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Sorbitol Pathway: Presence in
Nerve and Cord with Substrate
Accumulation in Diabetes

Abstract. Glucose, sorbitol, fructose,
and inositol are present in peripheral
nerve and spinal cord. Marked eleva-
tion of these substances occurs in these
tissues in mildly diabetic animals. These
alterations provide biochemical mech-
anisms which could be significant in
the etiology of diabetic neuropathy.

The increased conversion of glucose
to fructose via the sorbitol pathway
has been demonstrated in seminal ves-
icle and lens of animals with experi-
mental diabetes, and in lens of dia-
betic patients (/-3). The presence of
the sorbitol pathway has not previ-
ously been described for either periph-
eral nerve or spinal cord. Stewart
et al. (4) described the presence of
fructose in sciatic nerves of normal
rabbits by enzymatic and paper
chromatographic techniques.

This report shows the presence of
sorbitol, fructose, and glucose in peri-
pheral nerve and spinal cord, with
marked elevation of these substances in
mildly diabetic rats.

Rats of the Sprague-Dawley strain,
weighing about 130 to 150 g, were
injected intraperitoneally with alloxan
in citrate buffer at a dose of 150
mg/kg of body weight. The diabetic
animals used had survived 2 weeks
without the use of insulin. The ani-
mals had constant access to a standard
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diet with liberal amounts of water and
saline. This group showed a consistent
1 to 2 percent content of urinary glu-
cose as measured by glucose oxidase
test strips (Combistix, Ames). The an-
imals in this group gained 10 to 20 g
during the period of the experiment,
while the average gain in the control
group was 100 to 150 g. They were
killed by a blow to the head followed
by decapitation. Blood sugar levels at
the time of death were 122 =+ 14
mg/ 100 ml for the control group, and
440 = 72 mg/100 ml for the diabetic
group. Occasional blood sugars of
some of the fasted diabetic animals
were normoglycemic. The sciatic
nerves were isolated and weighed with-
in 5 to 10 minutes and spinal cord
within 10 to 15 minutes of death. The
tissues were kept at —60°C until used.
They were homogenized in zinc sulfate,
and precipitated with barium hydrox-
ide. The protein-free filtrate was used
for glucose determination by the glu-
cose oxidase method, and sorbitol and
fructose were determined by standard
procedures (2). Part of the protein-free
filtrate was evaporated to dryness, and
the trimethylsilyl ethers of the sugars
present were prepared by the method
of Sweeley et al. (5) and examined by
gas liquid chromatography on a col-
umn prepared with 15 percent ethylene
glycol succinate at 160°C in an argon
ionization detection system. The pres-
ence of glucose, sorbitol, fructose, and,
in addition, inositol, was demonstrated.
Data obtained (Table 1) showed the
presence of glucose, sorbitol, and
fructose in normal sciatic nerve and
spinal cord. There was a marked eleva-
tion of these substances in diabetic
nerve and cord. Normal sciatic nerve
was seen to contain higher levels of
these substances than the spinal cord,
and the effect of diabetes was more
marked. There was a direct correlation,
not only between the sorbitol and
fructose levels, but also between the
glucose and fructose levels in the tissues
(correlation coefficient » = 1).
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Fig. 1. Relation between blood glucose
levels and nerve fructose levels.

Figure 1 shows blood glucose levels
plotted against nerve fructose levels,
showing a linear increase in the latter
with increasing blood sugar levels. The
fructose and glucose content of normal
rat sciatic nerve, as found by our meth-
ods, was similar to that reported by
Stewart et al. (4) for normal rabbit sci-
atic nerve.

A reasonable estimate of the con-
tribution of extracellular glucose to
the levels found in diabetic nerve can
be made by assuming a 15 percent
extracellular compartment by weight.
At a mean blood sugar level of 440
mg/100 ml, the glucose present in the
extracellular compartment would not
exceed 4.5 umole/g. The finding of a
level of 16.97 umole/g in diabetic
nerve indicated the accumulation of a
large, intracellular, free-glucose com-
partment. A considerable amount of
inositol was also found to be present,
by gas liquid chromatography, in both
sciatic nerve and spinal cord.

The conversion of glucose to fruc-
tose via sorbitol has been described
for lens and seminal vesicle (Fig. 2).

Kinoshita and Hayman recently
demonstrated the presence of aldose
reductase in spinal cord (6). We have
obtained evidence with crude extracts
of spinal cord and nerve, indicating
the additional presence of polyol dehy-
drogenase (7).

The demonstration of the sorbitol
pathway in sciatic nerve and spinal
cord, together with the demonstration

Table 1. Content of glucose, sorbitol, and fructose in sciatic nerve and spinal cord of normal

and diabetic animals.

Sugar (umole/g wet wt. = SD.; N = 12)

Compound Sciatic nerve Spinal cord

Normal Diabetic P Normal Diabétic P
" Glucose 251 = 1.85 1697 = 940 <0.001 041 = 0.14 170 = 231 <0.02
Sorbitol 1.88 = 1.02 6.51 = 175 <0.001 1.18 = 047 1.77 = 0.78 <0.01
Fructose 1.29 = 0.21 6.51 = 195 <0.001 0.15 = 0.04 0.96 = 023 <0.001
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p-Glucose 4+ NADPH - H*

aldose reductase

> sorbitol 4 NADP+

Sorbitol 4+ NAD*

polyol dehydrogenase

s p-fructose 4+ NADH -+ H*

Fig. 2. Conversion of glucose to fructose via sorbitol in lens and seminal vesicle.

of marked accumulation of the prod-
ucts of this pathway in diabetes, has
some major implications regarding the
metabolism of glucose in diabetic tissues
and possibly in the development of
neuropathy.

Since cell membranes appear to be
relatively impermeable to sorbitol and
fructose, the accumulation of these sub-
stances may be due to overproduction
from glucose and presumably ineffi-
cient utilization. Stewart et al. (4)
claim that fructose is converted to lac-
tate very slowly in normal sciatic
nerve, and Field and Adams (8)
showed that diabetic nerve contains no
detectable glycogen. Therefore, it is
probable that nerve, as opposed to
liver or skeletal muscle (9), contains
little or no specific fructokinase for
initiating further glycolytic breakdown
of fructose or ultimate storage as
glycogen.

The additional finding of a large
accumulation of intracellular glucose
in diabetic nerve and cord, coupled
with absent glycogen and a marked
decrease in fatty acid synthesis (/0),
suggests a defect in the activation of
glucose in glycolytic, oxidative, and
glycogenic glucose utilization in dia-
betes. This would be analogous to
the deficiency of specific glucokinase
in diabetic liver as demonstrated by
Sols et al. (I11). Such a defect would
then favor increased disposition of the
accumulated glucose via the sorbitol
pathway. Concomitantly, facilitation of
glucose entry into the cell in the dia-
betic state is also possible. The find-
ings of marked accumulation of glu-
cose and the products of glucose metab-
olism by the sorbitol pathway is in
keeping with this view.

Another possible consequence of the
accumulation of sorbitol and fructose
and their inability to escape from the
intracellular compartment may be a
harmful osmotic effect, for Kinoshita
(2) showed that in galactosemic ani-
mals a similar process leading to ac-
cumulation of dulcitol and fructose
caused water accumulation and Na+
and K+ alterations in the early cata-
ractous lens. Greater amounts of cell
energy are used for maintenance of os-
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motic equilibrium and Na+-K+ con-
tent. Whether a similar mechanism
plays a role in some forms of diabetic
neuropathy has not yet been deter-
mined.
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Plasma Membranes:
Phospholipid and Sterol Content

Abstract. The molar ratios of sterol
to phospholipid in plasma membranes
of five different types of rat cells range
from 0.24 to 1.32. The composition
of the plasma membrane of a cell has
no fixed relation to that of the mito-
chondria. Thus the structure of cellu-
lar membranes shows both tissue and
functional specificity.

Fundamental questions raised as a
result of electron microscopic studies
of tissues are those of the origin of
cell membranes and of the relation
between structures within a single cell
and between similar structures in dif-
ferent types of cell. Robertson (/) pro-

posed that all cell membranes have a
common basic structure and possibly a
common origin, whereas Sjdstrand (2)
has emphasized morphological differ-
ences. Many workers have found that
nerve myelin and erythrocyte mem-
branes have a relatively high sterol con-
tent, and more recently a similar finding
was reported for intestinal microvilli
(3). In that these all consist essentially
of cell plasma membranes, we have
examined a number of such membrane
preparations from one species for
sterol content. The sterol content is
of interest because myelin is often
taken as a general model for plasma
membranes. We have also made com-
parisons with mitochondria and with
liver microsomal membranes.

The following preparations were all
obtained from the rat: erythrocyte
ghosts (4), brain myelin (5), intesti-
nal microvilli (6), muscle-cell mem-
branes (7), and liver-cell plasma mem-
branes (8). Mitochondria from liver, in-
testinal mucosa, muscle, and brain were
also examined; the brain mitochondria
were purified (5) to free them from
myelin. In addition, we applied the
method of Wallach and Ullrey (9), for
obtaining Ehrlich ascites cell plasma
membranes, to liver. As with the ascites
cells, three suspended subfractions
(numbered in order of increasing densi-
ty) as well as a sediment were obtained
from the crude microsomal pellet.

To ensure complete lipid extraction
in the presence of sucrose, the method
of Hanson and Olley (/0) was used.
Individual classes of lipids were sepa-
rated by silicic acid chromatography
(I1) followed by determination of
sterol (/2) and phospholipid (73).
Protein was estimated from the nitro-
gen content (micro-Kjeldahl), and the
values were checked in several cases
by use of the Folin-Ciocalteu reagent.

From the results (Table 1) only one
finding is common to all membrane
preparations—the small percentage of
sterol present in the esterified form.
The proportion of protein to phospho-
lipid varies ninefold among the dif-
ferent plasma membranes. The largest
proportion of protein was found in the
intestinal microvilli, which are presum-
ably the most active of the membranes
and need more specialized proteins
such as enzymes and carriers, and the
smallest proportion of protein was
found in myelin which presumably has
lost all of its associated specialized
proteins and consists only of the bare
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