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From time to time it has been postulated 
that in erythrocytes the glutathione, glutath- 
ione reductase (GSSG-R) system plays an im- 
portant intermediary role in certain chemical- 
ly induced increases in glucose oxidation via 
the hexosemonophosphate pathway (HMP)  , 
e.g., those which occur in presence of hydro- 
gen peroxide (1)  or in association with 
methemoglobinemia (2 ) .  The present research 
was initiated on the premise that specific 
GSSG-R inhibitors, used a t  appropriate dos- 
age, should inhibit only those chemically in- 
duced increases in erythrocyte H M P  rate 
wherein the glutathione, GSSG-R system 
does play such a role. Sodium chromate 
( NazCr04), hereinafter referred to as chro- 
mate, was used because of the evidence 
presented by Koutras et al. (3,  4) that i t  
specifically inhibits human erythrocyte 
GSSG-R. Use of 2,5-dinitrobenzoic acid 
(DNBA) has been predicated on the report 
by Buzard and Kopko ( 5 )  that this com- 
pound is a potent inhibitor of rat erythrocyte 
GSSG-R. I t  soon became clear that DNBA 
was much more selective than chromate in 
respect to the kinds of chemically induced 
increases in erythrocyte H M P  rates which it 
would inhibit. This in turn led to experimen- 
tation to elucidate what reaction (s) chromate 
might inhibit in addition to that catalyzed 
by GSSG-R. The H M P  stimulating com- 
pounds used (cf. 1, 2,  6-10) were selected 
with reference to expectation that they would 
or would not utilize the glutathione, GSSG- 
R system, as follows: To utilize system, hy- 
drogen peroxide (Hz02) and oxidized gluta- 
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thione (GSSG) ; not to utilize system, methy- 
lene blue, new methylene blue, and the oxid- 
ized sodium salt of nicotinamide adenine 
dinucleotide phosphate (NADP+ ) ; not readi- 
ly predictable, L-cysteine (CHS) , reduced 
glutathione (GSH), dehydroascorbic acid 
(DHA),  ascorbic acid (AA). Since GSSG 
and NADP+ penetrate very poorly if a t  all 
into erythrocytes, these compounds were used 
only in hemolysate experiments. 

Materials and Methods. Aqueous solutions 
were prepared in glass distilled water. 
( 14C1)-D-gluc0se was obtained from Volk; 
other labeled substrates from Nuclear- 
Chicago. Specific activities were in the range 
1-3 mCi/mmole. Compounds obtained from 
Sigma included disodium adenosine- 
Striphosphate (ATP) , GSSG, GSSG-R, he- 
parin, type 111 yeast hexokinase, and 
NADP+. Hyamine, POPOP, and PPO came 
from Packard Instrument Co.; Na2EDTA 
from Matheson, Coleman and Bell; DNBA 
from Eastman Organic Chemicals; anhydrous 
unlabeled D-glucose from Mallinkrodt ; GSH 
from General Biochemicals; methylene blue 
and new methylene blue from Allied Chemi- 
cals: 5,5-dithiobis-2-nitrobenzoic acid (BIS) 
from Aldrich Chemical Co. Other chemicals 
used, all reagent grade, came from Fisher 
Scientific Co. Scintillation fluid contained 4 g 
of PPO and 0.5 g of POPOP/liter spectral 
quality toluence. Krebs-Ringer phosphate 
buffer of pH 7.4 was prepared by mixing: 
0.9% NaCl, 100 vol; 1.15% KCl, 4 vol; 
1.227% CaClg, 1.5 vol; 3.82% MgSO4*7Hz0, 
1 vol, 0.1 M sodium phosphate buffer of pH 
7.4, 21 vol. The white rats used, mostly 
males, were obtained from Laboratory Supply 
Co., Indianapolis, Ind., and a t  time of sac- 
rifice had body weights between 250 and 350 
g. Food and water were given ad libitum. 
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Each rat provided erythrocytes for a single 
set of H M P  rate estimations (cf. Tables). 
Each heparinized blood sample was centri- 
fuged at  4" and 1500g for 20 min, after 
which the plasma and buffy coat were re- 
moved. The packed erythrocytes were washed 
three times using 0.9% NaCl and suspended 
to hematocrit of 25 5% in the 
Krebs-Ringer. Hemolysates were prepared by 
subjecting such erythrocyte suspensions to 
ultrasonication at  4' using a Branson sonifier 
cell disruptor set to read 4-5 A. Smears 
exhibited some crystals but no intact cells. 

Incubation and 14C counting mixtures and 
procedures. The water bath incubators (Dub- 
noff; Warner-Chilcott) were set a t  37" and 
70 oscillations/min. Each incubation mixture 
per 50-ml Erlenmeyer incubation flask con- 
sisted of 0.8 ml of erythrocyte suspension or 
hemolysate prepared as described above, plus 
1.2 ml of Krebs-Ringer containing the de- 
sired chemicals (final hematocrit or equiva- 
lent, 10 t 2 % ) .  When the labeled substrate 
used with a hemolysate was glucose the incu- 
bation mixture also contained, per ml, 5 
pmoles of ATP and 0.5 extra pmoles of 
MgS04. Each incubation flask was sealed with 
a serum cap from which was suspended a 
glass tube containing 0.5 ml of hyamine, to 
trap ' T O ,  formed. After 60 min incubation 
each hyamine tube was placed upside down in 
a counting vial containing 8 ml of scintillation 
fluid. The 14C counts were obtained using an 
appropriately programmed Packard Tri-Carb 
model 3 14EX Liquid Scintillation Spectrom- 
eter. For each set of incubation flasks a 
FULL COUNT vial was also prepared, which 
contained 4 ml of 100% ethanol, 0.5 ml of 
hyamine, 8 ml of scintillation fluid and 0.4 
ml of labeled substrate in incubation mix- 
ture. The counts so obtained were used to 
estimate the ratios, 14C/mmole of glucose, 
needed to convert 14C02 counts to mmoles of 
glucose. In the earlier experiments, all done 
using substrates labeled at  carbon 1 only, it 
was found impractical to estimate terminal 
erythrocyte NPSH and methemoglobin con- 
centrations, and also include the acid addi- 
tion, reincubation step to drive over dissolved 
I4CO2. This step was included in the experi- 

ments done using uniformly labeled sub- 
strates [with which there is also no recycling 
error ( 11) 1.  In a direct comparison experi- 
ment, estimated rat erythrocyte H M P  rates 
were over a wide range consistently about 
one-fourth lower for the combination, carbon 
1 labeled substrate plus omission of the acid 
addition, reincubation step, than for the com- 
bination, uniformly labeled substrate plus in- 
clusion of the acid addition, reincubation 
step. 

Nonprotein sulfhydryl ( N P S H )  estima- 
tions. Extracts were prepared using ice-cold 
perchloric acid, Na,EDTA solutions (final 
concentrations, 0.3 M perchloric acid ; 1 Om'{ 
M EDTA). The NPSH concentration per 
extract was estimated by the Bis method of 
Ellman ( 1 2 ) .  

Methemoglobin estimations were done as 
described by Evelyn and Malloy ( 1 3 ) .  In 
each of the experiments, the incubation flasks 
were set up in banks of four. Flasks (b)  and 
( d )  contained a t  desired concentration the 
selected GSSG-R inhibitor; flasks (c) and 
(d )  contained a t  desired concentrations(s) 
the compound or combination of compounds 
used to stimulate the H M P  rate; flask ( a )  
was a control flask. 

Results. Contrary to original expectation, 
the pattern of inhibitions of chemically sti- 
mulated increases in H M P  rates of intact rat 
erythrocytes differed markedly for chromate 
and DNBA (cf. Table I) .  Chromate signifi- 
cantly inhibited all chemically stimulated in- 
creases in H M P  rate tested (in the case of 
L-cys teine, which rapidly reduces hexavalent 
chromate to inactive trivalent chromate, this 
inhibition could be demonstrated only by 
allowing the chromate to penetrate the cells 
before adding the L-cysteine). In  contrast, 
DNBA significantly inhibited only those in- 
creases in H M P  rates of rat erythrocytes 
which were induced by L-cysteine, or by hy- 
drogen peroxide plus the catalase poison 
azide. Table I1 presents data obtained in 
pilot type experiments using ~ -g lucose - l~C~ ,  
and mammalian erythrocytes of species origin 
other than the rat. In each of these experi- 
ments, and regardless of the species origin of 
the erythrocytes, or the kind of H M P  stimu- 
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TABLE I. Effcct.s of the Glutntliione I?etluc.t:isc IiiliiIJitors, N:i,CrO, a i d  2,5-l.,initl.ohelizoic Acid (DNRA) 
on the Action of Certain Chemicals to Stiinulate Glucose CataboLism via the Hexosemonophosphate Path- 

way (HMP) in  Unhcniolyzcd Rat  Erythrocytes. 

Mean H M P  rates 2 SE (in- 
crease over those of control 

flasks, and as pmoles of 
glucose/ml of ce~ls/~ir)d 

Probability at < s o l  

level tha t  GSSG-R 
inhibitor signif. 

Substrate Stim. cpcl. lowered H M P  rate 
used for ' T O ,  H M P  stimulating Stim. cpd. + GSSG-R from tha t  with 
productiona compoundsb no only poison stim. cpd. only" 

G- ("C,) 

G- ('TI) 

I. Experiments in  which 0.3 M N:i,CrO, was the GSSG-R poison used 
G-(14C,) H,O, + NaN, 9 2.03 0.06 0.55 2 0.05 

Mb 9 5.85 t 0.32 0.81 * 0.03 

Mb 45 3.60 & 0.14 0.53 2 0.05 

DHA 18 0.32 k 0.04 0.13 2 0.03 
GSH 19 0.68 2 0.09 0.24 & 0.04 
CSH 15 1.96 k 0.12 2.13 & 0.1G 
CSH, preincubation 9 1.98 & 0.10 0.15 2 0.04 

11. Esperiincnts in wliicli 0.1 M l)NP,A was the GSSG-R poison uscd 
&02 + NaN, 9 2.03 2 0.06 0.46 2 0.04 
Mb 9 5.85 k 0.32 6.06 & 0.11 

H,O, + NaN, 5 1.41 2 0.15 0.51 & 0.12 
Mb I5 3.55 * 0.16 3.55 2 0.16 
NMb 5 3.12 2 0.59 3.37 2 0.43 
DHA 7 0.29 e 0.06 0.29 & 0.06 
GSH 11 0.42 k 0.05 0.54 k 0.04 
CSH 10 1.98 0.09 0.86 L- 0.07 

G- ("C,) H,O, + NaN, 14 1.21 _+ 0.08 0.63 * 0.04 

NMb 13 2.92 * 0.19 0.58 2 0.08 

S 
S 
S 
S 
S 
S 
S 

NS 
S 

S 
NS 

S 
N S  
NS 
NS 
NS 

S 

a G-(W,,) D-glucose uniformly labeled with "C; at end of experiment acid was used to drive over 
dissolved 14C0,; G-("C,) = D-ghcOSe labeled at first carbon only; acid was not used to drive over dis- 
solved "CO,. This resulted in  about 25% underestimations of H M P  rates (see text). 

H,O, z 1 mM hydrogen peroxide; NaN, = 10 mM azide; Mb = 0.01 m X  nictliylene blue; NMb = 0.01 
mM new methylene blue; DHA = 3 mM dehydroasrorlh acid; GSH = 1 0  niM rctluced glutathionr; CSH 
= 10 mM L-eysteine; CSH, preincubation indicates that cells were incubated with the N:hCrO,. 

' n = no. of r a t  erythrocyte donors, and no. of increases in  H M P  rate used to estimate each mean 
2 SE, next two columns. 

H M P  rates for  control flasks and those in  which Na,CrO, only had been added were nearly identical, 
and of the order of 0.1 @moles of glucose/ml of cells/hr, G-(14C,) experiments, or 0.2 pmoles of glucose/ 
ml of cells/hr, G-(l4CI) experiments. DNBA used alone induced slight (0.1-0.2 pmoles of glucose/ml of 
cells/lir) but statistically significant increases in  H M P  rates. 

' S = significant at 0.01 level; NS = not significant. 

lating compound used: those erythrocytes 
which were exposed to both an HMP stimu- 
lating compound and chromate exhibiited ap- 
preciably smaller HMP rate than did ery- 
throcytes exposed only to the HMP stimulat- 
ing compound. Conversely, presence or ab- 
sence of DNBA was apparently unimportant, 
except perhaps for the HMP stimulations 

obtained for canine and bovine origin ery- 
throcytes, by combined use of hydrogen 
peroxide and azide. The disparity between 
chromate and DNBA inhibitory abilities re 
erythrocyte HMP rates suggests that chro- 
mate must owe some of its erythrocyte H M P  
inhibitory actions to inhibition of one or 
more reactions other than that catalyzed by 
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TABLE 11. Pilot. Tests on Chromate Inhibition of Clieniicnlljf Stimulated Iiicreases iii H M P  
Rates of Erythrocytes Taken from Mammals Other than the Rat,  

€IMP rates (single V H I I I P H ,  pmolcs of glucose/nil 
of cells/hr) 

Stim. cpd. 
Species origin 0.3 mM Stim. cpd. + 0.3 mM 

of the H M P  stimulat- Cont.ro1 flask Na&rO, only Na&rO, 
erythrocytes ing compounds" (a )  (b)  ( c )  (a) 

I. Experiments in  which Na,CrO, (final concentration, 0.3 mM) was added to (b)  and 
(d)  flasks at same time H M P  stimulating compound was added to ( c )  and (d)  flasks 

Human H,O, + NaN, 0.11 0.27 1.24 0.55 
DHA 0.11 0.27 1.24 0.78 
GSH 0.11 0.27 1.32 0.28 
Mb 0.11 0.27 2.18 0.37 

Mouse H,O, 0.22 0.51 3.01 2.26 
Mb 0.22 0.51 7.05 2.06 

Hamster H2OZ 0.35 0.39 2.25 1.56 
Mb 0.35 0.39 5.75 2.08 

Dog H J h  + NaN, 0.15 0.18 0.62 0.39 
Mb 0.15 0.18 0.96 0.40 

Guinea pig H,O, + NsN, 0.22 0.27 0.85 0.34 
Mb 0.22 0.27 2.29 0.27 

Rabbit H,O, + NaN, 0.08 0.17 0.61 0.45 
Mb 0.08 0.17 1.13 0.25 

11. Experiments in which NhCrO, (final cone, 0.3 d) was added to (b)  and (d)  flasks 
30 min before H M P  stim. cpd. was added to (c) a i d  ((1) flasks 

Cat CSH 0.13 0.37 0.71 0.38 
Mb 0.1 3 0.37 1.22 0.59 

AA 0.09 0.11 0.23 0.06 
DHA 0.09 0.11 0.23 0.16 
CSH 0.09 0.1 1 0.29 0.12 
Mb 0.09 0.1 1 0.73 0.32 

Guinea pig CSH 0.22 0.27 1.25 0.48 
Mb 0.22 0.27 2.29 0.40 

111 . Expcrimcnts in which DNBA (final cone, 0.1 mM) was added to (b) and (d)  flasks 
at same time H M P  stim. cpd. was added to (c) and (d)  flasks 

Human HZO, + NaN, 0.11 0.34 1.24 1.16 
Mb 0.11 0.34 2.18 2.10 

Mouse Mb 0.22 0.57 7.05 7.35 
Dog K O 2  + XaN, 0.15 0.16 0.62 0.48 

Mb 0.15 0.16 0.96 1.07 
Guinea pig H,O, + NaN, 0.22 0.30 0.85 0.74 

Mb 0.22 0.30 2.29 2.36 
Rabbit Mb 0.08 0.17 1.13 1.07 
Bovine H,O, + NaN, 0.09 0.12 0.39 0.23 

Mb 0.09 0.12 0.73 0.75 

Bovine HzO, 0.09 0.11 0.39 0.08 

~ ~~~ ~~ ~ 

a H,O, = 1 mM hydrogen peroxide; NaN, = 10 mM azide; DHA = 3 mM dehydroascorbate; 
GSH = 10 mM reduced glutathione; Mb = 0.01 mM methylene blue; CSH = 10 m M  1,-cysteine; 
AA = 3 mM ascorbate. 
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TABLE JII. Relation of Substrate TJsed, Glucose- ("C,,) or  (~lucosc-6-pliospli;ctc- ("Cu), to Abilities of 
NaCrO and 2,5Dinitrobenzoate (DNRA ) to Inhibit Chemically Stimulated Increases in  H M P  Rates of 

R:r t Erythrocyte Hem 01 ysa tes. 

Mean H M P  rates f ME (in- 
creases over those of control 

flasks, and as pmoles of 
glucose/ml of cells/hr) 

Probability at <.ol 
level that GSSGmR 

inhibitor signif. 
Substrate Stim. cpd. lowered H M P  rate 

used for 14C0, H M P  stimulating Stim. cpd. + GSSG-R from tha t  with 
production" compoundsb nc only poison stim. cpdd  

I. Experiments in  which 1 mM Na$rO, (Cr6) was the GSSG-R poison used 
G- ("CC,) H202 + NaN, 9 0.41 f 0.03 0.25 I+ 0.02 

Mb 9 1.93 -t- 0.16 0.44 5 0.02 
NADP (1.5 mmoles) 9 5.66 2 0.15 0.87 & 0.03 
NADP (5 mmoles) 9 4.68 4 0.10 0.62 I+ 0.03 

G6P-("CU) H,02 + NaN, 9 0.58 e 0.03 0.58 k 0.03 
GSSG 9 0.42 f 0.09 0.20 I+ 0.03 
Mb 9 7.58 2 0.24 6.78 k 0.15 
NADP (1.5 mmoles) 9 4.15 I+ 0.06 5.17 -t 0.08 
NADP ( 5  mmoles) 9 22.67 I+ 0.34 11.48 ?Z 0.31 

11. Experiments in  which 0.1 M DNBA was the GSSG-R poison used 
G- (14@u) H,O, + NaN, 9 0.41 f 0.03 0.27 f 0.02 

Mb 8 5.60 f 0.36 5.85 2 0.42 
NADP (1.5 mmoles) 7 3.58 f 0.43 4.04 2 0.40 
NADP ( 5  mmoles) 12 3.04 i- 0.09 3.14 2 0.22 

G6P-(*'CU) H202 + NaN, 9 0.48 f 0.02 0.28 2 0.02 
GSSG 9 0.42 -t 0.09 0.10 I+ 0.03 
Mb 9 7.58 5 0.24 6.99 0.33 
NADP (1.5 mmoles) 6 3.50 k 0.50 3.47 I+ 0.42 
NADP ( 5  mmoles) 6 18.90 -t. 3.44 17.60 f 2.68 

S 
S 
S 
S 

NS 
NS 
NS 
NS 
8 

S 
NS 
NS 
N S  

S 
S 

NS 
NS 
NS 

" G- ("C,) = uniformly 14C labeled D-glucose ; G6P- ("C,) = uniformly 14C labeled glucose-6-phospha te. 
A t  ends of experiments acid was added to  drive over dissolved 14C0,. 

H,O, = 1 mM hydrogen peroxide; NaN, = 10 mM azide; GSSG = 1 mM oxidized glutathione; Mb = 
0.01 mM methylene blue; NADP = oxidized form of nicotinamide adenine dinucleotide phosphate = 
TPN+.  

n = no. of r a t  erythrocyte donors, and no. of increases in  H M P  rate used to estimate each mean 

S = significant at 0.01 level; NS = not significant. 
SE, next two columns. 

GSSG-R. An obvious possibility was the 
hexokinase stimulated reaction whereby glu- 
cose is phosphorylated and thus made ready 
for oxidation via the pentose pathway. Exper- 
iments were therefore carried out, data of 
which are shown in Table 111, to determine 
what inhibitory actions chromate and DNBA 
might have against various chemically sti- 
mulated increases in rat erythrocyte GOPP 
rates, not only when using 14C labeled glu- 
cose, but also similarly labeled glucose- 
&phosphate. Since phosphorylated hexoses 

do not penetrate appreciably into erythro- 
cytes, it was necessary to do these experi- 
ments using hemolysates, and when the sub- 
strate was labeled glucose to add sufficient 
ATP and Mg2+ to assure adequate phos- 
phorylation of the glucose. Using labeled glu- 
cose as substrate, hemolysates gave findings 
similar to those previously obtained using 
intact erythrocytes: ( I )  chromate significant- 
ly inhibited all chemically stimulated in- 
creases in HMP rate tested; (11) DNBA 
significantly inhibited only that increase in 
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'l'AB1,E i V .  Efl'ccts 011 Rat, Erytliroegte NPSll  (Noiiprot,eiii S\ilfligdryl) Coircerit.rwtion of 
Certain H M P  Stimulating and GSSG-R Inhibiting Compounds. 

Erythrocyte NPSH concentrations 
(meq of -SH/liter of cells; means 2 SE) p Values for  

~ iliff erences : 
Stim. cpd. 

Control GSSG-R HMPst im.  + GSSG-R (b)  (c) (a)' 
GSSG-R R M P  stim. flasks poison only cpd. only poison vs vs vs 
poisono cpils.b (2) (b)  (c) (d) ( a )  (a) (c) 

~~ ~ ~~ 

I. Experiments with intact  erythrocytes, and glucose the substrate 

H,O, + NaN, 2.22 1 0.24 0.29 1 0.07 0.56 2 0.14 0.42 & 0.IG S- 
Cr6 (1) H,O, 2.22 & 0.24 0.29 1 0.07 2.08 1 0.14 0.31 1 0.05 S- 

NaN, 2.22 2 0.24 0.29 0.07 2.09 2 0.32 0.23 2 0.06 S- 
Cr6 (0.3) Mb 2.60 1 0.23 0.92 t 0.11 1.53 2 0.14 0.52 I+ 0.09 S- 
DNBA 1132, 3.32 1 0.18 2.32 2 0.24 1.73 0.31 0.61 1 0.18 S- 

11. Experiments with hcniolysates, atd glucose the substrate 
Cr6 (1)  Mb 2.77 1 0.18 0.97 t 0.12 0.55 1 0 . 0 9  0.39 2 0.06 S- 
DNBA Mb 3.00 5 0.24 1.74 2 0.39 0.63 1 0.15 0.55 & 0.12 S- 

111. Experiments with hcmolysntes, and glucose-6-phosphate tlic substrate 
CrG (1) Mb 2.78 & 0.15 1.38 & 0.11 0.37 & 0.08 0.78 I+ 0.10 S- 
DNBA Mb 2.94 & 0.20 1.83 & 0.19 0.59 1 0 . 1 1  O.GO 0.21 S- 

NS S- 
S- NS 
NS s- 
s- s- 
s- s- 

S- NS 
S- NS 

s- s+ 
S- NS 

a (21% (1) = 1 mM NhCrO, ;  CrG (0.3) = 0.3 mM Na,CrO,; D N B A  = 0.1 inM 2,5-dinitrobcn- 

€LO2 = 1 rnZ hydrogen peroxide; NaN, = 10 n i x  azide; Mb = 0.01 IHH methylcne blue. 
' S = significant at 0.01 level; NS = not significant; + af te r  S signifies that  iiican inclieatccl 

by upper level letter i s  sigi~ficantly greater than mean indicated by  lower levcl letter ; - after 
S signifies the reverse. 

zoate. 

HMP rate stimulated by hydrogen peroxide 
plus azide. However, when the substrate 
added to the hemolysates was labeled glu- 
cose-6- phosphate, the only increases in HMP 
rate significantly inhibited by chromate was 
that induced by NADP+ used at  the very 
high concentration of 5 mmoles. DNBA con- 
tinued to be ineffective in inhibiting HMP 
stimulations induced by 0.01 mM methylene 
blue, and by NADP+. I t  was effective in 
inhibiting stimulations induced by hydrogen 
peroxide plus azide, and by 1 mlM GSSG. 

Efec ts  of compounds used on rat erythro- 
cyte NPSH concentrations. Data obtained 
are presented in Table IV. Whether the ery- 
throcytes were intact or hemolyzed, and the 
substrate glucose or gl ucose-6-phosphate, 
both chromate and DNBA induced statisti- 
cally significant decreases in rat erythrocyte 
NPSH concentrations; these were more strik- 
ing for chromate than for DNBA. The 
NPSH concenbtrations were also significantly 

lower for erythrocytes exposed either to 
methylene blue or to the combination hydro- 
gen peroxide plus a i d e  than they were for 
erythrocytes incubated in the control flasks. 
Neither hydrogen peroxide nor azide, used 
alone, significantly altered the NPSH level. 

Effects of compounds used on rat erythro- 
cyte met hemoglobin concentrations. Erythro- 
cytes incubated for 1 hr at 37" with 1 m M  
H202 + 10 mM NaN3 exhibited marked 
methemoglobinemia (about 50%) whether 
chromate or DNBA was also present or not; 
hydrogen peroxide used alone was ineffective 
(% MethHb did not exceed 6%). No other 
compound or combination of compounds 
tested was found to induce methemoglobine- 
mia exceeding 15 o/o. 

Experiments to  test for mechanism of ac- 
tion of chromate in inhibiting at the glucose 
phosphorylation step. The ability of 1 mM 
chromate to inhibit '0.01 mM methylene blue 
stimulation of the HMP, rat erythrocyte he- 
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molysates, was not significantly altered by 
change in gluose concentration over the range 
3-81 mM, of Mg2+ over the range 0.5-50 
mM, of added GSSG over the range 0-3 mM, 
and of added ATP over the range 5-10 mM, 
(significant phosphorylation not obtained if 
ATP < 5  m u ;  ATP itself inhibitory if 
present at  concentration > l o  mM). Chro- 
mate inhibition was reversed on addition of 
2.8 units of yeast hexokinase/flask (1 unit = 
1 pmole of glucose phosphorylated/hr) . 

Discussion. For rat erythrocyte hemoly- 
sates, when the labeled substrate for glucose 
oxidation via the hexosemonophosphate path- 
way (HMP) was glucose itself: (a) NADP+ 
was at least as potent at  stimulating the 
HMP when used at  1.5 mM as when used a t  
5 mM concentration, and (b)  1 mM chro- 
mate markedly inhibited the NADP+ stimu- 
lated HMP, regardless of which NADP+ con- 
centration had been used. In contrast, when 
the labeled substrate was glucose-6-phos- 
phate: (a) 5 mM NADP+ gave a far great- 
er stimulation of the HMP than did 1.5 
mM NADP+ (or methylene blue or any other 
compound tested) , (b) only that stimulation 
induced by 5 mM NADP+ was significantly 
inhibited by 1 mM chromate. These findings 
are in accord with the concepts that: (I)  
when the labeled substrate is glucose, and 
NADP+ is used in excess, the limiting step 
is glucose phosphorylation, markedly inhib- 
ited by 1 mM chromate; (11) when the 
1abeIed substrate is glucose-6-phosphate, 
greater stimulation can be obtained using 
NADP+ because another reaction beyond 
glucose phosphorylation becomes the limiting 
step for the HMP; furthermore, this reac- 
tion can also be inhibited by 1 mM chro- 
mate, but not sufficiently that the overall 
HMP rate will be measurably affected except 
when NADP+- itself is used at  high concen- 
tration to stimulate the HMP. 

Koutras et al. (3, 4) presented experimen- 
tal findings which they interpreted to mean 
that hexavalent chromate compounds are rea- 
sonably specific inhibitors of human origin 
erythrocyte glutathione reductase (GSSG-R) . 
Present data indicate that in rat and other 

mammalian origin erythrocytes one of these 
hexavalent chromate compounds, NaCrO4, 
used a t  concentrations similar to those used 
by them, also inhibits a t  least one and prob- 
ably two enzymatically catalyzed reactions 
important in glucose catabolism. While no 
claim was made by Buzard and Kopko ( 5 )  
that 2,s-dinitrobenzoic acid is a specific in- 
hibitor of erythrocyte GSSG-R, present data 
indicate that it comes closer to being so than 
Na2Cr04. The data of Table IV show that 
when the (labeled) substrate was glucose, 0.3 
mM chromate was more potent than 0.1 mM 
DNBA in lowering NPSH levels of both in- 
tact and hemolyzed rat erythrocytes. This 
greater potency of the chromate may be 
due more to its action to inhibit glucose 
phosphorylation and therefore the HMP, 
than to its action to inhibit GSSG-R. Simi- 
larly, chromate induced damage of eryth- 
rocytes, attributed by Koutras et  al. (3, 4) 
to chromate inhibition of GSSG-R, may also 
be due instead to chromate inhibition of the 
HMP. There is a considerable literature [cf. 
( 1 4 ) l  which attests to the importance for 
erythrocyte stability of maintenance of the 
HMP. In their work on removal of damaged 
erythrocytes from the circulation, Ultmann 
and Gordon (1 5) used 51Cr labeled chromate 
of specific activity 380 mCi/mg; this per- 
mitted them to use chromate as such low 
concentrations (1-10 x mM) that it is 
very unlikely there was significant inhibition 
of either GSSG-R or the HMP. However, a 
certain skepticism is justified about conclu- 
sions re longevities of erythrocytes drawn by 
earlier workers (16-18) who had used la- 
beled chromate a t  concentrations which do 
result in significant inhibition of both GSSG- 
R and the HMP. 

Summary. Increases in glucose oxidation via 
the hexosemonophosphate pathway (HMP) 
may be induced in erythrocytes by many and 
diverse chemical compounds. This research 
was initiated on the hypothesis that insofar 
as they are specific inhibitors of glutathione 
reductase, Na2Cr04 and 2 ,-5-dinitrobenzoic 
acid (DNBA)  should have similar discrimina- 
tory inhibitory effects against chemically 
stimulated increases in erythrocyte HMP 
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rates. These were estimated. for both intact 
and hemolyzed rat erythrocytes. in terms of 
I4CO2 formed from labeled glucose or glucose- 
6-phosphate. In the labeled glucose tests, 
DNBA inhibited only those increases in HNP 
rate which were induced by hydrogen perox- 
ide plus azide, or by GSSG, while chromate 
inhibited all chemically induced increases in 
Hl IP  rate tested. Substitution of labeled glu- 
cose-6-phosphate did not result in change in 
pattern re DNBA inhibitions. but did lead to 
loss of most chromate inhibitions. These vari- 
ous findings are in accord with the concepts 
that DNBA is a fairly specific erythrocyte 
GSSG-R inhibitor, while chromate inhibits 
not only this enzyme but also a t  least one 
reaction essential to the HNP, e.g., glucose 
phosphorylation. 
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