Polyol Pathway in Aorta:
Regulation by Hormones

Abstract. Aldose reductase is present
in human and rabbit aortas and pro-
vides a mechanism whereby hyper-
glycemia can alter the metabolism of
the arterial wall. Aortic sorbitol con-
centration is regulated by ambient glu-
cose,_concentration and is increased by
epinephrine, isoproterenol, dibutyryl-
3’,5'-adenosine monophosphate, oua-
bain, and angiotensin 11.

Aldose reductase (Alditol. NADP
oxidoreductase, E.C. 1.1.1.21) catalyzes
the reduction of a number of aldose
sugars to their respective polyol deriva-
tives. In mammalian tissues this re-
action is essentially irreversible (7).
Aldose reductase has been thought to
have a restricted distribution and, aside
from its role in the synthesis of fruc-
tose from glucose in the seminal ves-
icles, its physiological function and
usual substrates are unknown (7). Al-
dose reductase has high Michaelis con-
stants (K,) for glucose and galactose
which suggests that these hexoses may
only be fortuitous substrates. However,
their polyol derivatives (sorbitol and
dulcitol) accumulate within the lens in
diabetes and galactosemia and are
thought to be responsible for the devel-
opment of cataracts (2). The intra-
cellular accumulation of polyols was
shown by Kinoshita and his co-workers
to- be accompanied by an increased
water content of the lens, a decreased
rate of active transport of amino acids,
and a decreased ability to maintain
normal intracellular sodium and potas-
sium concentrations (2). These effects
were attributed to the osmotic conse-
quences of polyol accumulation since
these compounds cross cell membranes
very slowly; however, a secondary de-
fect in myoinositol metabolism may
contribute to their production (2, 3).
The presence of aldose reductase in a
tissue in which the intracellular trans-
port of glucose is not rate-limiting thus
provides the basis of a pathological
mechanism; elevated concentrations of
glucose in the plasma could increase
intracellular concentration of glucose,
resulting in increased sorbitol forma-
tion with consequences similar to those
in the lens (2).

We have isolated and partially puri-
fied aldose reductase from human and
rabbit thoracic aorta, tissues in which
glucose transport is not rate-limiting
(4), and have demonstrated that the
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sorbitol content of the aortic wall is
determined, in part, by the ambient
glucose concentration. These observa-
tions provide a mechanism by which
hyperglycemia might lead to a derange-
ment in the metabolism of the arterial
wall and contribute directly to the de-
velopment of the vascular lesions as-
sociated with diabetes mellitus. We
have -also observed that the sorbitol
content of the aortic wall is subject to
hormonal regulation. This finding sug-
gests that the polyol sequence may play
an important and previously unsus-
pected role in the metabolism of mam-
malian cells.

The sorbitol content of whole tho-
racic aorta from male New Zealand
rabbits (1.5 kg) was determined by
fluorometric enzymatic assay with
sorbitol dehydrogenase (L-iditol: NAD
oxidoreductase E.C. 1.1.1.14) by use
of neutralized perchloric acid filtrates
of tissue that had been quickly flushed
free of blood and frozen in liquid
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nitrogen. The assay was carried out in
1.0 ml of glycine-NaOH buffer (0.05M),
pH 9.6, containing nicotinamide adenine
dinucleotide (NAD) (0.1 mM) and
0.68 unit of sorbitol dehydrogenase
from sheep liver (Boehringer) pre-
viously dialyzed to remove glycerol.
The sorbitol content of normal rabbit
thoracic aorta is 13.7 = 0.8 nmole/g
(wet weight) (N = 6), while the plas-
ma sorbitol concentration is consistent-
ly less than 3.0 nmole/ml (N =12).
This suggests that sorbitol is either
synthesized or concentrated in the
aortic wall. Tubular segments of rab-
bit thoracic aorta comprised of only
intima and media provide a suitable
system for studies in vitro (4). When
aortic tissue is incubated with increas-
ing concentrations of glucose, there is
a progressive increase in the tissue
sorbitol content (Fig. 1). When paired
samples of aortic tissue were incubated
for 2 hours with 5mAM and 50 mM
glucose, the mean increase in sorbitol

Fig. 1. Pooled samples (from six rabbits)
of aortic tissue incubated in Krebs-bicar-
bonate buffer, pH 7.4; the gas phase was
5 percent CO. in air. (Left) Samples in-
cubated for 2 hours; (right) glucose me-
dium concentration, 5 mM; samples were
first incubated for 30 minutes, then trans-
ferred to fresh medium containing glu-
cose (5 mM) and epinephrine, and incu-
bated for 30 minutes.
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Fig. 2. Paired samples of rabbit thoracic aorta were first incubated in Krebs-bicarbonate
buffer, pH 7.4, for 30 minutes; the gas phase was 5 percent CO: in air; the glucose con-
centration was 5 mM; samples were transferred to fresh medium and one of each pair
was incubated as a control (—) and the other with the agent indicated (4-) for 30
minutes, except in experiments with ouabain (1 hour) and angiotensin II (2 hours).
The concentration of epinephrine was 2 ug/ml; of norepinephine, 2 ug/ml; of DL-
isoproterenol, 4 ug/ml; of dibutyryl-3’,5-AMP, 10-*M; of ouabain, 10~°M; and of angio-

tensin IT, 1 pg/ml.
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content at the higher concentration
was 14.1 = 2.5 nmole/g (N =16, P <
.01). The ambient glucose concentra-
tion thus appears to regulate the sorbi-
tol content of the aortic wall.

Aldose reductase was isolated from
rabbit thoracic aorta and from fresh
autopsy specimens of human thoracic
aorta. Frozen tissue (200 g) from 400
rabbits or pooled human specimens was
minced and homogenized in a Virtis
tissue homogenizer at 2°C in phos-
phate buffer (3 mM), pH 6.8, contain-
ing 2-mercaptoethanol (1 mM). The
homogenates were centrifuged at 20,-
000g for 30 minutes at 2°C. The pro-
tein content of the supernatant was
determined (5), and twice the dry
weight of aged calcium phosphate gel
was added. After centrifugation, the
supernatant was subjected to ammoni-
um sulfate fractionation. The protein
precipitating in the 40 to 80 percent
saturated ammonium sulfate fraction
was dissolved in a small volume of phos-
phate buffer (5mM), pH 6.8, and
passed through a column of Sephadex
(G-50 that had been equilibrated with
the same buffer. The protein was then
applied to a column (2.5 by 25 cm)
of diethylaminoethylcellulose (DEAE)
equilibrated with phosphate buffer (5
mM), pH 6.8. The column was washed
with 200 ml of the same buffer and
developed with 750 ml of a linear
gradient of phosphate buffer, pH 6.8,
which increased from 5 mM to 25 mM.

Two peaks of nicotinamide adenine
dinucleotide phosphate (NADP) polyol
dehydrogenase activity were recovered.
The first peak, which had the charac-
teristics of aldose reductase, eluted be-
tween 16 and 19 mM of phosphate.
When assayed in phosphate buffer (67
mM), pH 6.2, aldose reductase from
rabbit aorta had the following K,’s:
with D-xylose as substrate, 29 mM; with
p-glucose, 130 mM; with potassium D-
glucuronate, 28 mM; and with D-
glucuronolactone, 2 mM. The K, with
NADPH as substrate was 0.015 mM,
and no activity was observed with
NADH. The specific activity of the rab-
bit aortic aldose reductase was 72 in-
ternational units per gram. The aldose
reductase preparations used in these
studies were subsequently subjected to
column chromatography on a column
(2.5 by 80 cm) of Sephadex G-100
equilibrated with phosphate buffer (5
mM), pH 6.8, and developed with the
same buffer. Aldose reductase activity
was associated with a single peak of
protein. The K,’s of aldose reductase
isolated from human aorta were, with
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xylose as substrate, 10 mM; with glu-
cose, 180 mM; with glucuronate, 70
mM; with glucuronolactone 2 mM;
and with NADPH, 0.007 mM. The
comparable K, values for aldose re-
ductase isolated from rabbit lens by
the same technique were for Xylose,
69 mM; glucose, 300 mM; glucuronate,
33 mM; glucuronolactone, 6 mM; and
NADPH, 0.04 mM. The second peak
of NADP polyol dehydrogenase ac-
tivity eluted from the DEAE-cellulose
column had the characteristics of 1~
gulonate: NADP oxidoreductase (E.C.
1.1.1.19) with a K,, glucose in excess
of 2M for both the human and rabbit
aortic enzymes.

Activity of sorbitol dehydrogenase
was demonstrated in the supernatant
fraction of rabbit thoracic aortic ho-
mogenates (1:1, weight: volume; 0.25M
sucrose; centrifuged at 100,000g for
30 minutes at 2°C). Activity was as-
sayed fluorometrically in 1.0 ml of
glycine~-NaOH buffer (50 mM), pH
9.6, containing NAD (0.4mM) and
sorbitol (50 mM). The initial velocity
was linearly related to the volume of
supernatant added over the range of
0.005 to 0.015 ml. In four such experi-
ments the rates of sorbitol oxidation
were 11.3, 13.3, 15.2, and 10.2 nmole
min—1 g—1 (wet weight). Both enzymes
of the polyol pathway are therefore
present in the aorta.

L-Epinephrine added in vitro in-

creased the aortic sorbitol content of
paired aortic samples incubated with
glucose (5 mM) and produced linear
increments over the range of 0.5 to
5.0 pg/ml (Figs. 1 and 2). This effect
was reproduced by the beta receptor
stimulator isoproterenol, but not by
the alpha receptor stimulator norepine-
phrine (Fig. 2). Dibutyryl-3/,5-adeno-
sine monophosphate also increased
aortic sorbitol content when added in
vitro (Fig. 2). In addition, it was ob-
served that ouabain and angiotensin I
increased the sorbitol content of aortic
tissue incubated in vitro with glucose (5
mM) (Fig. 2). In the same system,
prostaglandins Ei1, Ez2, and Fig had no
significant effect when added in con-
centrations of 1 ug/ml. Moreover,
these prostaglandins did not inhibit the
effect of epinephrine (2 pg/ml) added
in vitro.

The mechanism by which these
agents produce their effects on aortic
sorbital content has not been clearly
established. Since glucose-6-phospha-
tase is not present in the aortic wall
(4), increased phosphorylase activity
cannot materially increase the free in-

tracellular glucosé concentration. The
effect of epinephrine on aortic sorbitol
content can be demonstrated in the
absence of oxygen.

The demonstration of the polyol
pathway in the aortic wall provides the
first evidence of a mechanism by which
hyperglycemia can directly alter the
metabolism of the arterial wall. In ad-
dition, these hormonal effects raise the
more fundamental question of the nor-
mal function of aldose reductase in
tissues other than the seminal vesicle.

Rex S. CLEMENTS, JRr.
ANTHONY D. MORRISON
ALBERT 1. WINEGRAD
George S. Cox Medical Research
Institute, Department of Medicine,
University of Pennsylvania, Philadelphia

References and Nofes

1. H. G. Hers, Le Métabolisme du Fructose (Edi-
tions Arscia, Brussels, 1967), pp. 119-148; S.
Hollman and O. Touster, Non-Glycolytic Path-
ways of Metabolism of Glucose (Academic
Press, New York, 1964), pp. 11-12, 21-28;
O. Touster and D. R. D. Shaw, Physiol. Rev.
42, 181 (1962).

2. J. H. Kinoshita, L. O. Merola, E. Dikmak,
Biochim. Biophys. Acta. 62, 176 (1962); J. H.
Kinoshita, L. O. Merola, S. Hayman, J. Biol.
Chem. 240, 310 (1965); J. H. Kinoshita, Invest.
Ophthalmol. 4, 786 (1965); R. Van Heyningen,
Nature 184, 194 (1959).

3. H. S. Wells and W. W. Wells, Biochemistry
6, 1168 (1967). ‘

4. P. D. Mulcahy and A. I. Winegrad, Amer. J.
Physiol. 203, 1038 (1962); S. Yalcin and A. 1.
Winegrad, ibid. 205, 1253 (1963); A. 1. Wine-
grad, S. Yalcin, P. D. Mulcahy, in On the
Nature and Treatment of Diabetes, B. 8.
Leibel and G. A. Wrenshall, Eds. (Excerpta
Medica, Amsterdam, 1965), p. 452.

5. 0. H. Lowry, N. J. Rosebrough, A. L. Farr,

R. I. Randall, J. Biol. Chem. 195, 265 (1951).

6. Supported in part by NIH grants AM 04722,
AM 05556, GM 06405, and the Heart Associa-
tion of Southeastern Pennsylvania. We thank
M. A. Fletcher, J. Steiner, J. Feuer, and N,
Nutwell for assistance; Dr. F. Kupiecki of
the Upjohn Co. for samples of prostaglandins
E,, E, and F,;; and Dr. A. J. Plummer of
the Ciba Co. for samples of Val-5-Hypertensin
11,

20 May 1969; revised 14 July 1969

Centromeres in Human Meiotic
Chromosomes

Abstract. Two heterochromatic spots
were observed in most bivalents of hu-
man spermatocytes at the late diplotene
stage from six individuals. It is our be-
lief that these dark staining bodies are
the centromeres of the meiotic chromo-
somes.

The size of the chromosome and
position of the centromere are the basis
for mitotic chromosome karyotyping (I).
Recently we suggested a similar proce-
dure for karyotyping meiotic chromo-
somes according to the size of the
bivalents (2). At that time we were
not able to locate the centromere.
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