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Summary. Studies have been carried out to determine the ef-
fect of diabetes on the concentrations of sugar nucleotides in
several tissues of the rat. This represents one aspect of an in-
vestigation aimed at evaluating the role which alterations in
the metabolism of glycoproteins or other glycoconjugates may
play in the development of the long-term complications of this
disease. Measurements were made of the nucleotides of hex-
oses, N-acetylhexosamines, hexuronic acids, and sialic acid in
liver, kidney, skeletal muscle, testis and heart of alloxan-dia-
betic rats and age-matched controls. Of the intermediates
studied, only UDP-glucose and UDP-galactose showed sig-
nificant alterations in diabetes. The direction of the changes
depended on the tissue, with the levels in liver and skeletal
muscle being decreased, those in kidney and testis increased
and the concentrations in heart being unchanged. In the dia-
betic liver, the concentrations of UDP-glucose was reduced to

(.75 that of normal, while in skeletal muscle both UDP-glu-
cose and UDP-galactose were significantly decreased (diabet-
ic to normal ratios of 0.67 and 0.64, respectively). Kidney and
testis, on the other hand, showed elevations of both UDP-glu-
cose and UDP-galactose, with the diabetic levels being 1.2 to
1.3 those of normal levels. The direction of change in UDP-
glucose in a tissue appeared to reflect its known ability to syn-
thesize glycogen in diabetes. The finding of elevated UDP-
glucose and UDP-galactose concentrations in diabetic kidney
is considered to be potentially of great importance to the
increased synthesis of basement membrane collagen by this
tissue.

Key words: Sugar nucleotides, UDP-glucose, UDP-galactose,
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In recent years, studies of the long-term complications
in diabetes have dealt increasingly with alterations in
the metabolism of carbohydrate-containing macro-
molecules. Among the glycoconjugates studied have
been the capillary basement membranes, which have
been found to thicken in many tissues in diabetes [1]
and to show increased synthesis in the kidney [2-4]; gly-
cosaminoglycans, for which abnormal synthesis [5-7] or
reduced levels [8] have been reported; serum glycopro-
teins, several of which have been found in increased
concentrations in diabetes {9]; and material believed to
be glycoprotein in nature which has been observed in
both dog and human hearts in diabetes [10, 11]. More-
over, a distinction has been made between the unim-
paired synthesis of glycoproteins by diabetic liver and
its markedly reduced glycogen formation [12, 13].

Since the synthesis of these carbohydrate-contain-
ing molecules may be controlled to some extent by the
levels of their sugar nucleotide precursors, it is impor-
tant to know what effect the diabetic state may have on
the concentrations of these compounds. In the present
study, measurements have been made of the nucleotide

derivatives of the hexoses, the N-acetylhexosamines,
the hexuronic acids and of sialic acid. The tissues inves-
tigated included those requiring insulin for glucose en-
try or phosphorylation, as well as those which appear
to be independent of insulin for their handling of this
sugar.

Materials and methods

Studies were performed with male albino rats (CD strain, Charles
River Laboratories, Wilmington, MA, USA). Animals were selected at
random for treatment with alloxan monohydrate (37 mg/kg body
weight) by TV injection into the femoral vein after an overnight fast,
while the remainder were used as age-matched controls. All animals
were subsequently fed laboratory chow ad libitum. The experiments
were performed approximately 2 weeks after the administration of al-
loxan. Blood glucose values were determined with a Beckman glucose
analyzer.

Separation of nucleotides

The tissues to be studied (liver, kidney, testes, heart and hind limb
muscle) were removed rapidly from animals which had been killed by
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Table 1. Effect of diabetes on the levels of sugar nucleotides in several tissues of the rat

Tussue UDP-glucose UDP-galactose GDP-mannose UDP-N-acetyl- UDP-N-acetyl- UDP-hexuronic ~ CMP-sialic acid
glucosamine galactosamine  acids
(nmol/g tissue) (nmol/g tissue) (nmol/gtissue) (nmol/gtissue) (nmol/gtissue) (nmol/g tissue) (nmol/g tissue)
Liver
Normal 332+£127(11)  974x42(11) 13.10£091(11) 269£16.6(7)  110.0x£44(7) 93.9+84(8) 269+2.1(6)
Diabetic 254+22.6°(12) 883+79(12) 11.20+1.2(12) 231£26.0(8) 98.7+9.6(8)  90.8+£5.4(8) 257+1.1(6)
Ratio 0.76 0.91 0.85 0.86 0.88 0.97 0.96
Kidney
Normal 124+ 73(11) 395+£34(11) 7.61£0.53(11) 153+ 5.6(6) 80.1£5.7(6) 166 +23.0 (8) 29.1+£0.81 (6)
Diabetic 153+ 8.4%(12) 50.3+3.8°(12) 6.74+0.74 (12) 140+17.1(5) 73.1£9.0(5) 163 £17.2 (8) 36.4+4.1(6)
Ratio 123 127 0.88 091 0.91 0.98 125
Testis
Normal 121+ 9.0(11) 42.5+£33(11) 5.50£0.49 (11) 208+10.0 (6) 821+ 84(6) 131+£21.5(8) 14.5+0.64 (6)
Diabetic 146+ 69°(12) 51.4+2.4°(12) 570+0.54 (12) 217+£13.5(5) 919+119(5) 130%16.7(8) 14.0+2.1 (6)
Ratio 121 1.21 1.04 1.04 1.12 0.99 0.97
Muscle
Normal 48.6+6.6 (9) 6.70+036(9) 3.86+0.57(9) 356£3.8(3) 131+£18(3) Notdone Not done
Diabetic 32.4+2.6°(10) 4.29+0.59°(10) 3.74+£0.71(10) 348£79(3) 12.3+4.0(3)
Ratio 0.67 0.64 0.97 0.98 0.94
Heart
Normal 37.8£32(8) 6.491+087(8)  6.76+0.69 (8) 51.9+52(3) 158+£19(3) Notdone Not done
Diabetic 449+3.7(10) 748+21(10) 6.89+£1.5(10) 50.0+94 (3) 183+3.2(3)
Ratio 1.19 1.15 1.02 0.96 1.16

Values are expressed as mean + SEM with the number of animals given in parentheses. Significance of difference between normal and diabetic

groups: * p <0.02; ° p <0.05; ¢ p <0.01

decapitation and were quick-frozen in plastic bags by the use of tongs
pre-cooled to — 70 °C in a dry ice-alcohol bath. Nucleotide extraction
was accomplished by pulverizing the frozen tissues, adding five vol-
umes of pre-cooled 70% ethanol and homogenizing with a Polytron
20ST or 10ST probe (Brinkmann Instruments, Westbury, New York,
USA) for two 5-s bursts at a setting of 6. Before homogenization, ATP
was added to the alcohol suspension of the tissue to a final concentra-
tion of 0.5 mmol/I to help protect the nucleotides from enzymatic hy-
drolysis and 0.05 uCi (0.2 nmol) of UDP[“Clglucose was added as an
internal standard to assess recovery of the nucleotides in the individu-
al samples. The homogenates were heated for 3 min at 100 °C, cooled
to 2 °C and centrifuged at 35,000 g. The pellet was washed once with
60% ethanol and the volume of the combined supernatant and wash
was reduced in a rotary evaporator at 25 °C.

Separation of the nucleotides from free sugars and sugar phos-
phates was performed by a modification of a technique described pre-
viously [14]. The concentrated alcohol extracts from 4 g or less of tis-
sue were passed through columns of Dowex 50-X4, 200-400 mesh,
(Bio-Rad Laboratories, Richmond, California, USA), H* form (3 ml
of packed resin) and washed through with water (25 ml). The effluent
and wash were adjusted to pH 6.5 with NH,OH and the samples were
applied to columns of Dowes 1-X2, 200-400 mesh, formate form
(3 ml of packed resin). After the Dowex 1 columns were washed with
25 ml of water, 60 ml of 4mol/1 formic acid was used to remove the
sugar phosphates; further treatment with 40 ml of 2 mol/1 pyridine
acetate (pH 5.0) eluted the sugar nucleotides as a group.

Analyses of sugar constituents

Neutral sugars, N-acethylhexosamines and uronic acids were re-
leased from their nucleoside pyrophosphate linkage by mild acid hy-
drolysis (0.1 N HCI, 20 min, 100 °C); the neutral sugars and N-acetyl-
hexosamines were recovered in the effluent and wash after passage of
the hydrolysates through columns of Dowex 1-X8, 200-400 mesh
(formate form). Uronic acids released by the mild acid hydrolysis
were recovered from the Dowex 1 column by elution with 3 mol/1
formic acid.

Neutral sugars were analyzed by means of automated borate an-
ion-exchange chromatography [15] modified to permit detection of
sugars in the nmol range. N-acetylhexosamines were determined on
the Technicon NC-2 amino acid analyzer (Tarrytown, New York,
USA) after release of the acety] groups by hydrolysis in 1 mol/1 HCI at
100 °C for 3 h. Both analytical systems contained Hewlett-Packard
3390A integrators (Palo Alto, California, USA) for quantifying the re-
sults. Uronic acids were examined qualitatively by paper chromatog-
raphy in pyridine/ethyl acetate/water/acetic acid (5:5:3:1) and only
glucuronic acid was observed; quantitative measurement was per-
formed with the carbazole reagent [16].

CMP-sialic acid was isolated by paper chromatography of the al-
cohol extracts of the tissues in ethanol/ammonium acetate (1 mol/1),
pH 7.5 (75:30) [17]. Tracer amounts of 3H-labelled CMP-N-acetyl-
neuraminic acid were included with each sample to facilitate location
of the nucleotide during radioscanning of the chromatogram; the ap-
propriate region of the paper was then excised and eluted with water.
Analysis was performed by the thiobarbituric acid reagent [18] with-
out prior hydrolysis [19].

Radiolabelled sugar nucleotides obtained from New England
Nuclear (Boston, MA, USA) and unlabelled nucleotides from Sigma
(St. Louis, MO, USA) were used to standardize the analytical proce-
dures. Addition of tracer amounts of "“C-labelled UDP-glucose to
each sample permitted correction for losses of the hexoses or N-ace-
tyl-hexosamines, while recovery of CMP-sialic acid was based on *H-
labelled CMP-N-acetyl-neuraminic acid added to the tissue extract
before chromatography. No correction was applied to the UDP-glu-
curonic acid values, since “C-labelled UDP-glucuronic acid was re-
covered quantitatively.

Enzymatic analysis of UDP-glucose and UD P-galactose

Measurement of UDP-glucose and UDP-galactose was also per-
formed on several extracts of normal and diabetic liver, kidney and
testis by an enzymatic procedure [20]; the ratio of the values deter-
mined to those obtained by the chemical technique averaged 1.07 for
UDP-glucose and 0.98 for UDP-galactose. The data presented are
based on the chemical determinations.
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Table 2. Comparison of the effect of diabetes on metabolites of
glucose in tissues of the rat

Metabolite  Ratio of the concentrations of the metabolite in
diabetic and normal tissue
Liver Skeletal Kidney  Heart Testis

muscle

Glycogen 0.058 [25] 0.57[26] 2.6[27] 1.4128]

UDP- 0.76 0.67 1.2 1.2 1.2

glucose

(present

study)

Glucose 6-P 042[25] 0.66[26] 3.1[27] 1.8 28] 1.4[29]

References from which the data are taken are shown in parentheses

Statistical Analysis

The results are expressed as mean + SEM; statistical analysis was per-
formed by Student’s t-test for unpaired samples.

Results

The diabetic rats had an average blood glucose of
342+1.1mmol/l (n=12) compared with 83=%
0.9mmol/1 for the normal animals (n=11). Their
weight at the time of the experiment averaged 208 =13 g
while that of the normal age-matched animals was
279 +17 g. A comparison of total organ weights indicat-
ed the following ratios of diabetic to normal (g/g): liver,
0.77; kidney, 1.14; testis, 0.97; and heart, 0.86.

The concentrations of sugar nucleotides in the nor-
mal state differed markedly from one tissue to another,
with liver having the highest and muscle and heart the
lowest values (Table1). In each tissue, UDP-glucose
and UDP-N-acetylglucosamine were the most abun-
dant compounds; the amounts of these nucleotides
present in normal liver was approximately seven times
that present in normal muscle. GDP-mannose, on the
other hand, was present in the smallest amounts in all
tissues and its levels varied over only a threefold range
with liver having the most and muscle the least of this
nucleotide.

The effect of diabetes on the concentration of the
sugar nucleotides was found to depend on the tissue as
well as the nucleotide itself. In diabetic liver the UDP-
glucose was reduced to two-thirds the normal level,
whereas the other sugar nucleotides were not signifi-
cantly affected (Table 1). The decrease in UDP-glucose
was even more pronounced in muscle and the UDP-
galactose concentration was also substantially dimin-
ished, while the remaining nucleotides stayed at normal
levels (Table 1).

In kidney and testis, the UDP-glucose and UDP-ga-
lactose levels were significantly elevated in diabetes.
These two tissues had similar concentrations of all of
the nucleotide sugars in the normal state and underwent
similar increases in the glucose and galactose nucleo-
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tides in response to diabetes; however, again as with
liver and muscle, the other compounds studied showed
no alterations.

Although normal heart had levels of sugar nucleo-
tides similar to those found in normal skeletal muscle,
the effect of diabetes on the two types of muscle was
quite different, with the diabetic heart having levels of
UDP-glucose and UDP-galactose not significantly dif-
ferent from the normal tissue, in contrast to the marked
decreases seen in the skeletal muscle of diabetes.

If, instead of comparing nucleotide concentrations
the total amounts present in each tissue are considered,
the differences observed between normal and diabetic
in both liver and kidney are actually amplified. This
is so since the weight of the diabetic liver is only three-
quarters that of normal while diabetic kidney weight
is increased. Testis organ weight was essentially un-
changed, and in the case of the heart, despite a slight re-
duction in its weight in diabetes, no significant differ-
ence between the normal and diabetic values was
observed, when the amounts present in the whole organ
were compared.

Discussion

The present study indicates that, of the sugar nucleo-
tides examined, only UDP-glucose and UDP-galactose
undergo important fluctuations in diabetes. The tissues
however showed marked differences, with liver and
skeletal muscle having decreased levels of these inter-
mediates and kidney and testis showing elevated con-
centrations. In contrast to skeletal muscle, the levels in
heart were unchanged, indicating a dissimilarity be-
tween these two types of muscle. Contrasting responses
of heart and skeletal muscle in regard to the levels of
glucose 6-phosphate, citrate and glycogen have also
been demonstrated under conditions of starvation [21].

It has been believed generally that biosynthesis of
most of the sugar nucleotides is controlled by feedback
inhibition. This was initially demonstrated for UDP-N-
acetylglucosamine and CMP-sialic acid formation [22]
and more recently for GDP-mannose synthesis [23]. For
this reason it is not surprising that the levels of the nu-
cleotides of mannose, the N-acetylhexosamines and
sialic acid were not elevated in the tissues included in
the present study, but it is noteworthy that they were not
decreased in skeletal muscle in which the nucleotides of
glucose and galactose were reduced.

In contrast, for UDP-glucose synthesis it has been
suggested that feedback inhibition is relatively unim-
portant and that instead the concentration of the imme-
diate precursor, glucose l-phosphate, may be the de-
terminant of the nucleotide formation [24]. It is of
interest therefore to compare the concentrations of glu-
cose metabolites which have been previously reported
for normal and diabetic tissues [25-29] with UDP-glu-
cose levels found in the present study and in turn to re-
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late both of these to glycogen formation by the tissues.
A summary of the changes occurring in diabetes in the
levels of glucose 6-phosphate, UDP-glucose and gly-
cogen in several tissues is shown in Table 2 and it ap-
pears that the alterations in UDP-glucose concentration
do indeed reflect those of the precursor, glucose 6-phos-
phate. In addition, glycogen levels appear to change in
a parallel manner. A recent study of placental glycogen
synthesis has suggested that the increased formation of
this polymer noted in vivo is more clearly reflected by
the increased level of substrate present in the tissue (glu-
cose 6-phosphate) than by measurement of the enzymes
phosphorylase and glycogen synthese in vitro [30].

The fact that UDP-galactose levels also increase in
kidney and testis in diabetes suggests that this nucleo-
tide, like UDP-glucose, also lacks end-product control
of its synthesis.

In a recent study by Cortes et al. [31] the UDP-glu-
cose concentration of diabetic kidney was found to be
increased to an extent comparable to that found in the
present study. In contrast to our findings they found no
change in UDP-galactose though elevations were also
seen in the nucleotides of the N-acetyl-hexosamines
and the hexuronic acids. This difference in results may
be explained by the fact that these investigators per-
formed their analyses only 48 h after induction of diabe-
tes; at this early stage they have previously found in-
creases in several other kidney metabolites, including
UDP, all of which declined substantially shortly there-
after [32].

The different responses to diabetes of tissues such as
liver and skeletal muscle on the one hand and kidney
and testis on the other are clearly seen in Table 2. Other
examples of the unimpaired use of glucose in diabetes
have been reported and in fact glucose over-utilization
by these and some other tissues has been suggested
from the elevated levels of hexokinase and the enzymes
of the glycolytic and shunt pathways observed in kidney
[33, 34] and jejunum [33], from the elevated glycogen
content and enzyme levels in placenta [35] and from the
increased inositol formation in testis [29].

In relating the findings of the present study to the
control of glycoconjugate synthesis in diabetes, it is
relevant to compare the concentrations of the sugar nu-
cleotides found in the tissues to the K, values of en-
zymes utilizing these precursors, It has been suggested
that glycogen synthesis in the diabetic liver is affected
by the failure of this tissue, in the absence of insulin, to
convert the D form of glycogen synthese, which has a
high K, value for UDP-glucose (1073 mol/l) to the I
form (K., of 107*mol/1) [36]. Normal liver UDP-glucose
levels are in the 10~ mol/1 range, which is appropriate
for the I form of the enzyme, but the decreased level of
this nucleotide in diabetic liver would further contribute
to the reduced glycogen synthesis noted in this state. On
the other hand, synthesis of serum glycoproteins by the
liver has been reported to be unaffected by diabetes [12,
13] and in the present study it has been found that the

73

sugar nucleotides required for synthesis of these mole-
cules are maintained at normal concentrations or, in the
case of glucose, at adequate levels for the purpose. To
evaluate the potential influence of sugar nucleotides on
glycoprotein formation, two types of enzymes must be
taken into account. For those responsible for the syn-
thesis of the dolichol-linked saccharide intermediates
involved in the assembly of the core portion of aspara-
gine-bound carbohydrate units K, values of 10”7 mol/1
have been reported for GDP-mannose [37] and UDP-
glucose [38]; even the very low concentrations of GDP-
mannose found in the tissues studied and the reduced
level of UDP-glucose seen in liver and muscle are many
times greater than the K,, values for the dolichylphos-
phate monosaccharide synthesis. However, the enzymes
involved in building carbohydrate units by adding sug-
ars such as galactose, glucose, sialic acid or N-acetylglu-
cosamine directly from the nucleotides have K, values
of 104 to 10~ mol/1[17, 39, 40]; the K, values for sugar
nucleotides of enzymes responsible for glycosa-
minoglycan [41, 42] or glycolipid [43, 44] synthesis simi-
larly are approximately 10~*mol/1. Since the tissue con-
centrations of the nucleotides of these sugars are in the
10~* to 10~ mol/1 range, they are generally not saturat-
ing for the enzymes and the rate of glycoconjugate syn-
thesis may depend on substrate availability. When a de-
crease occurs, as for UDP-glucose and UDP-galactose
in skeletal muscle in diabetes, a limitation of glycopro-
tein or glycolipid synthesis could occur and could con-
tribute to the decrease in mass of this tissue found in
this disease.

In contrast, in a tissue like kidney, where an eleva-
tion of UDP-glucose and UDP-galactose occurs in dia-
betes, synthesis of some carbohydrate-containing mole-
cules may be enhanced. These nucleotides are both
involved in the formation of basement membrane col-
lagen and increased synthesis of this protein has been
demonstrated in the diabetic kidney [2]. Elevated levels
of the glycosyl-transferases involved in the formation of
the glucosylgalactose disaccharide have also been re-
ported [3, 4, 45, 46]. In considering what effect this en-
hanced glycosylating ability of diabetic kidney might
have on basement membrane collagen formation, the
question of the importance of the addition of carbohy-
drate to the peptide chain is relevant. Several recent re-
ports have indicated that, for many newly synthesized
proteins, the addition of carbohydrate provides protec-
tion against intracellular proteolysis and that molecules
not glycosylated turn over more rapidly [47-49]. Degra-
dation prior to secretion has been shown to be an im-
portant regulator of fibroblast procollagen production
[50]; if basement membrane collagen synthesis is simi-
larly controlled, a higher degree of carbohydration
might lead to a greater net production of this protein in
diabetes.
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