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ABsTrRACT Human erythrocytes incubated in me-
dium containing 50 mM glucose have increased intra-
cellular sorbitol and fructose concentrations as com-
pared with samples incubated with 5 mMm glucose,
Increased medium glucose concentration did not sig-
nificantly alter total glucose consumption or lactate
production. However, the intracellular lactate: pyruvate
ratio rose, the concentrations of fructose diphosphate,
and triose phosphates increased, and the 23-diphos-
phoglycerate concentration fell. [*C]O: production from
glucose-1-*C also increased with increased medium
glucose concentration. These changes are believed to
reflect changes in the redox states of the diphospho-
pyridine nucleotide/reduced form of diphosphopyridine
nucleotide (NAD/NADH) and nicotinamide-adenine
dinucleotide phosphate/reduced form of nicotinamide—
adenine dinucleotide phosphate (NADP/NADPH)
couples resulting from increased activity of the polyol
pathway. Addition of pyruvate to the incubation media
prevented these changes. These studies illustrate that
an increase in the red cell’s normal substrate, glucose,
can produce changes in red cell metabolism.

INTRODUCTION

The polyol pathway was thought to have restricted dis-
tribution in mammalian tissues, but recent studies have
demonstrated that the initial enzyme of this sequence,
aldose reductase, is present in most rat and rabbit tis-
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sues (1, 2). The polyol pathway was first recognized
in the accessory glands of the male genital tract (3)
where it catalyzes the synthesis of seminal fluid fruc-
tose by the following reactions:

1. p-Glucose + NADPH
+ Ht

> sorbitol + NADP+
Aldose reductase
(Alditol: NADP oxidoreductase)

2. Sorbitol
+ NAD » D-fructose

+ NADH + H*

Sorbitol dehydrogenase
(L-iditol: NAD oxidoreductase)
This reaction sequence appears to operate essentially
irreversibly in intact seminal vesicles, lens, and aorta,
where it has been studied most thoroughly.

Interest in the activity of the polyol pathway in
tissues other than the seminal vesicles has centered on
the pathological potential of increased polyol pathway
activity in hyperglycemic states (4-7). The Km for
glucose of the aldose reductases that have been iso-
lated from lens and other tissues are of the order of
10710 M (2, 8-10) and the intracellular concentration
of free glucose is thus a major determinant of the rate
of sorbitol formation. Cataracts are consistently pro-
duced in lenses exposed to high concentrations of glu-
cose and other substrates for aldose reductase (4).
The striking changes in water content, in metabolic
activity, and in fine structure of the lens that result
from increased ambient glucose concentration, have been
attributed to the osmotic consequences of the elevated
sorbitol (polyol) levels in the lens cells (4).

In a previous report (11) we noted that sorbitol and
free fructose are present in human erythrocytes in con-
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centrations that exceed those present in plasma. The
erythrocyte levels of sorbitol and fructose increased
with increasing ambient glucose concentration. When
erythrocytes from normal males were incubated with
5 mMm glucose, 3% of the glucose uptake was utilized
for sorbitol and fructose synthesis. The fraction of the
glucose uptake that could be accounted for by metab-
olism via the polyol pathway increased to as much as
119, when the medium glucose concentration was in-
creased to 50 mm. These observations suggested that
the polyol pathway is normally operative in human
erythrocytes, and that its activity could be increased
by increasing ambient glucose concentration. The ob-
servations that form the basis of this report are con-
cerned with the metabolic consequences of increased
polyol pathway activity in human erythrocytes.

METHODS

Blood samples were collected from healthy male adults in
tubes containing dried sodium heparin.® The blood was cen-
trifuged at 600 rpm for 10 min in a Model PR-2% cen-
trifuge at 4°C. The white cell and platelet-rich plasma were
removed and the cells were washed three times with iso-
tonic saline. Final erythrocyte suspensions contained less
than 200 leukocytes/mm®. The washed erythrocytes were re-
suspended in twice their volume of Krebs-Ringer bicarbonate
buffer, pH 7.4. The flasks were supplemented with varying
quantities of glucose so that the final concentrations ranged
from 2 to 50 mm.

After a 25 min period of equilibration at room tem-
perature, zero time samples were removed for the deter-
mination of glucose, lactic acid, pyruvate, hematocrit, and
red cell, and medium sorbitol and fructose. Sampling was
repeated after 2 hr of incubation in a Dubnoff metabolic
shaker, at 37°C, at 80 oscillations/min. The atmosphere was
5% COQO, in air. The pH of the samples was maintained at
7.40 £0.02.

The whole suspension was utilized for the determination
of glucose, lactate, and the glycolytic intermediates. De-
terminations of fructose and sorbitol were performed on
the cells and medium after they had been rapidly separated
by centrifugation at 2500 rpm for 5 min at 4°C. In some
experiments, as noted in the text, sorbitol was determined
in neutralized perchloric acid extract of the whole suspension.

Glucose was assayed spectrophotometrically (12) on So-
mogyi-Nelson filtrates by means of yeast hexokinase® and
glucose-6-phosphate dehydrogenase® Lactate determinations
(13) were performed spectrophotometrically on neutralized
perchloric acid extracts of the whole suspension, unless
stated otherwise. These same extracts were used for the
determination of sorbitol, adenosine triphosphate (ATP),
(14) and all glycolytic intermediates, except pyruvate. Py-
ruvate determinations (15) were performed on extracts pre-
pared in 10% trichloracetic acid. Duplicate determinations
of pyruvate on single specimens by this method did not
vary by more than 2%. Glucose-6-phosphate (G-6-P),*

* Vacutainer, Becton-Dickenson & Company, Rutherford,
N.J.

2 International Equipment Co., Needham Heights, Mass.

® Boehringer-Mannheim Corporation, New York.

¢ Abbreviations used in this paper: DHAP, dihydroxy-
acetone phosphate; 2,3-DPG, 2,3-diphosphoglycerate; EGS,

fructose-6-phosphate (F-6-P), triose phosphates and fruc-
tose-1,6-diphosphate (F-1,6-diP), 3-phosphoglyceric acid
(3-PGA), 2-phosphoglyceric acid (2-PGA), and phospho-
enolpyruvate (PEP) were assayed fluorometrically employ-
ing an Eppendorf fluorometer® (primary filter Hg 313
+366 nm, secondary filter 400 to 3000 nm). Glucose-6-phos-
phate, F-6-P, dihydroxyacetone phosphate (DHAP), glycer-
aldehyde-3-phosphate (G-3-P), F-1,6-diP, 3-PGA, 2-PGA,
and PEP were determined using the assay conditions de-
scribed by Lowry, Passonneau, Hasselberger, and Schulz
(16). Glyceraldehyde-3-phosphate, DHAP, and F-1,6-diP
(“total triose phosphate”) were assayed simultaneously as
described by Keitt (17). 2,3-diphosphoglycerate (2,3-DPG)
was determined spectrophotometrically by the Schroter and
Heyden (18) modification of the method of Krimsky (19).

Sorbitol was determined by means of a fluorometric en-
zymatic assay using sheep liver Sorbitol dehydrogenase® as
previously described (10). This method is not specific for
sorbitol since other polyol substrates such as xylitol may
react under the conditions described. Xylitol was deter-
mined by means of a fluorometric enzymatic assay using
xylitol : NADP oxidoreductase from pigeon liver.” Before
use the commercial enzyme was dialyzed for 18 hr against
potassium phosphate buffer (0.035 M) pH 7.0, to remove
glycerol. The complete system (1.0 ml) contained 100
pmoles carbonate-bicarbonate buffer pH 9.6, 0.05 umoles
NADP, 5 umoles MgCls, 5 pmoles 2-mercaptoethanol, and
0.025 IU of dialyzed xylitol: NADP oxidoreductase. The
assay is linear over the range of 0.25-5.0 nmoles of xylitol.
The reaction was followed by means of an Eppendorf fluo-
rometer modified according to the recommendations of Esta-
brook, Williamson, Frenkel, and Maitra (20). Portions (0.20
ml) of neutralized perchloric acid filtrates of washed erythro-
cytes that had been incubated with 5 mM glucose for 2 hr
were assayed for their xylitol content. In experiments using
erythrocytes from three normal donors, no xylitol could be
detected in the erythrocytes incubated with 5 or 50 mm glu-
cose. If xylitol is present in the erythrocyte under these
conditions, its concentration is less than 2.5 mumoles/ml of
erythrocytes. In the same experiments the Sorbitol content,
as assayed with sorbitol dehydrogenase, increased with in-
creasing glucose concentration in each experiment (5.7 to
37.2 mumoles/ml red blood cell (RBC), 7.6 to 45.9, and
irom 154 to 84.9). Thus, the reported increase in the sor-
bitol content of the erythrocyte when incubated with in-
creasing glucose concentration cannot be attributed to a
rise in erythrocyte xylitol concentration under these con-
ditions.

Fructose was determined by means of a fluorometric as-
say using fructokinase prepared from rat liver. The assay
system contained potassium phosphate buffer pH 7.0 (50
mum), KCL (10 mm), MgCl; (5 mum), phosphoenolpyruvate
(08 mm), ATP (0.05 mm), NADH (0.02 mm), lactic
dehydrogenase from rabbit muscle (7.5 IU), and pyruvate
kinase from rabbit muscle” (1.5 IU) in a final volume of
1.0 ml. The reaction resulting from the presence of pyru-
vate in the samples was completed within 2 min, and at

ethylene glycol succinate; F-1, 6-diP, trios¢ phosphates and
fructose-1,6-diphosphate; F-6-P, {ructose-6-phosphate; G-
6-P, glucose-6-phosphate; G-3-P, glyceraldehyde-3-phos-
phate ; PEP, phosphoenolpyruvate ; 2-PGA, 2-phosphoglyceric
acid; 3-PGA, 3-phosphoglyceric acid; Pi, inorganic phos-
phate; RBC, red blood cell; TMS, trimethylsilyl.

5 Brinkmann Instruments, Inc., Westbury, N. Y.

¢ Boehringer-Mannheim Corp., New York.

” Boehringer-Mannheim Corp.
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TasBLE I
Lactate: Pyruvate Ratio

After 2 hr incubation with 5 and 50 mM glucose

Medium Glucose Lactate
glucose Lactate* Pyruvate* L:P* consumption production Sorbitol
mm umoles/ml RBC pmoles/ml RBC per hr mumoles/ml RBC
5 9.08 +1.25 0.132 +£0.067 69:1 1.66 +0.23 3.22 £0.56 20,94 +9.13
50 9.48 +1.52 0.049 +£0.026 193:1 1.82 £0.27 3.56 £0.57 89.56 +30.11

Values expressed as the mean =4sb of 11 experiments.
* Sampling of entire incubation mixture.

that point, 1.0 IU of an ammonium sulfate suspension of
rat liver fructokinase (20 IU per mg) was added and the
subsequent decrease in fluorescence due to the oxidation
of NADH was determined. The reaction was completed
within 10-15 min. The assay is linear for fructose over the
range of 0.125-1.5 mgmoles in the presence of pyruvate
concentrations as high as 5.0 mpmoles/ml. In practice, the
pyruvate concentration of the samples was determined ini-
tially and the assay for fructose carried out with portions
containing less than 2.0 mumoles of pyruvate. Glucose in
concentrations as high as 10 wmoles/m! do not interfere
with the assay for fructose. It has been reported that p-
xylulose and vr-sorbose are also substrates for rat liver
fructokinase, and it is possible that naturally occurring p-
xylulose may contribute to the estimates of free fructose
obtained by this enzymatic assay. We have previously re-
ported that fructose can be demonstrated in erythrocytes
and incubation medium by means of a gas-liquid chromato-
graphic technique (11). However, the small quantities of
free fructose that appear in the incubation media could not
be accurately quantified in the presence of 50 mmM glucose.
For this reason the enzymatic assay for fructose was de-
veloped and utilized in these studies.

Gas-liquid chromatographic identification and quantifica-
tion of fructose, “sorbitol” and other free sugars and
polyols in erythrocytes was carried out as follows. Washed
erythrocytes were incubated for 2 hr in medium containing
5 or 50 mM glucose as described above. At the end of the
incubation the suspensions were rapidly centrifuged and 2.0
ml portions of the erythrocyte layer (hematocrit 90%)
were pipetted into tubes containing 8.0 ml of Ba(OH),
(0.3 ~), and 1.0 ml of H:O containing 10 ug of a-methyl-
mannopyranoside as an internal standard. After the cells
had lysed, 8.0 m! of zinc sulfate (5%) was added and the
protein free—filtrate obtained by centrifugation. 10-ml por-
tions were evaporated to dryness at room temperature and
the trimethylsilyl (TMS) ethers of the sugars and polyols
present in the extract were prepared by the method de-
scribed by Sweeley, Bentley, Makita, and Wells (21). The
samples were analyzed by means of a Packard instrument®
gas-liquid chromatographic apparatus using a 12 foot column
of 15% ethylene glycol succinate (EGS) on 80/100 Chromo-
sorb W?° at 165°C with a hydrogen flame detector.

For the determination of red cell [1-*C]JO: production,
red cell suspensions were supplemented with glucose-1-#C*
(137,000 cpm/pmole) in concentrations ranging from 2 to
20 mM and incubations were conducted in 25-ml flasks with

8 Packard Instrument Co., Downers Grove, Il
® Supelco, Inc., Bellefonte, Pa.
¥ New England Nuclear Corp., Boston, Mass.
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disposable rubber stoppers and removable plastic wells,
After a 2 hr period of incubation, the reactions were termi-
nated by the addition of 0.5 ml of 0.5 ~ perchloric acid and
0.3 m! of hydroxide of Hyamine ™ was added to the center
wells. Trapping of CO. was allowed to occur for 1 hr,
after which time the center wells of the incubation flasks
were removed and placed in scintillation vials containing 15
ml of 42% Liquifluor™ (diluted in toluene).

Incubation studies in the presence of sodium pyruvate or
sodium barbital were performed at 5 and 50 mm glucose,
using the same methods of incubation and sampling as
described above.

After 2 hr of incubation at 5 and 50 mM glucose, the
osmotic fragility of the erythrocytes was tested by the
methods described by Dacie and Lewis (22). Cells were
tested both before and after washing in 0.9% NaCl con-
taining 5 mm glucose.

In order to assess the leukocyte contribution to the Sor-
bitol and fructose measured in the extracts of the red cell
suspensions, leukocyte-rich plasma was prepared by dex-
tran sedimentation of whole heparinized blood. The super-
natant plasma containing a total of 8-10 million leukocytes
was centrifuged and the leukocyte button then extracted in
perchloric acid and neutralized.

RESULTS

Erythrocyte sorbitol and fructose. Incubation with
50 mM glucose resulted in a significant increase in the
concentration of sorbitol in the erythrocyte, as deter-
mined by means of fluorometric assay employing sheep
liver sorbitol dehydrogenase (Table I). As noted in
Methods, xylitol could not be detected in erythrocytes
incubated with 5 or 50 mMm glucose. Confirmation of
the interpretation that the material measured is sorbitol
was obtained by gas-liquid chromatographic analysis
of the trimethylsilyl ethers prepared from protein-free
filtrates of erythrocytes that had been incubated with
5 and 50 mm glucose. As shown in Fig. 1, small, but
distinct peaks having the retention time of fructose and
hexitol were present in filtrates prepared from cells
incubated with 5 mM glucose. The quantities of fruc-
tose and hexitol were significantly increased in filtrates
prepared from cells that had been incubated with 50 mmM
glucose. It should be noted that no distinct xylulose

 Rohm & Haas Co., Philadelphia, Pa.
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Ficure 1 Gas-liquid chromatograms of the TMS deriva-
tives of the sugars and polyols present in Somogyi filtrates
of erythrocytes incubated for 2 hr in medium containing
5 mM glucose (upper figure) or 50 mm glucose (lower
figure). Details are listed in Methods. The retention time
of xylulose and xylitol in this system are indicated, but
neither was present in detectable concentrations. In this
experiment, the Sorbitol concentration increased from 5.3
to 23.9 mumoles/ml of RBC, and the fructose from 14.8 to
45.1 mumoles/ml of RBC with increasing medium glucose
concentration.

(p plus L) or xylitol peak could be demonstrated in
filtrates from cells incubated with 5 or 50 mM glucose,
While the system employed in these studies does not
permit the separation of sorbitol from other hexitols,
the possibility that xylitol contributed to the wvalues

obtained by assay with sorbitol dehydrogenase has been
clearly excluded. It appears reasonable to conclude that
most of the “sorbitol” measured by assay with sorbitol
dehydrogenase in the erythrocyte is in fact sorbitol.
Sorbitol dehydrogenase is known to be present in the
erythrocyte (23); the product of sorbitol oxidation by
sorbitol dehydrogenase is fructose. Free nonphosphory-
lated fructose is present in erythrocytes incubated with
5 mM glucose (Fig. 1) and the concentration is higher
in cells incubated with 50 mm glucose, It should also
be noted that the levels of rL-xylulose present in the
erythrocytes incubated with 5 or 50 mm glucose were
undetectable (Fig. 1) and could not materially influence
the values of erythrocyte fructose obtained by assay
with fructokinase. These observations confirm our pre-
vious conclusion that increased ambient glucose con-
centration results in increased efythrocyte concentra-
tions of both sorbitol and fructose.

Glucose consumption, lactate to pyruvate ratios. There
was no significant difference in glucose consumption or
lactate production by washed erythrocytes incubated
with 5 or 50 mm glucose for 2 hr (Table I). As an-
ticipated from our previous observations, there was a
significantly higher concentration of sorbitol in the
erythrocytes incubated with 50 mm glucose (Table I).
The total lactate recovered in the incubation suspension
(erythrocytes plus medium) was unaltered by increas-
ing the medium glucose concentration, however, the
total pyruvate recovered was markedly decreased when
50 mM glucose was present (Table I). As a consequence,
the ratio of lactate: pyruvate recovered in the incubation
suspension at the end of the incubation rose from 69:1
to 193:1 with increasing medium glucose concentration.
In experiments in which the lactate and pyruvate con-
centrations were determined in erythrocytes separated

TaBLE II
Glycolytic Intermediates and ATP

" Washed erythrocytes

Medium glucose, mM 5 50
Lactate* 2.84 +0.39 3.19 034
Pyruvate* 0.033 +0.014 0.009 +0.001
L:P* 86:1 354:1
“Total triosephosphates’ 29.3 128 677.9 x£308.5
2, 3-DPG 5327 +625 4629 +743
G-6-P 31.6 6.7 27.8 6.9
F-6-P 11.6  £3.7 16.0 +4.7
3-PGA 59.5 +16.8 55.1  £9.1
2-PGA 7.7 %29 9.8 45,
PEP 22,3 7.3 22.5 *55
ATP 1156 +75 1143 +77
Sorbitol 14,30 +2.57 82.70 22.35
Fructose 35,53 +11.12 77.63 26,87

Values expressed as the mean =4sb of 11 experiments.
* The values for lactate, pyruvate, and L:P are expressed as umoles/mi
suspension. All other values are expressed as mumoles/m! RBC.
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TasLE 111
Erythrocyte ATP, 2, 3-DPG, and *‘Total Triose Phosphates”

After 2 hr incubation with 5 and 50 mm glucose

Medium
Experiment glucose ATP 2, 3-DPG A2, 3-DPG “TTP"
mM mumoles/ml RBC
I 5 1108 5498 —1178 16.4
50 1115 4320 677.4
11 5 1181 5084 16.95
so 1159 asss 297 9650
11 5 1158 6166 — 514 41.0
50 1252 5652 11349
v 5 1068 4455 — 825 43.3
50 1040 3630 641.2
\" 5 1265 5434 — 776 29.0
50 1150 4658 671.1
Mean A = —699 164
t =4.26

from incubation medium, the lactate: pyruvate ratio was
76:1 in cells that had been incubated with 5 mM glu-
cose.-and 192:1 in cells that had been incubated with
50 mM glucose. In these experiments the ratio of lac-
tate: pyruvate in the incubation medium rose from
21:1 to 170:1 with increasing medium glucose con-
centration.

Levels of glycolytic intermediates. A comparison of
the levels of glycolytic intermediates present in erythro-
cytes, that had been incubated with 5 and 50 mwm
glucose (Table IT), demonstrated a strikingly higher
concentration of “total triose phosphates” in erythrocytes
incubated with 50 mMm glucose. There was, in addition,
a lower concentration of 2,3,-DPG in erythrocytes that
had been incubated with 50 mwm glucose (Table II).

TaBLE IV
Effect of Pyruvate on Triose Phosphate Accumulation
““Total triose phosphate” 2, 3-DPG
Medium glucose, mM 5 50 5 50
mumoles/miRBC
A
2 hr incubation
No pyruvate 41.0 11349 6166 5652
3 mm Pyruvate 7.5 21.5 4844 5248
B
1st hr, no pyruvate 432.8
2nd hr
0.25 mMm Pyruvate 33.5
0.50 mM Pyruvate 37.2

Values expressed as mumoles/ml RBC.
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The difference in 2,3-DPG concentration in paired
samples incubated with 5 and 50 mM glucose was sta-
tistically significant (Table IIT). The concentration of
glycolytic intermediates other than “total triose phos-
phates” and 2,3-DPG were similar in cells that had been
incubated in 5 and 50 mmM glucose (Table II).

In four subsequent experiments the effects of in-
creasing medium glucose concentration on the individual
components of “total triose phosphates” were examined.
The levels of F-1, 6-diP, G-3-P, and DHAP were all
higher in cells that had been incubated with 50 mm
glucose. The mean F-1, 6-diP was 8.9 mumoles/ml
RBC’s with 5 mm glucose and 95.7 with 50 mm glucose.
Similarly, the mean G-3-P concentrations were 3.1 and
57.8 mumoles/ml RBC’s with 5 and 50 mM glucose, and
the mean DHAP concentrations were 20.9 and 214.1
mumoles/ml RBC’s with 5 and 50 mum glucose.

The possible contribution of leukocytes in the washed
red cells to the values obtained for the concentrations of
sorbitol and glycolytic intermediates was examined. As
noted in Methods, the final erythrocyte suspensions con-
tained less than 200 leukocytes/mm®. The levels of gly-
colytic intermediates in neutralized perchlorate filtrates
prepared from 8 to 10 X 10° leukocytes were undetect-
able by the methods employed in these studies. The
concentration of sorbitol averaged 14.7 mumoles per 10
leukocytes. These findings suggest that leukocyte con-
tamination does not significantly contribute to the values
for sorbitol or glycolytic intermediates reported herein.

Effect of sodium pyruvate. When sodium pyruvate
(3 mM) was present in the medium the concentration
of “total triose phosphates” in erythrocytes incubated

Travis, Morrison, Clements, Winegrad, and Oski



TasLE V
Incubation of Washed Erythrocytes at 5 and 50 mM Glucose with and without
3.3 mM Sodium Barbital

No barbital 3.3 mM barbital
Medium glucose, mm 5 50 5 50
Lactate* 2.59 3.09 2.47 2.77
Pyruvate* 0.045 0.012 0.091 0.031
L:P* 58:1 258:1 27:1 89:1
““Total triose phosphate” 19.0 538.1 9.52 64.8
2, 3-DPG 5872 4404 4221 4771
Sorbitol 124 107.0 6.7 13.0

* Expressed as umoles/ml cells-buffer. Other values expressed as mumoles/ml

RBC.

with 50 mm glucose was 1/50th that of erythrocytes
incubated with 50 mwm glucose alone (Table IV, A).
The presence of pyruvate thus prevented the marked
accumulation of “total triose phosphates” that occurs
when erythrocytes are incubated with 50 mM glucose.
After cells had been incubated with 50 mm glucose for
1 hr the addition of as little as 0.25 mm pyruvate to
the medium not only prevented further “triose phos-
phate” accumulation, but restored their concentration
toward base line values (Table IV, B). We found, as
previously described by Rose and Warms (24), that
0.25 mM pyruvate does not stimulate pentose-phosphate
pathway activity.

Incubation with sodium barbital. When washed
erythrocytes were incubated for 2 hr with 5 and 50 mm
glucose in the presence of 3.3 mm sodium barbital,
sorbitol accumulation was markedly inhibited. There
was a corresponding diminution in the metabolic alter-
ations that usually accompany exposure to 50 mm glu-
cose, such as a rise in the lactate: pyruvate ratio, ac-
cumulation of “total triose phosphates” and a decrease
in 2,3-DPG concentration (Table V).

[1-C]0: production. With increasing media glucose
concentration, there was an associated increase in the
red cell [1-“C]Os production (Table VI). Because there
was no increase in over-all red cell glucose consump-
tion, this resulted in an increase in the per cent of glu-
cose consumed that appeared as [1-“C]O. The shunt
activity rose from a mean of 5.29% at 2 mM to 9.09
at 20 mM glucose.

When cells were incubated with glucose-2-“C at vary-
ing medium glucose concentrations, no such increase in
carbon dioxide production was observed.

Osmotic fragility studies. When osmotic fragility
was examined in washed red cells that had been in-
cubated with 5 and 50 mM glucose for 2 hr, the cells
incubated in 50 mm glucose showed decreased resistance
to osmotic stress. However, when these cells were
washed in physiologic saline or saline with 5 muM glucose

before testing, the osmotic fragility of both the 5 and
50 mMm samples was within the normal range.

DISCUSSION

The glucose concentration in human erythrocytes ap-
proximates that of the ambient medium glucose concen-
tration (25), and under physiological conditions it is
far in excess of the Kw’s for glucose of the erythrocyte
hexokinases (26). It follows that under most circum-
stances, the ambient glucose concentration, and the rate
of intracellular transport of glucose is not rate limiting
for glucose metabolism by the major pathways that re-
quire its initial phosphorylation to ghicose-6-phosphate.

In previous investigations (11) we had observed that
the concentration of sorbitol in washed human erythro-
cytes rose from 20.9 to 89.6 mumoles/ml of RBC during
a 2 hr incubation when the medium glucose concentra-
tion was increased from 5 to 50 mm. This increase in
erythrocyte sorbitol concentration was associated with
an increase in erythrocyte fructose concentration from
37.6 to 96.7 mumoles/ml RBC and an increase in the
quantity of free fructose recovered in the medium. These
observations suggested that glucose conversion to sor-
bitol and fructose was increased in human erythrocytes
as a consequence of the increased intracellular concen-
tration of glucose. The data presented in this report sup-
port this conclusion.

TABLE VI
[1-4C]0. Production
Medium Glucose [1:4C]O: Glucose
glucose consumption production consumption
mM umoles/ml RBC per hr %
2 1.53 £0.15 0.080 +0.05 5.23
5 1.60 +0.18 0.092 +0.05 5.75
10 1.66 +0.22 0.117 4-0.08 7.05
20 1.75 +0.26 0.157 40.09 8.95
Values expressed as the mean -sb of five experiments.
Erythrocyte Polyol Pathway 2109



The enzyme responsible for the reduction of glucose
to sorbitol in human erythrocytes has not not been iso-
lated as yet. Both aldose reductase (alditol: NADP oxi-
dorectase) and r-gulonate: NADP oxidoreductase iso-
lated from mammalian tissues catalyze the NADPH-de-
pendent reduction of glucose when the sugar is present
in sufficiently high concentrations. However, the K»’s for
glucose of the r-gulonate: NADP oxidoreductases iso-
lated from mammalian tissues are so high that it is
doubtful that glucose is a substrate under physiological
conditions (2, 8-10). In human aorta, aldose reductase
has a K= glucose of the order of 10™ M; the K= for glu-
cose of the L-gluonate: NADP oxidoreductase in the
same tissue is in excess of 2.0 M. The presence of sorbi-
tol in freshly isolated erythrocytes from normal humans,
therefore, suggests that the enzyme responsible for sor-
bitol formation is the ubiquitous alditol: NADP oxido-
reductase.

The high K= glucose of the enzyme(s) responsible
for the synthesis of sorbitol in most mammalian tissues
provides an adequatae explanation for the increased rate
of sorbitol and fructose synthesis which results from in-
creased intracellular glucose concentration in human
erythrocytes. Sorbitol dehydrogenase is known to be
present in human erythrocytes and is presumably re-
sponsible for the oxidation of sorbitol to fructose (23).
The normal function of the polyol pathway in human
erythrocytes is unknown, although it accounts for 2-3%
of the glucose uptake at physiological ambient glucose
concentrations and as much as 119, at 50 mm glucose
(11).

The data presented in this report indicate that in-
creasing intracellular glucose concentration, by raising
the medium concentration from 5 to 50 mm, does not sig-
nificantly alter total glucose consumption or the rate of
lactate production. There is, however, a marked in-
crease in the ratio of erythrocyte lactate to pyruvate
concentrations which results primarily from a decrease
in pyruvate. Krebs and Veech (27) have pointed out
that the steady states of a number of NAD-dependent
dehydrogenase reactions in the cytoplasm are in near
equilibrium. (For example, the mass action ratios of
these systems closely approximate the equilibrium con-
stant of the reaction.) In liver the levels of lactic de-
hydrogenase activity are sufficiently high that the oxi-
dized and reduced metabolites of the system are prac-
tically in equilibrium with the free nucleotides according
to the equation:

(free NAD) _1 (pyruvate)
(free NADH,) K (lactate)

where K is the equilibrium constant divided by the H*
concentration. The ratio of free NAD/free NADH: can
thus be estimated from the steady-state pyruvate to lac-
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tate ratio if the equilibrium constant for pH, ionic
strength, and temperature appropriate to the cytoplasm
is known. It would follow that the observed decrease in
the ratio of the pyruvate to lactate concentrations, ob-
served in erythrocytes incubated with 50 mMm glucose,
probably reflects a decrease in the free NAD/free
NADH: ratio.

Minakami and Yoshikawa (28) have demonstrated
that under physiological conditions in human erythro-
cytes the activities of glyceraldehyde-3-phosphate dehy-
drogenase and phosphoglycerate kinase are sufficiently
high with respect to the other enzymes of glycolysis that
the combined systems are in near equilibrium. Krebs
and Veech (27) have recently pointed out that the data
of Minakami and Yoshikawa indicate that the following
relationship holds for human red blood cells as a con-
sequence of the fact that both the lactic dehydrogenase
and the glyceraldehyde-3-phosphate dehydrogenase/
phosphoglycerate kinase systems are in equilibrium with
a common pool of free NAD and free NADH..

(Pyruvate) K lactic dehydrogenase

(Lactate) K GAPDH X K 3-PGA kinase
3-PGA _ (ATP)
G-3-P (ADP)

(Pi).

There is no significant change in ATP in erythrocytes
incubated with 50 mM glucose. If one assumes that there
are no significant changes in ADP or inorganic phos-
phate (Pi) under these conditions, a decrease in the
ratio of (free NAD)/(free NADH.) indicated by a
change in the (pyruvate)/(lactate) ratio, would result
in a decrease'in the 3-PGA/G-3-P ratio. This would
result in a rise in the steady state levels of G-3-P,
DHAP, and fructose-1,6-diP, since Minakami and Yoshi-
kawa have demonstrated that the over-all reaction cata-
lyzed by aldolase and triose phosphate isomerase is in
a near-equilibrium state. This interpretation is supported
by the observation that the addition of pyruvate which
results in an increased (free NAD)/(free NADH:) ra-
tio by means of its reaction with the lactic dehydrogenase
system, reduces the concentrations of G-3-P, DHAP,
and fructose-1,6-diP in erythrocytes incubated with 50
mM glucose.

The reduced (free NAD)/(free NADH) ratio in
erythrocytes incubated with 50 mM glucose probably
results from increased sorbitol oxidation to fructose by
the NAD linked sorbitol dehydrogenase. This specula-
tion is supported by the observation that barbital, which
inhibits sorbitol synthesis by aldose reductase™ or
L-gulonate: NADP oxidoreductase (29), reduced the
lactate :pyruvate ratio. Under these circumstances there
was a significant reduction in the levels of total triose-

# Clements, R. S., Jr. Unpublished data.
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phosphaate. Asakura, Adachi, Minakami, and Yoshikawa
(30) found that the addition of 10 or 100 mm xylitol,
a substrate for sorbitol dehydrogenase, resulted in sig-
nificant increases in erythrocyte DHAP concentration in
cells incubated with 10 mM glucose. Under these con-
ditions a significant increase in the lactate to pyruvate
ratio was also observed.

The increase in sorbitol production with increasing
medium glucose concentration also appears to result in
an increase in the free NADP/free NADPH ratio. This
is reflected in the increase in 1-*C O production by the
red cell at increasing glucose concentrations, since under
normal circumstances, the NADP concentration regu-
lates the activity of the pentose phosphate pathway at
the glucose-6-phosphate dehydrogenase (G-6-PD) step
(31). Kinoshita, Futterman, Satch, and Merola (32)
observed a linear increase in [1-*C]O: production in
rabbit lens when incubated with 5 to 30 mm 1-*C-glu-
cose. These workers interpreted their results in a simi-
lar fashion.

The decrease in the concentration of 2,3-DPG in
erythrocytes incubated with 50 mM glucose, and the un-
altered rate of lactate production forces the considera-
tion that under these circumstances 2,3-DPG makes a
significant contribution to lactate and ATP production.
It has recently been reported (33) that in the erythro-
cyte deprived of glucose, 2,3-diphosphoglycerate disap-
pearance can be quantitatively accounted for by ATP
and lactate production during short periods of incubation.

The observation that the erythrocytes of diabetics with
hyperglycemia have an increased sorbitol content (11),
suggests that other metabolic alterations in red cell
metabolism, such as a decreased 2,3-diphosphoglycerate
concentration, may occur in vivo as a consequence of
increased polyol pathway activity. 2,3-Diphosphoglycerate
is the erythrocyte organic phosphate that is quantita-
tively most important with respect to modulation of he-
moglobin oxygen affinity. A change in 2,3-diphospho-
glycerate concentration of approximately 0.5 zmoles/ml
RBC’s produces a corresponding change in the Pw (the
partial pressure of oxygen required for 509 saturation
of hemoglobin) of 1 mm Hg (34). Prolonged hyper-
glycemia might thus be anticipated to produce a lower-
ing of red cell 2,3-DPG and an accompanying increase
in the affinity of hemoglobin for oxygen. Although the
red cell 2,3-DPG concentration has previously been found
to be reduced in diabetics with ketoacidosis (35) this
decrease has been attributed to the low blood pH rather
than to the associated hyperglycemia.

In this study, no osmotic consequences of polyol ac-
cumulation in the erythrocyte could be demonstrated.
Although the physiologic role of the polyol pathway re-
mains to be determined, the results of the study of this
pathway appear to provide the first example of an

alteration of normal red cell metabolism produced by an
excess of its normal substrate glucose.
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