stress are often expressed in terms of glu- 
cose utilization, which serves as an index of red 
cell ATP and/or 2,3-diphosphoglycerate (2,3-DPG) 
production, but does not necessarily reflect util- 
ization of reducing potential [25,26]. Likewise, 
assessment of glycolytic antioxidant activity by moni- 
toring lactate accumulation is also misleading 
because lactate production represents storage of 
reducing equivalents and implies no net utilization 
of reducing potential by the red cell. Conversely, 
pyruvate accumulation directly reflects glycolytic 
antioxidant potential because each mole of pyruvate 
accumulated during oxidative stress indicates util- 
ization of 2 electron equivalents. In the absence of 
exogenous lactate and pyruvate, increased glycolytic 
production of reducing equivalents during oxidative 
stress is unavoidably coupled with increased ATP or 
2,3-DPG turnover. When present at close to equi- 
librium concentrations for lactate dehydrogenase 
(LDH), exogenous lactate and pyruvate allow util- 
ization of reducing equivalents formed in glycolysis, 
i.e. preferential accumulation of pyruvate, without 
concomitant increases in glycolytic flux or ATP pro- 
duction. In this way, exogenous lactate and pyruvate 
uncouple the two functions of glycolysis, i.e. ATP 
and NADH production [2.5,26]. 

Red cells exposed to 2.5 mM 3-HAT showed a 
4-fold increase in pyruvate accumula~on which, 
coupled with a slight but insignificant increase in 
lactate, yielded a significant increase in total end- 
product accumulation (Fig. 2). This preferential 
accumulation of pyruvate at the expense of tactate 
indicates use of reducing potential generated by gly- 
colysis. However, when lactate and pyruvate were 
available in the medium in physiologic concen- 
trations, pyruvate accumulated to an even greater 
extent without concomitant increases in lactate 
accumulation: total glycolytic flux increased similarly 
in the presence and absence of exogenous lactate 
and pyruvate, but the proportion of this increase due 
to pyruvate was doubled when exogenous lactate and 
pyruvate were available (Fig. 2). Thus, exogenous 
lactate and pyruvate uncouple red cell oxidative gly- 
colysis from reductive glycolysis, allowing pro- 
duction of reducing potential without associated 
ATP turnover 125,261. It should be emphasized that 
exogenous lactate and pyruvate did not serve as a 
net electron source or sink because the amounts of 
both increased in the red cell suspensions during 
the 1-hr incubation, i.e. the data presented are net 
production. 

Finally, red cell responses to 3-HAT auto-oxi- 

dation ( pyruvate accumulation, increased HMS flux, 
and hemoglobin oxidation and/or decomposition) all 
increased in a roughly linear manner with increasing 
3-HAT concentration. This correlation suggests that 
the mechanism(s) whereby 3-HAT induces oxidative 
stress is consistent over the range of concentrations 
used in the present study. This consistency, coupled 
with slower rates of auto-oxidation compared to 
other compounds used to study red cell oxidative 
metabolism [29,31], suggest that 3-HAT may be 
useful as a probe of antioxidant mechanisms not only 
in red blood cells, but in other cells as well. 
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