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The effect of chronic streptozotocin-induced diabetes was studied on intestinal microvillous membrane surface
carbohydrate groups. After 7 weeks of diabetes, purified microvillous membranes were prepared from rat small
intestine and surface galactoproteins identified by labeling with galactose oxidase/sodium boro[*H Jhydride.
Membrane surface sialic acid residues were labeled using the sodium metaperiodate/sodium boro[>H jhydride
technique. Membranes were solubiljzed in SDS and protein labeling analyzed by acrylamide electrophoresis. Mem-
branes from diabetic rats showed an 81% increase in galactoprotein labeling (P < 0.02) while labeling of sialic acid
residues was unchanged. The greatest increase in galactoprotein labeling occurred in protein monomers of M,
116 000—200 000, where there was a 155% increase in labeling (P < 0.005). These results indicate that intestinal
microvillous membrane protein glycosylation is altered in chronic diabetes. This increase in surface membrane
carbohydrates could explain the decreased rates of proteolytic degradation previously described for at least one
microvillous protein. An increase in membrane galactose groups has also been noted in hepatocyte and kidney
glomerular basement membranes, which suggests the presence of a systematic change in membrane protein
glycosylation occurring as a result of the diabetic state.

Introduction

Prolonged elevation of blood glucose in diabetes
may result in structural and functional alterations of
both circulating and membrane-bound proteins. Glu-
cose appears to react nonenzymatically with lens-a-
crystallins [1], red cell membrane protein [2],
albumin (3], collagen [4], and the basic myelin pro-
temn of nerve [5]. There 1s, in addition, evidence that
the structural changes in diabetic microangiopathy
can result from hyperglycerma [6].

Other studies have also demonstrated significant
changes in the glycoconjugate composition of differ-
ent cell membranes from diabetic subjects Both rat
liver plasma cell and red blood cell membranes show

Abbreviation SDS, sodium dodecyl sulfate.

evidence of a decrease 1n sialic acid [7,8], while rat
liver membranes also show an increase in cell surface
galactose groups [9]. Analyses of human kidney
glomerular basement membranes have also demon-
strated a decrease in sialic acid but an increase mn
glucose and galactose [10.11]. This suggests that
there may be systematic alterations in cell membrane
glycoprotein biosynthesis in the diabetic animal.
Alterations 1n membrane protein glycosylation
may also be important 1 membrane protein turn-
over, The testinal microvillous membrane protem
sucrase-isomaltase 1s increased in amount n the dia-
betic rat as a result of a decrease in degradation [12].
Since microvillous proteins are regulated in part by
luminal proteases [13], changes in luminal surface
protein carbohydrate groups could influence pro-
teolytic degradation. The purpose of this study was
to determine whether the intestinal microvillous
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membrane and 1ts luminally exposed proteins
undergo an alteration i glycosylation following the
induction of diabetes.

Materials and Methods

20 fasting male Sprague-Dawley rats (Simonsens,
Gilroy, CA) weighing 150-200 g received a single
intravenous 1injection of streptozotocin (Sigma, St.
Louss, MO) (70 mg/kg body wt.) n order to induce
experimental diabetes. Streptozotocin was dissolved
i 0.05M citrate buffer (pH 4.5) to give a final con-
centration of 30 mg/ml. Rats were kept in metabolic
cages to facihtate the daily collection of urme which
was tested for evidence of glycosuria. Only those
animals with blood sugars greater than 300 mg/ml,
2 days after injection were considered as diabetic,
Both diabetic and control rats were fed a labora-
tory stock diet and water ad hbitum. Body weights
were recorded weekly and food intake twice weekly
for the ensuing 7 weeks, after which time the rats
were killed following an overmight fast and the small
intestines removed in order to prepare microvillous
membranes.

Intestinal microvillous membrane vesicles were
purified according to the method of Hopfer et al.
[14] using the mucosal scrapings of the entire smail
intestine. The final brush border membrane fraction
(2.5-5.0 mg protein/ml) punfied a minimum of
9-fold over the original whole homogenate as estim-
ated from the increase in sucrase specific activity
Only membranes which purified more than 12-fold
over the homogenate were used for radioactive label-
ing with specific probes to identify galactose residues
and sialic acid moieties. Additional confirmation of
microvillous membrane purification was obtained by
electron microscopy studies. Membranes were fixed
and stained 1n 3.6% glutaraldehyde/0.2 M cacodylate
buffer (pH 7.3) for 1 h at room temperature, fol-
lowed by 5% 0sO; 1 0.2 M cacodylate buffer (pH
7 3) for a further 3 h. The membranes were imbedded
i Spurrs low-viscosity resin, The thin sections were
stained with uranyl acetate and lead citrate and
examned with an AET EM-801 electron microscope
at 80 kV.

Labeling of membrane galactose residues
Terminal galactose groups were labeled according

to the method of Gahmberg and Hakomori [15].
1 ml of purified membranes were resuspended with
13 units of galactose oxidase (U.S Biochemicals,
Cleveland, OH) in 0 02 M phosphate buffer (pH 7.5)
for 30 min at 37°C. The membranes were reisolated
by centrifugation at 24 000 X g at 6°C and the pellet
was washed twice mn 1 ml of the phosphate buffer.
The membranes were then resuspended, in 1 ml of
the phosphate buffer and incubated with 400 uCi
sodium boro[*HJhydride (170 mCi/mmol; New
England Nuclear, Boston, MA) mn 80 ul 0.01 M
sodium hydroxide for 15 min at 6°C. The labeled
membranes were separated from the reaction medium
by centrifugation at 24000 X g and washed twice in
the phosphate buffer, prior to resuspension n 0.3 ml
0.02 M phosphate buffer (pH 7.5).

Labeling of membrane sialic acid residues

N-Acetyl neuraminic acid residues were labeled by
the method of Lenten and Ashwell [16] using the
modification of Gahmberg and Andersson [17].
Purified membranes suspended in 01 mi 0.02M
phosphate buffer (pH 7.5) were incubated with
1 mM sodium metaperiodate (Sigma, St. Louis, MO)
at 0°C for 15 min after which they were separated
and washed twice 1n the phosphate buffer. The mem-
branes were resuspended in 1 ml of the phosphate
buffer prior to reduction with sodium boro[*H]-
hydride using the same technique and conditions as
described above for the labeling of galactose residues.

Membrane solubilization and polyacrylamide gel
electrophoresis

7.5% polyacrylamide gels (3 0% stacking and 7 5%
separation gel) were prepared according to the
method of Laemmli [18]. Membranes (100 ug
protein) were first solubilized by heating in 2% SDS
(B.D.H. Laboratories, Poole, UK.) with 5% 2-mer-
captoethanol for 3 mm at 100°C and then applied to
the gel. Samples were run i duplicate. Following
electrophoresis at 3 mA/gel, one gel was sliced mnto
2-mm slices and dissolved 1n 30% hydrogen peroxide/
4.8% ammontuum hydroxide by incubating at 50°C
for 6—8 h. Radioactivity was determined in a Beck-
man liquid scintiflation counter, LS 8000 using an
automatic quench correction. The efficiency of
recovery of the counts applied to the gel was 70%.
The efficiency of tritium counting was 25%. A



duplicate gel from the same experiment was stamned
with Coomassie brilliant blue G-250 [19] and densi-
tometry was performed by scanning the protein
bands at 600 nm 1n a Gilford gel scanning spectro-
photometer

Molecular weight measurements

Weights of protein monomers separated by SDS-
acrylamide electrophoresis were estimated using
standard protein subumits: myosin (200000},
phosphorylase B (94 000), bovine serum albumin
(68 000), ovalbumin (43 000) and carbonic anhydrase
(30000) (Bio-Rad, Richmond, CA).

Enzyme assays

Sucrase activity was assayed by the Tris-glucose
oxidase method [20] with sucrose at 28 mM 1n the
reaction mixture. Leucyl-f-naphthylamide, a specific
substrate for the microvillous amino-oligopeptidase
was used to identify peptidase activity [21]. Enzyme
activity was expressed n international units (iu ) -
mmol substrate hydrolyzed per min. Plasma glucose
levels were measured by the Tris-glucose oxidase
technique [20] and protein was determined by the
method of Lowry et al. [22].

The data were analyzed using Student’s ¢-test for
unpaired observations

Results

All animals demonstrated glycosuria of at least
0.5% 1 week following the streptozotocin. Just prior
to killing, the fasting mean blood glucose level of the
diabetic rats was 571 = (S.E)) 32 mg/100 ml com-
pared to 113 = 10 mg/100 ml 1n the age-matched con-
trols (P<0.001). 4 days after streptozotocin, food
intake increased in the diabetic rats and remained

TABLE I
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elevated thereafter. Duning the seventh week of the
study, the diabetics consumed 35.4 + 3.2 g/day com-
pared to the 23.4+ 1.1 g/day eaten by the controls
(P<0.001). Despite thewr greater food intake, the
final body. weight of the diabetic rats was only
241+ 2 ¢g compared to 422+ 11g in the controls
(P <0.001). Although the diabetic rats weighed less
than the controls, therr small intestinal mucosal
weights were significantly heavier, 5.4 +0.2 mg
compared to the control weight of 39+0.2¢g (P<
0.001).

Analysis of the intestinal mucosal homogenates
(Table I} revealed that protein content and amino-
oligopeptidase activity did not change significantly in
the diabetic group, whereas sucrase specific activity
increased by 3.2-fold compared to controls (P <
0.005). Microvillous membranes were purified from
the intestinal mucosal homogenates and digestive
hydrolase activity was measured (Table II). Sucrase
specific activity in the diabetic group was still signif-
icantly elevated when compared to the controls (P <
0.001), while amino-oligopeptidase activity remained
unchanged.

Punfied microvillous membranes from both dia-
betic and normal rats were then used to examine the
labeling of surface membrane carbohydrate residues
of membrane proteins (Fig. 1). Microvillous mem-
branes from normal rat intestine purified 15.5 # 1.7-
fold over the original whole homogenate, compared
to the 15.7 + 2.1-fold purtfication obtained for the
diabetic group (P> 0.05). Electron micrographs of
the microvillous membrane fractions revealed a uni-
form field of vesicles, mostly oriented right-side-out.
Micrographs from the different groups appeared com-
parable with regard to the type of membrane vesicles
obtained and their morphology (results not shown).

As shown n Fig. 1 and Table III, there was an 81%

PROTEIN CONTENT, SUCRASE AND AMINO-OLIGOPEPTIDASE SPECIFIC ACTIVITY IN MUCOSAL HOMOGENATES

FROM CONTROL AND DIABETIC RAT INTESTINE

Results are mean + S.E. n s., not significant.

Control (n = 23)

Diabetic (n = 15) Significance of difference

Total intestinal mucosal protem (mg) 463 +29
Sucrase (mU/g protein) 455+ 54
Amtno-oligopeptidase (mU/g protein) 65+ 10

540 x50 n.s
1475+146 P <0001
60+ 06 n.s.




158

TABLE 11

SUCRASE AND AMINO-OLIGOPEPTIDASE SPECIFIC ACTIVITY IN PURIFIED MICROVILLOUS MEMBRANES FROM

CONTROL AND DIABETIC RAT INTESTINE

Results are means + S E. n s, not significant

Enzyme activity Control (n = 16)

Diabetic (n = 14)

Sucrase 535 59 1423

Amino-oligopeptidase 259+101

Significance of ditference

+ 207 P <0001
305+ 131 ns

increase 1n galactoprotein labeling of diabetic mem-
branes as compared to the control group (P<<0.02).
Solubilization of membranes and analyses of their
constituent protein monomers by SDS-gel electro-
phoresis (Fig. 1 and Table III) revealed that the
greatest increase in labeling occurred 1n glycopeptides
of M, 116000200000, where there was a 155%
increase In radioactive labeling of galactose residues
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Fig.1 SDS-acrylamide electrophoresis of intestinal micro-
villous membrane surface glycoprotemns labeled at the galac-
tose residue. Membranes from control and diabetic rat
intestine were purified and labeled by the galactose oxidase/
sodium boro[3H|hydride techmique (see Materials and
Methods). 100 ug membrane protemn was solubiized by
heating for 2 min at 100°C in 2% SDS, and applied toa 7 5%
gel Lollowing electrophoresis, the gel was cut into 2-mm
slices, dissolved 1n 30% H,0, and radioactvity was deter-
mined in a scintillator counter The comparison gel was
stained with Coomassie blue G-250 and scanned (Fig. 3).
Positions of protemn standards and the bromphenol blue
(BPB) dye front are indicated at the top. Points on the
curve represent the mean +S E. of results obtamed from four
animals m each group

in the diabetic group (P < 0.005). Labeling of mem-
brane sialoglycoprotemns (Fig.2) like galactoprotein
labeling also revealed a major labeled peak in the
116 000—200000 dalton range However, in con-
trast to the membrane galactoproteins, the sialoglyco-
protems failed to show a significant difference in
terminal sialic acid labeling between the normal and
diabetic groups Representative examples of densito-
metric scans of solubilized microvillous membrane
proteins separated by SDS-acrylamide electrophoresis
and stained for protein with Coomassie brilliant blue
are shown m Fig 3. Apart from a tendency to show
three clear protemn bands in the diabetic membranes
(broken line) in the M, 94 000—68 000 range, there
was little qualitative difference between membranes
from normals and diabetics In general, labeling of

TABLE I11

RADICACTIVE LABELING OF INTESTINAL MICRO-
VILLOUS SURFACE MEMBRANE GALACTOPROTEINS
FROM NORMAL AND DIABETIC RAT INTESTINE

Results are means + S.E n s, not sigmficant

Molecular Radioactivity Significance
weight (x1073 cpm) of ditference
(X1073)

Control Diabetic

(n=4) (n=4)
>200 127+15 216z 36 ns
200-116 5 144+17 367+ 44 P<0005
116 5-94 111+15 182+ 22 P<0O05
94--68 65+08 114:x 13 P<002
68-43 42+05 S56+ 10 ns
43-30 2406 30+ 02 ns
<30 3512 29+ 05 ns
Total cpm/
100 ug protein 548+56 994+114

P<002
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Fig 2. SDS-acrylamide electrophoresis of intestinal micro-
villous membrane surface glycoproteins labeled at the
N-acetyl neuraminic acid (sialic acid) residue. Membranes
from control and diabetic rat intestine were purified and
labeled by the sodmum metaperiodate/sodium b0r0[3H]-
hydride technique (see Matenals and Methods). 100 ug
labeled membrane protein were solubilized and appled to
75% gels and electrophoresis was carried out as described
for Fig. 1 Points on the curve represent the mean *S.E of
results obtained from five control and seven diabetic rats.
BPB, bromphenol blue,
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Fig. 3. SDS-acrylamide electrophoresis of intestinal micro-
villous membrane proteins stained with Coomassie blue
G-250. Membranes from control (continues line) and dia-
betic (broken line) rat intestine were purified, radioactively
labeled and solubilized prior to electrophoresis as described
for Fig 1 Gels were scanned 1 a Gilford 250 spectrometer.
BPB, bromphenol blue.
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membrane glycoproteins appeared to correlate well
with the distribution and intensity of protein band
staining. The notable exception was the protein band
located at 43000—30000 daltons (Fig.3) which
failed to label with either the galactose or the sialic
acid radioactive ligands.

Discussion

These studies on the labeling of the surface carbo-
hydrates residues clearly demonstrate a specific
alteration in the biochemical composition of the
intestinal microvillous membrane of chronic diabetic
rats. The increased labeling of membrane galactose
moieties found in the diabetic group was most
marked n the larger molecular weight glycoproteins
(Fig. 1, Table III). In contrast, chronic diabetes was
not associated with any significant change in the
labeling of the terminal carbohydrate residue sialic
acid (Fig. 2). Specific changes in microvillous diges-
tive hydrolase activity were also noted; sucrase activ-
ity was increased in the diabetic rats while amino-
oligopeptidase activity remained unchanged (Tables I
and II).

Previous studies have also demonstrated an
increase i sucrase as well as other disacchandase
activities [22—24]. The present results also confirm
the findings of Olsen and Rogers [25] who found
that amino-oligopeptidase activity in diabetic rats
did not alter. The development of hyperphagia by
rats with chemically induced diabetes was also con-
firmed 1n this study. An alteration in food intake may
n atself effect intestinal hydrolase activity. This ques-
tion has been specifically examined in diabetic rats
where both pair-feeding experiments [24,26] and
intestinal bypass studies [27] have provided firm evi-
dence that the diabetic enhancement of microvillous
hydrolase activity 1s independent of intraluminal fac-
tors such as food intake or pancreatico-bihary secre-
tions. This would therefore suggest that the altera-
tions in surface membrane glycosylation are probably
also independent of any change in intraluminal fac-
tors occurring as a result of the diabetic state. The
mechanism for these alterations in microvillous mem-
brane glycosylation has at present not been deter-
mined. The increased content of terminal galactose/
N-galactosamine residues might be due to an increase
in synthesis or alternatively, a decrease in degrada-
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tion. Similarly, although surface siliac acid levels
appeared to be normal in the diabetic group, this does
not rule out the possibility of changes in rates of syn-
thests and degradation which might alter membrane
protein carbohydrate turnover without actually pro-
ducing a change 1n the carbohydrate level.

These results show for the first time that the
intestinal cell membrane surface topography 1s sig-
nificantly altered in rats with chronic experimental
diabetes. It has been suggested that altered glycosyla-
tion of brush border protems might be responsible for
the decreased rate of degradation of the enzyme
sucrase [12] Although in the present study the
glycosylation of punfied indiwvidual proteins was not
studied, the gel electrophoresis results revealed that
the increase in galactose residues occurred predomi-
nantly 1n the proteins of M; 116 000-200000
which is the weight range in which protemn subunits
of sucrase-isomaltase [29] and amino-oligopeptidase
are found [30]. Both sialic acid and galactose groups
have been identified in the carbohydrate portion of
amino-oligopeptidase [31], whereas in sucrase-so-
maltase, galactose but not sialic acid 1s present.

There 1s currently an increasing body of evidence
to support the role of luminal proteases and partic-
ularly pancreatic proteases in the regulation of
intestinal microvillous membrane proteins [13]. Since
carbohydrate groups such as sialic acid or V-acetyl-
galactosamine render protection against proteolysis
of glycoprotemns [33]. an increase in superficial car-
bohydrate moieties might reduce proteolysis and
hence membrane protein degradation [34]. Thus,
these results strongly support the hypothesis that the
decreased rate of mucrovillous membrane protemn
degradation seen in diabetes 1s due to the increase in
surface membrane galactose residues.

Investigations of other cell systems have also
revealed specific alterations 1n membrane and mem-
brane-bound protein carbohydrate groups. In the rat,
liver plasma cell membrane sialic acid is decreased and
surface galactose groups are increased [7—9], while
red cell membrane sialic acid is decreased [7]. Simu-
larly, in human kidney glomerular basement mem-
branes, sialic acid 1s also diminished, whereas galac-
tose and glucose are elevated [10,11]. The present
results would therefore appear to support the con-
cept of a systematic and specific alteration in cell
membrane glycoprotein biosynthesis occurring in the
chronic diabetic rat.

Further studies are needed to determine the role
of hormones 1n the regulation of microvillous mem-
brane protemns in the diabetic and specifically how
hormones may regulate the biosynthesis of the diges-
tive hydrolases. The existence of low msulin and
elevated glucagon levels has been documented 1n
streptozotocin-diabetic rats [35]. Admunistration of
msulin for several days after alloxan or streptozotocin
partly inhibits the increase n digestive hydrolase
activity [26,27]. These observations also provide
evidence agamnst a possible direct effect of strepto-
zotocin on the intestine, producing the changes in
digestive enzyme activity which have been attributed
to the diabetic state.

The present data lend further support to the con-
cept that the changes in cell membrane structure and
function found in the chronic diabetic occur as a
result of an alteration in glycoprotein biosynthesis. It
would thus appear that non-enzymatic glucosylation
1s only one of several factors which may play a role
in the pathogenesis of the long-term complications of
diabetes mellitus. The relative mmportance of these
different changes in membrane protemn glycosylation
still remains to be determined.
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