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ABsTtrAaCT The effects of elevated glucose concen-
trations on the metabolism of the aortic wall were
examined in a preparation of tubular segments of rabbit
descending thoracic aorta comprised of intima and
media only. Increased medium glucose concentrations
(20-50 mMm) resulted in increased aortic sorbitol and
fructose concentrations and an increased rate of fructose
release into the medium. This increased flux through
the polyol pathway can be explained as a consequence
both of an increased free intracellular glucose concen-
tration and of the kinetic characteristics of the alditol:
NADP oxidoreductase and the r-iditol: NAD oxido-
reductase isolated and partially purified from rabbit
thoracic aorta. Incubation with elevated glucose con-
centrations for 2 or more hr was also associated with
a significant increase in the water content of the tissue
without a significant increase in the inulin space. The
oxygen uptake of the tissues incubated with elevated
glucose concentrations was significantly reduced; this
appears to result from a limitation imposed by oxygen
diffusion at physiological oxygen tensions. A compensa-
tory increase in glycolysis and an increase in the aortic
lactate/pyruvate concentration ratio were also observed.
The oxygen uptake and lactate production of tissue
incubated with 50 mm glucose could be preserved at
rates observed in tissue incubated with a physiological
glucose concentration by the addition of 40 mmM manni-
tol to the medium. Aortic intima and media from al-
loxan-diabetic rabbits also exhibit an increased water
content and a decreased rate of oxygen uptake. These
observations suggest that elevated ambient glucose con-
centrations result in significant alterations in the metab-
olism of aortic intima and media.
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INTRODUCTION

The possibility that hyperglycemia produces derange-
ments in the metabolism of the arterial wall which
might potentiate the effects of other genetic and en-
vironmental factors that contribute to the development
of arterial disease has not received serious considera-
tion. The studies that form the basis of this report sug-
gest that an elevated ambient glucose concentration
results in significant alterations in glucose metabolism,
water content, and respiration in the intima and media
of rabbit thoracic aorta.

The immediate stimulus to these studies was the
observation that the polyol pathway of glucose metabo-
lism is operative in the aortic wall (1). This pathway
catalyzes the reduction of p-glucose to its polyol deriva-
tive, sorbitol, and its subsequent oxidation to p-fructose
by the following reactions:

1. p-Glucose + NADPH + H*t

Alditol :NADP oxidoreductase
(aldose reductase)

2. Sorbitol + NAD™*

» sorbitol + NADP*

— - > D-fructose + NADH + H*

L-iditol :NAD oxidoreductase

(sorbitol dehydrogenase).

The polyol pathway provides the mechanism for the
synthesis of seminal fluid fructose in the accessory
glands of the male genital tract (2), and of fetal plasma
fructose in the placenta (3, 4). The physiological func-
tion of this pathway in other tissues is presently un-
known. However, the presence of the polyol pathway in
a tissue in which the intracellular transport of glucose
is not rate limiting for its phosphorylation provides

" the basis of a pathological mechanism by which elevated

plasma glucose concentrations result in cataract forma-
tion in experimental diabetes (5, 6).

In studies previously reported, we observed that in-
sulin added in vitro does not alter the glucose space in
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aortic intima and media from normal or alloxan-dia-
betic rabbits, and that intracellular transport is not
limiting for glucose phosphorylation in this tissue (7-
9). Both alditol: NADP oxidoreductase and L-iditol:
NAD oxidoreductase activities were demonstrated in
the thoracic aortas of humans and rabbits (1). In addi-
tion, the sorbitol content of rabbit aorta was found to
rise with increasing medium glucose concentrations
during incubation in vitro (1). These observations sug-
gested that the polyol pathway is operative in aortic
intima and media, and that its activity is regulated, in
part, by the ambient glucose concentration. The studies
reported below concern the characteristics of the en-
zymes of the polyol pathway in rabbit aorta, and the
effects of elevated medium glucose concentrations on
polyol pathway activity, water content, and respiration
in this tissue.

METHODS

Young, male, New Zealand rabbits (1.5-2.0 kg) were fed
Wayne Rabbit Ration (Allied Mills, Inc., Chicago, Ill.)
plus carrots and lettuce ad lib. They were sacrificed by
decapitation. The descending thoracic aorta was rapidly re-
moved, and dissected free of adipose tissue and adventitia
by means of watchmaker’s forceps while the tissue was im-
mersed in Krebs-Ringer-bicarbonate buffer (KRB)?, pH
7.4, continuously bubbled with 5% CO: in air (KRB-CO./
air). The details of this technique have been reported
previously (7, 8). The aorta was then cut into six equal
segments, approximately 1 c¢cm in length, that were desig-
nated 1 through 6 according to proximal to distal anatomical
origin. The odd- and even-numbered segments were pooled
to provide two paired samples (100-125 mg) from each
aorta. Odd- and even-numbered samples were alternately
assigned to each of the two test conditions examined in any
series of paired experiments. The samples were blotted,
quickly weighed on a torsion balance, and transferred to
25-ml Erlenmeyer flasks containing 5.0 ml of KRB-CO/air
plus appropriate substrate. The samples were incubated at
37°C in a Dubnoff metabolic shaker at 88 cpm for the
times indicated in the text. The total time elapsed from
decapitation to the start of the incubation did not exceed
10 min. Histological examination of the tubular segments
indicates that they are comprised of intima and media only.
In previous studies we have established that paired samples
from a single aorta exhibit similar rates of glucose up-
take, lactate production, oxygen uptake, and *CQO; produc-
tion from glucose-U-*C when incubated for 2 or 3 hr with
5 mMm glucose; the oxygen uptake is linear throughout this
period (7-9).

At the end of the incubation the aortic tissue was rapidly
removed, placed in 1.0 ml of cold 6% HCIO, and homoge-
nized by hand in an all-glass homogenizer. Control experi-
ments demonstrated that the values for aortic sorbitol and
fructose obtained from samples handled in this fashion were
not significantly different from those observed in paired
samples that were quickly frozen in liquid Na before
homogenization in cold 6% HCIO,. (Prior freezing mark-
edly increases the difficulty of homogenizing this tissue.)

1 Abbreviation used in this paper: KRB, Krebs-Ringer-
barcarbonate buffer.
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The homogenate was centrifuged at 4500 g at 2°C for 15
min; portions of the resulting supernate were neutralized to
pH 7.0 with 2 x KOH at 4°C, and left to stand at the same
temperature for 30 min. The excess KCIO, was removed
by centrifugation at 3000 g for 15 min at 2°C. Neutralized
perchloric-acid filtrates of the media were prepared in a
similar fashion to that described above; in the initial step
4.0-ml portions of the media were pipette into tubes con-
taining 0.38 ml of 70% HCIO, at 4°C; final HCIO; con-
centration 6%. Portions of the neutralized filtrates prepared
from the tissue and medium were analyzed for sorbitol and
fructose by fluorometric enzymatic assays previously de-
scribed (10), using an Eppendorf fluorometer modified
according to the recommendations of Estabrook, William-
son, Frenkel, and Maitra (11).

Gas-liquid chromatographic identification of fructose and
sorbitol (hexitol) in aortic tissue was carried out as pre-
viously described (10). Xylulose and/or xylitol were not
demonstrable in the aortic filtrates by this method. Lactate
was determined in the neutralized perchloric-acid filtrates
by the method of Hohorst (12), and pyruvate was assayed
by the method of Lowry, Passonneau, Hasselberger, and
Schultz (13). In those experiments in which glucose uptake
was determined, Ba(OH).-ZnSO, filtrates of the media
were prepared and analyzed for glucose by means of
glucose oxidase (Glucostat, Worthington Biochemical Corp.,
Freehold, N. J.) ; the reaction was permitted to continue for
45 min at 37°C.

In experiments in which the water content of the tissue
was determined, aortic segments from three rabbits were
pooled to provide three matched samples; each sample con-
tained all of the six anatomical segments of the thoracic
aota with a third of the segments derived from each of
the three rabbits. The incubation was carried out in KRB-
COq/air containing appropriate substrate for 3 hr at 37°C.
After incubation the pooled samples were quickly blotted
between pads of filter paper, and transferred to tared 5.0-ml
beakers and weighed on a Mettler model H20T analytical
balance (d =0.01 mg) (Mettler Instrument Corp., Prince-
ton, N. J.). The vessels were then placed in a vented oven
at 99°C and the samples dried to a constant weight; this
usually required 48 hr.

The inulin space in aortic samples incubated with glucose
was determined by incubating paired aortic samples in 5.0
ml of KRB-CO./air containing 5 or 50 mm glucose at 37°C
for 2 hr. 12 uCi methoxy-(*H)-inulin, SA 0.178 mCi/mg
(New England Nuclear, Boston, Mass.), was added to
each flask at the start of the incubation in a volume of 0.01
ml. At the end of the incubation the tissue was rapidly
blotted, weighed on an analytical balance, and homogenized
in 40 ml of 5% ZnSO;; 40 ml of a balanced Ba(OH):
solution (0.3 M) was added and the homogenization re-
peated. After centrifugation, 0.1-ml portions of the super-
nate were dispersed in 10 ml of Aquasol (New England
Nuclear) in a glass counting vial by means of a Vortex
mixer. The samples were counted in an Intertechnique
liquid scintillation spectrometer (model ABAC SL 40, In-
tertechnique Instruments, Inc., Dover, N. J.) with an in-
ternal standard. Ba(OH).-ZnSO, filtrates were prepared
from incubation medium from each vessel and 0.01-ml por-
tions of the filtrate were prepared and counted in the same
fashion. In six of the experiments listed in Table Vb an
estimate of intracellular glucose concentration was also ob-
tained. The glucose concentration in filtrates of the tissue
homogenates and media was determined by glucose oxidase.
The intracellular glucose was calculated as the total tissue
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TaBLE 1
Lortic Sorbitol and Fructose Concentrations and Release of Fructose into the
Medium during Incubation with Glucose (5 mm)

Duration of incubation

30 min ni 1 hr n 2 hr n
Aortic sorbitol, nmoles/g wet weight 11.04+0.45* (14) 11.441.05 (14) 12.940.87 15
Aortic fructose, nmoles/g wet weight 18.24+1.47 9) 31.6£2.72 ) 34.34£3.74 (9
I'ructose release, nmoles/g wet weight 40.943.35 (8) 82.84+10.8 (8) 214.0421.1 (8

Aortic intima and media incubated in KRB-CO;/air at 37°C. These data were compiled from studies in which
tissues from different groups of rabbits were used for each of the incubation times examined.

* Values are the mean=SsE.
1 Number of animals.

glucose minus the product of the inulin space and the me-
dium glucose concentration. The total water content of tissue
was assumed to be 73.6% of the wet weight in samples in-
cubated with 5 my glucose and 75.1% of wet weight in
samples incubated with 50 mm glucose. These average values
are derived from the data in Table Va. Intracellular fluid
volume was calculated as the difference between the total
water and the inulin space.

Oxygen uptake was determined by means of a model 53
biological oxygen monitor, Yellow Springs Instrument Co.,
Yellow Springs, Ohio.

Young (4 months) male rabbits were made diabetic by
the intravenous injection of alloxan monohydrate (75 mg/
kg) after an overnight fast, and were subsequently fed ad
lib. After 3 wk, animals whose random plasma glucose con-
centration exceeded 300 mg/100 ml! were sacrificed, and
the water content of their thoracic aortas determined as
described above. In additional experiments tubular segments
of aortic intima and media were prepared from the thoracic
aortas of alloxan-diabetic rabbits, and the oxygen uptake of
the freshly prepared tissue was determined in KRB-CO./
air containing glucose in the concentration found in the
animal’s plasma at sacrifice. In these experiments plasma
glucose was rapidly determined by means of a Beckman
glucose analyzer (Beckman Instruments, Inc, TFullerton,
Calif.). Aortas from normal male rabbits of the same age
were studied concurrently.

To isolate rabbit aortic alditol: NADP oxidoreductase
and L-iditol: NAD oxidoreductase, batches of 600 frozen
young rabbit thoracic aortas (Pel-Freez Bio-Animals, Inc,,
Rogers, Ark.) were homogenized for 2 min at 4°C in a
Waring Blendor in 6 vol of potassium phosphate buffer
(5 mm), pH 6.8, containing 2-mercaptoethanol (1 mm)
(subsequently referred to as the standard buffer solution).
All subsequent steps were carried out at 4°C. After cen-
trifugation at 20,000 g for 30 min the protein content of the
supernate was determined (14) and aged calcium phosphate
gel was added (2.0 g/g protein) and the solution stirred
for 1 hr. The gel and adsorbed inactive protein were re-
moved by centrifugation at 20,000 g for 30 min. The super-
natant solution was subjected to ammonium sulfate frac-
tion by the repeated addition of solid ammonium sulfate
followed by centrifugation. The fraction precipitating be-
tween 40 and 80% saturation with ammonium sulfate was
dissolved in a small volume of the standard buffer solution.
The protein solution was desalted by gel filtration on a 2.5
X 85 c¢cm column of Sephadex G-50 pre-equilibrated with
standard buffer solution, and applied to a 2.5X 25 cm
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column of DEAE-cellulose pre-equilibrated with the stan-
dard huffer solution. The column was washed with 200 ml
of the same buffer solution and developed with 700 ml of
a linear gradient of potassium phosphate buffer (5-25 ma),
pH 6.8, containing 2-mercaptoethanol (1 mm). 10-ml frac-
tions were collected. (L-Iditol: NAD oxidoreductase does
not bind to the column under these conditions and is re-
covered in the run-off and washings.) Two peaks of polyol:
NADP oxidoreductase activity were eluted from the DEAE-
cellulose column. Alditol: NADP oxidoreductase eluted be-
tween 14 and 17 mm phosphate, and L-gulonate: NADP
oxidoreductase eluted between 19 and 23 mw phosphate.
The pooled fractions containing the peak of alditol: NADP
oxidoreductase activity were brought to 80% saturation with
ammonium sulfate; the resulting precipitate was dissolved
in a small volume of the standard buffer solution and
applied to a 2.5 X85 cm column of Sephadex G-100 pre-
equilibrated with the standard buffer, and the column was
developed with the same buffer. A single peak of alditol:
NADP oxidoreductase activity was recovered. The pooled
activity was precipitated by bringing the solution to 80%
saturation with ammonium sulfate and stored in the cold.
Before study, the precipitate was dissolved in 1.0 ml of
potassium phosphate buffer (50 mx), pH 6.8, containing
2-mercaptoethanol (1 mM) and desalted by gel filtration on
a 15X 15 cm column of Sephadex G-50 pre-equilibrated
with the same buffer. This isolation procedure resulted in
approximately a 163-fold purification of aortic alditol:
NADP oxidoreductase with a final SA of 196 wmoles/min
per g protein. Some of the kinetic characteristics of the
alditol: NADP oxidoreductase recovered from the DEAE-
cellulose column have previously been reported (1). The
data presented in the text and Table III arc derived from
six preparations which were subjected to a subsequent gel
filtration step with a further 2.5-fold purification. These
preparations consistently exhibited lower K, for p-glucosc
and p-xylose than those previously reported (1).

The run-off and washings from the DEAE-cellulose col-
umn which contained the aortic L-iditol: NAD oxidoreduc-
tase activity were brought to 90% saturation with solid
ammonium sulfate and the protein precipitate was recovered.
The .precipitate was dissolved in potassium phosphate buffer
(5 mm), pH 6.2, containing 2-mercaptoethanol (1 mm) and
desalted by gel filtration on a column of Sephadex G-50
pre-equilibrated with the same buffer. The protein solution
was applied to a 2.5 X 15 cm column of carboxymethylcellu-
lose (Whatman CM-52) pre-equilibrated with the same
buffer, and developed with 500 ml of a linear gradient of
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TaBLE Il
Effect of Medium Glucose Concentration on Polyol Pathway Activity in Aorla

Glucose Glucose
(5 mm) (20 mm) Mean A +SE P*
a.N =8 .
Aortic sorbitol, nmoles/g wet weight 11.540.5¢ 19.140.7 +7.6+0.8 <0.001
Aortic fructose, nmoles/g wet weight 35.0+£2.3 60.74+4.0 +25.7£2.7 <0.001
Medium fructose, nmoles/g wet weight per 2 hr 21618 78081 +564+69 <0.001
Glucose Glucose
(5 mMm) (50 mm) Mean A +SE P
b.N =7 o S - -
Aortic sorbitol, nnioles/g wet weight 11.7£0.9 30.143.1 +184+23 <0.001
Aortic fructose, nmoles/g wet weight 34.7+6.5 8494119 +50.248.1 <0.001
Medium fructose, nmoles/g wet weight per 2 hr 216+24 143054 +12144+166 <0.001

Paired samples incubated in KRB-CO;/air for 2 hr at 37°C with glucose in the concentrations indicated.

* P determined by analysis of differences between values at the higher glucose concentration and at 5 mM glucose
in the individual paired experiments by the ¢ test for paired comparisons (15).

1 SE of groups was computed for comparison with data in other tables.

potassium phosphate buffer (5-100 mym), pH 6.2, containing
2-mercaptoethanol (1 mm). A single peak of L-iditol:NAD
oxidoreductase activity eluted between 60 and 65 mm phos-
phate, and was used for subsequent studies. This preparation
had a specific activity of 17 umoles/min per g protein which
represented a 69-fold purification.

Enzymatic activities were determined spectrophotometri-
cally at 340 nm with a Gilford model 240 recording spec-
trophotometer (Gilford Instrument Laboratories, Inc., Ober-
lin, Ohio) at 30°C. Alditol: NADP oxidoreductase activity
was determined in 1.0 ml of potassium phosphate buffer
(60 mMm), pH 6.2, containing p-xylose (400 mm) and
NADPH (0.1 mm). The reaction remained linear for 5
min, and the rates were linearly related to the amount of
enzyme added at all stages of the purification. L-Iditol:
NAD oxidoreductase activity was assayed in 1.0 ml glycine-
NaOH buffer (50 mm), pH 9.6, containing L-arabitol (100
mMm) or sorbitol (10 mMm) and NAD (3 mm).

As indicated in the text, most of the incubation experi-
ments employed paired tissue samples and the differences
between paired samples were analyzed for significance by
the ¢ test for paired comparisons (15). However, in some
cases the mean and standard error of the mean for the
groups in any series of experiments were also computed to
permit comparison with data obtained in other series of
experiments.

RESULTS

During the preparation of aortic intima and media for
incubation the tissue is exposed to large volumes of
substrate-free buffer, and its sorbitol content usually
decreases during this period. However, during subse-
quent incubation with 5 mM glucose, the sorbitol con-
tent reaches a level within 30 min that remains rela-
tively constant throughout a 2 hr incubation (Table I).
In contrast, the aortic fructose content continues to rise
over the 1st hr and then appears to plateau (Table I).
During the 2 hr incubation with 5 mwm glucose the
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quantity of free fructose released into the medium was
six times the steady-state aortic fructose content, and
17 times the molar equivalent of the steady-state aortic
sorbitol content (Table I). Sorbitol could not be de-
tected in the medium at any glucose concentration.
These observations suggest that there is a significant
turnover of sorbitol in the aorta at a physiological me-
dium glucose concentration., Further, it is apparent that
the quantity of glucose utilized for sorbitol synthesis
cannot be accurately estimated from the aortic sorbitol
content alone. However, a rough estimate may be ob-
tained from the quantity of fructose released into the
medium during the incubation. This requires the as-
sumption that the polyol pathway operates in an essen-
tially irreversible fashion in the aorta as it does in sheep
seminal vesicles (16), and in human erythrocytes (10).
This assumption appears to be justified since incuba-
tion of aortic tissue with fructose concentrations as
high as 50 mM failed to increase the aortic sorbitol or
glucose concentrations above that observed in the
absence of added substrate. (As recently noted by
Atkinson (17) and earlier by Klingenberg and Biicher
(18), the difference in the redox states of the free
NADP*/NADPH and free NAD*/NADH couples in
the cytoplasm of many cells is such that under physio-
logical conditions the free energy change for the re-
duction of NAD* by NADPH, such as occurs in the
conversion of glucose to fructose via the polyol path-
way, would be of the order of the free energy of hydrol-
ysis of the ~-phosphate of adenosine triphosphate
(ATP). As noted by Klingenberg and Biicher (18),
this appears to be the basis of the apparent irreversi-
bility of the polyol pathway.) The estimate of polyol

3117



TasLe III
Rabbit Aortic Alditol: NADP Oxidoreductasc

Vinax

(relative to

Substrate K,, p-glyceraldehyde)
n-Glyceraldehvde 1.2 X 104 100
b-Erythrose 23X 10 4w 54
D»-Ribose 20X 102 M 29
D-Xylose 1.5 X 1072 23
p-Arabinosc 1.1 X 10t M 8
L-Arabinosc 4.2 X 1072\ 44
D-Lyxose 7.0 X 102w 87
n-Galactose 29 X 107t v 22
b-Glucose 5.6 X 1072 M 23
D-Mannose 3.5 X 107 8
D-Glucuronic acid 3.7 X 1072 ™ 'n
D-Glucuronolactone 6.0 X 1073 M +4
p-Galacturonic acid 5.6 X 1072 M 47
NADPH 6.0 X 1076\

The K, for aldoses and uronic acids were determined at 30°C
in 1.0 ml of potassium phosphate buffer, pH 6.2 (0.06 M),
containing NADPH (1 X 10~¢ M). The K,, for NADPH was
determined under the same conditions with D-xvlose
(1.5 X 107! »1) as substrate.

pathway activity derived from fructose recovered in the
medium would be a minimal estimate, since it would
not assess any sorbitol or fructose metaholized by other
pathways.

Paired aortic samples were incubated with either 5
and 20 mm or with 5 and 50 mm glucose for 2 hr to

TaABLE IV
L-1ditol: NAD Oxidoreductase from Rabbit Thoracic Aerta

Vinax
Substrate K, (relative to sorbitol)
mM
Sorbitol 0.7 100
Dulcitol 98.0 43
Xylitol 0.2 110
Ribitol 10.0 81
L-Arabitol 8.7 46
NAD 0.04
Fructose 83.0
NADH 0.1

The K for hexitols and pentitols were determined at 30°C in
1.0 ml of glycine-NaOH buffer (5 X 102 M), pH 9.6, con-
taining NAD (3 X 1073 M). The K for NAD was determined
under the same conditions with sorbitol (1.0 X 1072 M) as
substrate. The K,, for fructose was determined at the same
temperature in 1.0 ml of potassium phosphate buffer, pH
6.2 (6.0 X 1072 ™), containing NADH (4.0 X 1074 M); the
K, for NADH was determined in the same system with
fructose (5 X 107! M) as substrate.
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examine the effects of medium glucose concentration on
polyol pathway activity (Table II). The samples incu-
bated with 5 mM glucose released 216 nmoles of free
fructose/g wet weight per 2 hr which accounted for
approximately 1.89, of the glucose uptake. (Average
glucose uptake = 11.6=0.7 wmoles/g wet weight per
2 hr; N =15.) Increasing the medium glucose concen
tration to 20 or 50 mM resulted in the expected in-
creases in aortic sorbitol content and in significant in-
creases in aortic fructose content (Table I1I). The
fructose recovered in the medium increased 3.5-fold
when the medium glucose was increased from 5 to 20
mM, and more than 6-fold when the medium glucose
was increased from 5 to 50 mM (Table IT). Thus an
elevated medium glucose concentration appears to pro-
duce an increase in both sorbitol synthesis and sorbitol
oxidation to fructose. (The per cent of the glucose up-
take utilized via the polyol pathway at 20 or 50 mm
glucose cannot be accurately estimated because of the
difficulty in accurately determining glucose uptake at
these medium glucose concentrations. )

The increased polyol pathway activity observed at ele-
vated medium glucose concentrations can be explained
in terms of the kinetic characteristics of the enzymes
concerned with sorbitol synthesis and oxidation in rabbit
aorta. Aortic alditol: NADP oxidoreductase resembles
the enzyme originally described in sheep seminal vesicles
(2) in its capacity to catalyze the NADPH-dependent
reduction of a wide range of aldoses, as well as uronic
acids (Table IIT). It also exhibits the high K= for aldo-
hexoses which have been characteristic of the alditol:
NADP oxidoreductases isolated from a number of mam-
malian tissues (2, 19, 20) and from human placenta
(4) (Table III). Aortic alditol: NADP oxidoreductase
has an apparent Kn for glucose of 5.6 X 10 M. Thus an
increase in intracellular glucose concentration would be
expected to result in increased sorbitol synthesis over
a wide range. This appears to be a reasonable explana-
tion for the effect of an increased medium glucose con-
centration on the rate of sorbitol synthesis, since the in-
tracellular glucose concentration averaged 3.64%=0.28 mm
in tissue incubated with 5 mM glucose for 2 hr, and
26.48+4.78 mM in paired samples incubated with 50 mm
glucose, n = 6 (see Methods).

Rabbit aortic L-iditol: NAD oxidoreductase catalyzes
the NAD-dependent oxidation of sorbitol to fructose,
and resembles hepatic sorbitol dehydrogenase in that
L-arabitol is oxidized as well as polyols having a cis-
2,4-dihydroxy configuration (21) (Table IV). The ap-
parent Km for sorbitol of the aortic enzyme is 0.7 mm.
If one assumes that the sorbitol present in rabbit aortic
intima and media is uniformly distributed in intracellular
water, the intracellular sorbitol concentration in tissue
incubated with 5 mM glucose for 3-2 hr would be of

A. D. Morrison, R. S. Clements, Jr., and Albert 1. Winegrad



the order of 0.04 mM. This estimate is derived from the
aortic sorbitol levels in Tables I and II, and from data
which indicate that under these conditions the average
water content of aortic tissue is 73.6%£0.3% of the wet
weight (Table Va), and the average inulin space is
56.7%1.59% of the tissue water (9). Since the steady-
state intracellular sorbitol concentration in aortic tissue
incubated with 5 mM glucose appears to be less than
75 the Km for sorbitol of r-iditol: NAD oxidoreductase,
the rise in aortic sorbitol that results from an increase in
medium glucose concentration (Table II) would ex-
plain the increased rate of sorbitol oxidation to fructose.
The possibility that incubation with elevated glucose
concentrations results in an increase in the water con-
tent of aortic intima and media was examined. In control
experiments the water content of paired aortic samples
was determined immediately after preparation and after a
3 hr incubation with 5 mM glucose and no significant
difference was observed. Subsequently, matched pooled
samples of aortic tissue (see Methods) were incubated
withr 5, 20, and 40 mM glucose for 3 hr. As shown in
Fig. 1, the water content of the samples incubated with
20 or 40 mM glucose was significantly greater than that
of the matched samples incubated with 5 mM glucose.
The most striking increase in water content, averaging
+ 5%, was observed when medium glucose was increased
from 5 to 20 mm (Fig. 1). With a single exception, a
further, but smaller, increase was observed when the
medium glucose was increased from 20 to 40 mm (Fig.
1). The notation used to express the water content of
the tissue, i.e., g/100 g dry weight, was chosen to con-
form with that employed by Tobian and his associates in
their studies of the water content of the arterial and
arteriolar walls in experimental hypertension (22, 23).
A significant increase in water content could also be
demonstrated in aortic tissue that had been incubated
with 50 mM glucose for 2 hr (Table Va). Under these
conditions the inulin space in tissue incubated with 50
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Ficure 1 Effect of medium glucose concentration on the
water content of aortic intima and media. In each experi-
ment matched samples from three rabbits (see Methods)
were incubated for 3 hr in KRB-CO/air with glucose in
the concentrations indicated at 37°C. The mean A in water
content between matched samples incubated with 5 and 20
mM glucose was + 14.2+2.3 g/100 g dry weight, P <0.001.
The mean A in water content between matched samples
incubated with 5 and 40 mM glucose was + 21.0+£3.5 g/
100.g dry weight, P < 0.001.

mM glucose was consistently less than that of paired
samples incubated with 5 mM glucose (Table Vb).
Thus the increased water content does not appear to re-
sult from an increase in the inulin space.

- The water content of aortic tissue incubated with 40
mM fructose was not significantly different from that of
paired controls incubated with 5 mM fructose ; mean A of

TABLE V
Effect of Medium Glucose Concentration on Water Content and Inulin Space of Aortic
Tissue Incubated for 2 hr

Glucose Glucose Mean A of paired
(5 mm) - (50 mm) exp. +SE P

a. Water content, g H.0/100 g dry weight

N =10 280.843.5 300.7+3.9 +19.843.0 <0.001
b. Inulin space, ml H,0/g wet weight
N=9 0.5010.024 0.48440.025 —0.01740.004 <0.01

Paired aortic samples were incubated in KRB-CO,/air at 37°C for 2 hr. In a, at the
end of the incubation the water content of the tissue was determined. In b, methoxy-
(®H)-inulin was added to the medium at the start of the incubation, and the inulin
space determined as described in Methods.

Elevated Glucose Levels and Aortic Metabolism
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Ficure 2 Effect of increasing medium galactose concen-
tration on the water content of aortic intima and media.
In each experiment, matched samplcs from three rabbits
were incubated for 3 hr in KRB-CO./air containing 2 mat
glucose and galactose in the concentrations indicated at
37°C. The mean A in water content between matched
samples incubated with 5 and 20 mMm galactose was + 15.4
*+2.0 g/100 g dry weight, /> < 0.001. The mean A in water
content between matched samples incubated with 5 and 40
mM galactose was 4+ 23.2+2.8 2/100 g dry weight, I’ < 0.001.

six paired experiments — — 89x41 ¢ H:0 100 g dry
weight. In these experiments 2 mat glucose was also pres-
ent as substrate. When substituted for
fructose in similar experiments the expected decreases in
water content were ohservel.

p-Galactose is also a substrate for aortic alditol: NADP
oxidoreductase (Table III). As shown in Fig. 2, when
matched samples of aortic tissue were incubated for 3
hr with 5, 20, or 40 mM galactose, the water content of
the samples incubated with 20 or 40 mwm galactose was

mannitol was

TaBLE VI
Effect of Medium Glucose Concentration on Lactate Production

Lactate production, umoles, g wel weight per 2 hr

Mean A of paired r

a. Glucose Glucose
(5 mm) (20 m™m) exp. +=SE
N =6 10.27 £0.66 12.44 +0.67 +2.184£0.33 <0.01
b. Glucose Glucose Mean A of paired
(5 mm) (50 mm) exp. +SE
N =17 10.64 +1.85 15.87 £2.22 +5.234£1.26 <0.01

Paired aortic samples incubated in KRB-COs/air at 37°C for 2 hr
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TaBLE VII
Effect of Medium Glucose Concentration on Oxygen Uptake of
Aortic Tissue Preincubated for 2 hr

Glucose Glucose Mean A of paired P
(5 mm) (50 mm) exp. £SE
a. Oxygen uptake, ul 02, g wet weight per hr
N =12 12047 104 +4 —2545 <0.001
Glucose Glucose Mean A of paired
(5 mwm) (20 m1) exp. £SE r
b. Oxygen uptake, ul 0o g wel weight per hr
N =10 128 44 11545 —13+£2 <0.001
Glucose Glucose Mean A of paired
(5 mx) (50 m1) exp, £SE r
c. Oxygen uptake, ul Q2 g dry weight per hr
N =10 394 +7 3327 —6245 <0.001

Paired aortic samples were incubated at 37°C for 2 hr in KRB-CO: air
containing glucose in the stated concentrations: the oxygen uptake was
then determined in medium of the same composition, The oxygen uptake
did not detectably deviate from linearity during the 15 min determination.

significantly greater than that of the samples incubated
with 5 mm galactose. (In these experiments 2 mm glu-
cose was also present as substrate in all flasks.) This sug-
gests that the effects of elevated glucose concentrations
on aortic water content may be reproduced by other al-
dose substrataes for alditol: NADP oxidoreductase.
Lactate production accounts for approximately 809 of
the glucose uptake in aortic intima and media when the
medium glucose is 5 mm (7, 8). and is thus a useful
index of glucose utilization in this tissue. Aortic samples
incubated with 20 or 50 mMm glucose for 2 hr were found
to have significantly greater rates ol lactate production
than paired samples incubated with 5 my glucose (Ta-
ble VI). This observation was unexpected since the hex-
okinase activities in the soluble fraction of homogenates
of this aortic preparation have an apparent Km for glu-
cose of the order of 2.5 to 5.0 X 10 M (8), and there
is no evidence of a glucokinase with a high K. for glu-
cose such as that present in liver (8. 9). The intracellu-
lar glucose concentration in aortic tissue incubated with
5 mM glucose is of the order of 3.6 X 10™ M, and we had
anticipated that the low K. hexokinases would be satu-
rated under these conditions. The aortic lactate con-
centration was significantly higher in samples incubated
with 50 mM glucose (2.39%0.39 umoles/g wet weight)
than in paired samples incubated with 5 mM glucose for
2hr (1.43%0.21: Mean A of seven experiments = + 0.96%
0.29, P < 0.05). The aortic pyruvate concentration was
not significantly different in the paired samples incubated
with 5 mMm glucose (24.5%2.2 nmoles/g wet weight) and
with 50 mM glucose (21.6%2.2). Thus the aortic lactate/
pyruvate concentration ratio was significantly greater
in the samples incubated with 50 mm glucose. Although
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TasLE VIII
Effect of 40 mM Mannitol on Oxygen Uptake and Lactate Production of Aortic Tissue
Preincubated with 50 mM Glucose for 2 hr

Glucose Glucose (50 mm) Mean A of paired
(50 mm) + mannitol (40 mm) exp. +SE P
a. Oxygen uptake, ul O2/g wet weight per hr
N=6 1069 124+11 +18+2 <0.001
b. Oxygen uptake, ul Oz/g dry weight per hr
N =14 32948 3777 +48+5 <0.001
¢. Lactate production, umoles/g wet weight per 2 hr
N=6 13.86+0.98 9.82+0.88 —4.0440.71 <0.01

Paired aortic samples were incubated in KRB-CO;/air at 37°C for 2 hr, and their O.
uptake then determined in fresh medium of the same composition. The osmolality of the
KRB containing 50 mM glucose was 328 mOsm/kg, and that of the KRB containing

50 mM glucose plus 40 mM mannitol was 368 mOsm/kg.

the aortic wall characteristically exhibits a high rate of
aerobic glycolysis, the tissue has a significant oxygen
uptake and a modest Pasteur effect can be demonstrated
(24). The increased aortic lactate/pyruvate ratio sug-
gested that the increased lactate production observed in
tissues incubated with elevated glucose concentrations
might result from impaired respiration and de-repression
of glycolysis.

The oxygen uptake of freshly prepared aortic tissue
was essentially the same when the medium glucose con-
centration was 5 or 50 mm when determined in KRB-
COs/air. The oxygen uptake of the samples incubated
with 5 mM glucose was 129+3 ul Oz/g wet weight per hr
and that of the paired samples incubated with 50 mM glu-
cose was 127+3; mean A of six paired experiments
= —2=*1. The oxygen uptake of aortic tissue incubated
with 5 mM glucose remained linear for at least 3 hr and
was not acutely altered by increasing the medium glu-
cose concentration to 50 mMm; thus a Crabtree effect
could not be demonstrated. However, the oxygen uptake
of aortic tissue incubated with 50 mM glucose tended to
fall at a very slow rate after approximately 3 hr. Paired
aortic samples were therefore preincubated for 2 hr with
5 or 20 mm and with 5 or 50 mMm glucose and their oxy-
gen uptakes determined in fresh media of the same com-
position. As shown in Table VII a,b, the oxygen uptakes
of the samples preincubated with 20 or 50 mm glucose
were significantly less than that of the samples prein-
cubated with 5 mM glucose when compared on the basis
of wet weight. The oxygen uptake of aortic tissue pre-
incubated with 50 mM glucose was also significantly less
than that of tissue preincubated with 5 mM glucose in
experiments in which oxygen uptakes were compared
on the basis of dry weight (Table VII¢).

Paired aortic samples were preincubated for 2 hr with
50 mm glucose or with 50 mm glucose plus 40 mM man-

nitol, and their oxygen uptakes then determined in fresh
media of the same composition. As shown in Table
VIII a, the oxygen uptakes of the tissues preincubated
with added mannitol were significantly greater than that
of the samples preincubated with 50 mM glucose alone.
This was true whether the oxygen uptake was expressed
on a wet weight basis as in Table VIII g, or in experi-
ments in which the dry weight was determined (Table
VIII b). It should also be noted that the addition of man-
nitol reduced the level of lactate production during a 2 hr
incubation with 50 mM glucose to that observed in tis-
sue incubated with 5 mM glucose (compare Table VIII ¢
with Table VI).

The oxygen uptake of aortic tissue preincubated with 5
mM glucose for 2 hr in medium saturated with the
standard gas phase (5% COs in 95% air) was the same
whether the subsequent determination of oxygen uptake

TaBLE IX
Effect of Oxygen Tension on Oxygen Uptake of Aortic Tissue
Preincubated with Glucose for 2 hr

Oxygen uptake, ul O2/g wet weight per hr

5% CO- 5% CO: Mean A of paired
in 95% air in 959 O- exp. £SE P
a. Glucose (5 mm)
N=7 13246 13347 042 NS
b. Glucose (20 mMm)
N =7 109 +3 12745 +18+3 <0.01
¢. Glucose (50 mMm)
N =6 10416 12845 +25+3 <0.001

Paired aortic samples were incubated in KRB-COz/air at 37°C for 2 hr
containing the same glucose concentration. The samples were then trans-
ferred to fresh media of the same composition saturated with either 5%
CO2z in 95% air or 5% COz2 in 95% 09, and the oxygen uptake determined
at 37°C.

Elevated Glucose Levels and Aortic Metabolism 3121



TaBLE X
Effect of Alloxan Diabetes on Water Content and Oxygen
Uptake of Rabbit Thoracic Aorta

Alloxan

Normals ni diabetic n P

a. Water content, g H:0/100 g dry weight

281.443.1* 9 312.246.2 9 <0.001§
b. Oxygen uptake, ul O./g wet weight per hr
13145 12 89+9 12 <0.0S

In @, the water content of freshly prepared aortic segments
was determined. In b, oxygen uptake was determined in
KRB-CO;/air at 37°C containing glucose in the concentra-
tion present in the animal’s plasma at sacrifice; average
plasma glucose in diabetics = 391 mg/100 ml, and in normals
131 mg/100 ml.

* Values are the mean=sk.

1 Number of animals.

§ P determined by ¢ test of the differences between two means

(15).

was carried out in medium saturated with the standard
gas phase or with 59 CO: in 959 oxygen (Table IX).
In contrast, the oxygen uptakes of aortic tissue pre-
incubated with 20 or 50 mM glucose were significantly
greater when determined in media saturated with 5%
COs in 959% oxygen than in media saturated with 59
CO: in 95% air (Table IX). The tissues preincubated
with 20 or 50 mM glucose had rates of respiration in
media saturated with 59 CO: in 959% oxygen that ap-
proximated that of tissue preincubated with 5 mM glu-
cose (Table IX). These observations support the con-
clusion that oxygen diffusion becomes limiting for res-
piration in aortic tissue incubated with elevated glucose
concentrations.

As shown in Table X, freshly prepared aortic intima
and media from alloxan-diabetic rabbits has a signifi-
cantly greater water content than that from normal ani-
mals of the same age and sex. In addition, freshly pre-
pared tissue from alloxan-diabetic rabbits exhibits a sig-
nificantly reduced rate of respiration in medium saturated
with the standard gas phase and containing glucose in the
concentration present in the plasma at sacrifice, when
compared with tissue from normal controls incubated
under the same conditions (Table X).

DISCUSSION

Under the in vitro conditions employed in these studies,
increasing the ambient glucose concentration to levels
that may be observed in the plasma of human diabetics
results in significant alterations in the metabolism of the
aortic wall. These alterations include an increase in
glucose utilization via the polyol pathway, an increase
in tissue water that lies outside the inulin space, a de-
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crease in respiration that results from a limitation im-
posed by oxygen diffusion, a compensatory increase in
glycolysis, and an increase in the aortic lactate/pyruvate
concentration ratio which probably reflects a change in
the redox state of the free NAD*/NADH couple in the
cytoplasm of component cells.

In considering the mechanism(s) responsible for the
metabolic changes that result from incubating aortic tis-
sue with elevated glucose concentrations, it would ap-
pear that after the initial half hour of incubation with
high glucose concentrations, oxygen diffusion becomes
limiting for respiration at medium oxygen tensions ap-
proximating that normally present in arterial blood, and
there is a decrease in the respiratory rate. This appears
to be responsible for the increase in glycolysis and the
increase in the aortic lactate/pyruvate ratio. A relation-
ship between the increased water content of the tissue
and impaired respiration is suggested by the observations
summarized in Table VIII. Thus, increasing the osmo-
lality of the incubation medium by the addition of 40 mm
mannitol preserves a nearly normal rate of oxygen uptake
and lactate production (i.e., similar to that observed in
tissue incubated with 5 mm glucose) in tissue incubated
with 50 mM glucose for 2 hr. The increased water con-
tent of the tissue does not appear to result from an in-
crease in the inulin space; however, this does not pre-
clude the possibility that the increased water content is,
in part, extracellular.

There appears to be a relationship between incubation
with elevated concentrations of substrate (glucose or
galactose) for aortic alditol: NADP oxidoreductase and
the development of a significant increase in the water
content of aortic intima and media. However, the mag-
nitude of the increases in water content could not be ex-
plained as a consequence of the osmotic activity of the
increased aortic sorbitol content observed in tissue incu-
bated with 20 or 50 mM glucose. Meaningful speculation
concerning the factors responsible for the increased wa-
ter content must await studies of the effects of incuba-
tion with elevated glucose concentrations on the fine
structure of aortic intima and media, and a better under-
standing of the function and the intracellular localization
of the polyol pathway. Irrespective of the mechanism(s)
involved, the studies reported in this communication sug-
gest that exposure to elevated glucose concentrations re-
sults in significant alterations in the metabolism of aortic
intima and media under in vitro conditions.

The observations reported herein will require con-
firmation in other types of aortic preparations, preferably
one which permits pulsatile perfusion. The phenomena
observed in these in vitro studies may not have in vivo
counterparts; however, it is of interest that freshly pre-
pared aortic intima and media from alloxan-diabetic rab-
bits exhibits a significantly increased water content, and

A. D. Morrison, R. S. Clements, Jr., and Albert 1. Winegrad



a decreased respiratory rate when determined in medium
with a physiological oxygen tension and glucose in the
same concentration as that present in plasma at sacri-
fice. This suggests that there may be in vivo counter-
parts to the changes that result from incubating aortic
tissue from normal rabbits with elevated glucose con-
centrations. However, further study is necessary to clarify
the genesis of the changes observed in aortic tissue from
alloxan-diabetic rabbits, since a number of factors other
than hyperglycemia may be involved. Thus we have
previously demonstrated that alloxan diabetes results
in impaired glucose phosphorylation in rabbit thoracic
aorta which is reflected in a decreased glucose uptake, a
decreased rate of lactate production, and a decreased
incorporation of glucose-*C into *COs, glycogen, and
total lipid (7-9).

The nature of the alterations produced by incubating
normal aortic intima and media with elevated glucose
concentrations is of interest; an increase in water con-
tent and impaired respiration have figured prominently in
recent speculations concerning alterations in the metabo-
lism of the arterial wall which might potentiate the
effects of external factors that are operative in the pro-
duction of arterial lesions (24-26).
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