Posttranscriptional Effects of Glucose on Proteoglycan Expression
in Mesangial Cells
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Hyperglycemic conditions are known to increase mRNA and protein levels of several extracellular matrix molecules in cultured
mesangial cells, but accompanying increases in proteoglycan mRNA have not been found, and there are discrepant reports of
normal or decreased proteoglycan synthesis with or without undersuifation in diabetic kidneys and hyperglycemic cultures. We
examined the effects in proliferating cells of glucose on [3*S]sulfate incorporation into heparan and dermatan sulfates and on
mRNA levels of decorin, biglycan, and basement membrane perlecan. In both mesangial cells and vascular smooth muscle cells,
30 mmol/L glucose caused a decrease of 15% to 25% in the amount of sulfate incorporated into each proteoglycan in cultures
confluent for 1 to 4 days, compared with 10 mmol/L glucose. The effect showed no specificity for the class of proteoglycan and
was not a consequence of changes in total protein synthesis, which increased, or cell proliferation, which was unaffected. No
decrease in charge density of any of the proteoglycan fractions was observed by ion-exchange chromatography. Therefore, the
decrease in labeling was due to a decrease in synthesis and not undersulfation. mRNA levels for biglycan and perlecan
increased slightly and transiently, and these changes cannot account for the decreased synthesis. Decorin mRNA was detected
only in smooth muscle cells, where it and biglycan were differentially affected by glucose, apparently at the transcriptional
level; stabilities of the two messages were unaffected by glucose. Although transforming growth factor-beta 1 (TGF-g, ) mRNA
levels increased in response to glucose, the cytokine did not appear to regulate proteoglycan synthesis, because structural
changes in proteoglycans elicited by addition of TGF-B, to the culture medium did not occur in the hyperglycemic cultures. On
the other hand, inhibition and downregulation of protein kinase C (PKC), while decreasing net sulfate incorporation into
mesangial cell proteoglycans, prevented the effect of high glucose. We conclude that a high glucose concentration causes a
general decrease in the synthesis of all classes of proteoglycans at a posttranscriptional level, and can do so without affecting

the charge density of individual proteoglycan molecuies.
Copyright © 1996 by W.B. Saunders Company

HE DIABETES CONTROL and Complications Trial
has provided compelling evidence for a direct toxic
role of glucose in the etiology of diabetic microvascular
disease, including renal glomerulosclerosis.! Numerous glu-
cose-dependent mechanisms may be involved in triggering
glomerular changes in diabetes, including the accumulation
of advanced glycation end products®® and glycated albu-
min,* glycation of matrix molecules,>® activation of mesan-
gial cell protein kinase C (PKC),’ multiple growth factor
imbalances," and glucose-dependent accumulation of trans-
forming growth factor-beta (TGF-B).'%12 However, the
response of extracellular matrix synthesis to hyperglycemia
has received considerable attention as a functional end-
point. It has been noted that the consequences of hypergly-
cemia are generally manifest in cells that, like the glomeru-
lar mesangial cell, are not dependent on insulin for glucose
transport and therefore have an internal glucose concentra-
tion that approximates that of their milieu.’ This, together
with the central role of mesangial expansion in diabetic
nephropathy,’3 has focused attention on understanding the
role of glucose in modulating extracellular matrix synthesis
in these cells.
High glucose concentrations (30 mmol/L) increase colla-
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gen type IV and fibronectin at the protein and mRNA levels
and cause an increase in laminin mRNA in cultured cells
(reviewed in Kreisberg!*), and glucose has recently been
shown to activate transcription of a collagen IV-luciferase
reporter construct in mesangial cells.’ The effect is some-
what specific for these matrix molecules—no changes are
observed, for example, in collagen type I or c-myc expres-
sion'>—and accompanies increased expression of tissue
plasminogen activator and plasminogen activator inhibi-
tor-1 that further influences matrix accumulation.'” Danne
et al'® observed increased collagen type IV production in
each glomerular cell type (endothelial, epithelial, and
mesangial) when cells were cultured in 30 mmol/L glucose
under conditions in which cell proliferation was not af-
fected. Similar conditions produced an approximately two-
fold increase in mRNA for laminin, fibronectin, and colla-
gen type IV in cultured rat mesangial cells (RMC) after 4
days.!® Similarly, 20 mmol/L glucose increased fibronectin
and its mRNA in cultured human mesangial cells.’ In-
creased rates of synthesis of matrix proteins without changes
in degradation rates led to their accumulation over several
weeks; total protein synthesis was unaffected.®?! The
conclusion to be drawn from such experiments is that
metabolism of glucose affects extracellular matrix accumu-
lation at the transcriptional level without affecting cell
proliferation.

Proteoglycans are sulfated anionic glycoproteins that
subserve numerous functions in extracellular matrices and
on the cell surface.?224 The presence of the heparan sulfate
proteoglycan (HSPG), perlecan, in the glomerular base-
ment membrane (GBM) is thought to contribute to the
charge selectivity of glomerular ulirafiltration; decreases in
HSPG staining in the GBM of diabetic animals?>% suggest
that decreased synthesis, sulfation, or incorporation of
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perlecan contribute to the associated nephropathy. How-
ever, the amount of HSPG per glomerulus was not de-
creased in nephrotic streptozotocin-diabetic rats,?® al-
though newly *S-labeled HSPG was released more readily
from glomeruli isolated from diabetic animals.?’” Nor was
GBM HSPG reduced in renal biopsies of proteinuric
human diabetic subjects.?® Vernier et al®® found that HSPG
staining in human diabetic glomeruli was decreased in
advanced nephropathy, but these decreases did not accom-
pany microalbuminuria in the early stages of disease.
Furthermore, steady-state mRNA levels perlecan were
unchanged in renal cortices of diabetic mice with GBM
thickening at a time when those for collagen type IV were
significantly increased.®® Earlier studies of anionic site
staining in the laminae rarae interna and externa of the
GBM are problematic: recent evidence strongly suggests
that the laminae themselves are artifacts of fixation.?%-32

The nature of changes in proteoglycans in the diabetic
matrix remains uncertain, but several investigators have
examined the effect of hyperglycemic conditions on their
synthesis in cultured renal cells. Rat visceral epithelial cells
in 30 mmol/L glucose (or mannitol, as an osmotic control)
showed a net increase in total incorporation of sulfate into
proteoglycan without a change in overall size or charge.’
However, the amount of GBM HSPG appeared to decrease
in an osmotically independent response to high glucose
while other proteoglycan(s) increased in compensation.
Porcine mesangial cells cultured in 40 mmol/L glucose for
48 hours in the log phase of growth accumulated approxi-
mately 50% less perlecan core protein on immunoassay
compared with control cells in 5 mmol/L glucose.>* On the
other hand, Silbiger et al® cultured RMC in the presence of
500 mg/dL (27.8 mmol/L) glucose for 8 to 10 days and did
not find any changes in the total amount of glycosaminogly-
can synthesized, the size of the major proteoglycans, or the
level of biglycan mRNA compared with controls in 200
mg/dL (11.1 mmol/L) glucose. However, matrix deposition
of proteoglycan was increased and net charge was de-
creased. Similar results were obtained when RMC were
cultured on filters in low serum for up to 8 weeks without
passage; glucose did not affect total glycosaminoglycan
synthesis or biglycan mRNA levels in this chronicity model,
but decreased sulfation (ie, charge) was reported.’® In
contrast to the shorter-term studies discussed earlier,
elevated glucose decreased collagen synthesis and did not
affect collagen type 1 and IV mRNAs in these latter
experiments.

In view of these differences in the apparent effects of
glucose on proteoglycan synthesis among the various in
vitro and in vivo studies, the present experiments were
undertaken to examine the effects of hyperglycemia on the
synthesis of HSPG and dermatan sulfate proteoglycan
(DSPG) in RMC proliferating under defined culture condi-
tions. A second smooth muscle cell line was assessed to
examine the generality of changes potentially relevant to
diabetic microvascular disease. In both cases, short-term
exposure to high glucose caused a comparable decrease in
both HSPG and DSPG synthesis that was not reflected by
the mRNA levels of several specific proteoglycan core
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proteins. In contrast to the increased transcription that has
been documented for several extracellular matrix mol-
ecules, the effects of glucose on proteoglycans are at the
translational or posttranslational level. Despite a difference
in proteoglycan mRNA profiles of the two cell types, the
response of proteoglycan synthesis to glucose appears to be
a general property of smooth muscle-like cells.

MATERIALS AND METHODS
Cell Culture

RMC cultures were established and characterized as described
previously,?” following collagenase treatment of freshly isolated
glomeruli from 125-g male Sprague-Dawley rats according to the
method of Simonson and Dunn.3® In all experiments, RMC were
used between the fifth and fifteenth passages. The A10 smooth
muscle cell line originating from embryonic rat aorta® was ob-
tained from the American Type Culture Collection (ATCC # CRL
1476; Rockville, MD). Both cell types were maintained in RPMI
1640 medium supplemented with 2 mmol/L L-glutamine, 10
mmol/L HEPES, penicillin G (100 U/mL), streptomycin (100
pg/mL), and 17% heat-inactivated bovine calf serum (Hyclone,
Logan, UT). Cells were passaged by trypsinization, and the basal
concentration of glucose in RPMI 1640 medium (10 mmol/L) was
supplemented to 30 mmol/L for periods described in individual
experiments. To control for possible differences due to effects of
serum components on proteoglycan synthesis, the medium was
premixed with serum and portions were supplemented with equal
additional volumes of RPMI 1640 medium with or without added
glucose to the desired final composition. In some experiments, 20
mmol/L. mannitol was added instead of glucose, as an osmotic
control. Protein and DNA synthesis were measured with the
addition of 0.5 pCi/mL [*HJleucine (60 Ci/mmol; Amersham,
Arlington Heights, IL) or [*H]thymidine (6.7 Ci/mmol; ICN,
Irvine, CA), respectively, for 18 hours. Cell layers were then
washed with ice-cold phosphate-buffered saline, fixed with three
washes of ice-cold trichloroacetic acid, and solubilized in 0.1 mol/L
NaOH containing 0.1% sodium dodecyl sulfate (SDS) for liquid
scintillation counting.

Proteoglycan Labeling and Characterization

Proteoglycans were labeled for 18 hours with carrier-free [33S]sul-
fate (ICN) at 0.2 mCi/mL in serum-free medium. Medium was
centrifuged and desalted on Sephadex G-25, and the cell layer was
extracted with 4 mol/L guanidine - HCI/50 mmol/L sodium ac-
etate/1% Triton X-100 (pH 5.8) containing the protease inhibitors,
disodium EDTA (10 mmol/L), benzamidine - HC] (5§ mmol/L),
1,10-phenanthroline (3 mmol/L), tryptamine - HCl (5 mmol/L),
and phenylmethylsulfonyl fluoride (1 mmol/L), as described previ-
ously.” Both samples were transferred to 7 mol/L urea/50 mmol/L
sodium acetate/0.15 mol/L NaCl, pH 5.9, as previously de-
scribed,’” and eluted from DEAE-Sephacel with a 50-mL NaCl
gradient (0.15 to 1.15 mol/L) in the same buffer. The total
proteoglycan fraction eluting between 0.3 and 0.7 mol/L NaCl was
pooled and desalted for enzymatic and chemical degradation.?” To
assess charge density, 0.5-mL fractions were collected, S activity
was counted by liquid scintillation on a portion of each, and NaCl
concentrations in the peak fractions were measured by determining
the conductivity compared with a standard curve prepared with
known concentrations of NaCl in the same urea buffer. To
determine the proportion of newly incorporated sulfate in each
type of glycosaminoglycan, degradation with nitrous acid (selective
for heparan sulfate) and chondroitinases AC and ABC (degrading
chondroitin sulfates and chondroitin plus dermatan sulfates, respec-
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tively; Sigma, St Louis, MO) were performed as described in detail
elsewhere.3740

Electrophoresis of labeled proteoglycans from the culture me-
dium was performed on precast 4% to 12% denaturing polyacryl-
amide gradient gels (Novex, San Diego, CA). Samples of medium
were mixed with equal volumes of 2X Laemmli sample buffer and
electrophoresed at 40 mA in Tris - glycine-SDS buffer prepared
from a 10X concentrate (National Diagnostics, Manville, NJ). Gels
were fixed in 10% methanol/10% acetic acid, soaked for 30
minutes in Enlightening autoradiographic enhancer (Dupont/
NEN, Boston, MA), dried in a commercial gel dryer (BioRad,
Richmond, CA), and visualized by fluorography. Bands of radioac-
tivity were quantified by laser densitometry.

Miscellaneous Labeling Protocols

Several experiments were performed to assess the effects of
lower concentrations of glucose, PKC inhibition, and reversibility
of the effects of high glucose. In each of these experiments, a
simplified extraction procedure was performed to assess the effects
on total cell layer proteoglycan sulfation. In each case, triplicate
cultures for each condition were grown just to confluence and then
transferred to the desired concentration of glucose as described
earlier. At the end of the experimental period, the cell layers were
washed and extracted with guanidine - HCl. The extracts were
transferred to 7 mol/L urea buffer by passing through Sephadex
G-50 in disposable 10-mL plastic pipettes after preconditioning
with albumin, heparin, and chondroitin sulfate type C, as described
previously.*” Void volume fractions were applied to DEAE-
Sephacel urea columns (0.5 mL in 3-mL plastic syringes), washed,
and eluted stepwise with 0.3 and 0.7 mol/L NaCl. The fraction
eluting between these limits was counted for total 35S. The
following protocols were used.

To assess lower glucose concentrations, cells were cultured in
Dulbecco’s modified Eagle’s medium instead of RPMI 1640
medium, to achieve 5 mmol/L glucose, and some cultures were
supplemented to 10 mmol/L glucose at confluence. Cells were
harvested 96 hours later after labeling for the last 18 hours with
[?3S]sulfate.

To assess reversibility of the effects of glucose on proteoglycan
sulfation, confluent cultures in RPMI 1640 medium at either 10 or
30 mmol/L glucose were grown for 96 hours and then transferred
to fresh medium at 10 mmol/L glucose for an additional 48 hours,
with labeling for the final 18 hours.

To study the involvement of PKC, cultures were grown in either
10 or 30 mmol/L glucose for 96 hours and labeled for the last 18
hours. In some cultures, the PKC inhibitor, staurosporine (50
ng/mL), was added together with [¥S]sulfate. In others, PKC was
downregulated by addition of 12-O-tetradecanoyl phorbol-13-
acetate ({[TPA] 0.2 ng/mL). TPA was added 24 hours before
commencing labeling, and was included in the labeling medium.
We have shown eclsewhere* that these maneuvers have the
expected effects on PKC activity.

RNA Analysis

Cell layers in 75-cm? culture flasks were washed with phosphate-
buffered saline and lysed in 2 mL 4-mol/L guanidine isothiocya-
nate containing 1% 2-mercaptoethanol and 0.5% sodium lauryl
sarcosinate. Total RNA was prepared by ultracentrifugation on a
cesium chloride cushion.” Twenty-microgram quantities of RNA
were electrophoresed on 1% agarose gels containing 0.023 mol/L
morpholinepropanesulfonic acid and 0.07 mol/L. formaldehyde
and transferred by overnight capillary blotting to Biotrans nylon
membrane (ICN). Membranes were prehybridized for 4 hours at
42°C in 5X SSC (1X SSC is 0.15 mol/L NaCl plus 0.015 mol/L
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sodium citrate) containing 5X Denhardt solution, 50 mmol/L
sodium phosphate (pH 6.5), 0.1% SDS, 50% (vol/vol) formamide,
and 250 pg/mL heat-denatured salmon sperm DNA (Sigma).
Hybridizations were performed at 42°C for 18 hours in fresh
prehybridization solution containing cDNA probes labeled with
[«-¥P]CTP by the random primer method using a kit from
Boehringer Mannheim (Indianapolis, IN). After hybridization,
blots were washed three times for 5 minutes at room temperature
in 2X SSC/0.1% SDS and twice for 15 minutes in 0.1X SSC/0.1%
SDS before autoradiography and quantitation by laser densitom-
etry.

The ¢cDNA probe for mouse TGF-B; was a 280-bp fragment
subcloned as previously described!! by P. Kondaiah and M.B.
Sporn (National Institutes of Health), from a cDNA prepared by
Derynck et al.¥ Rat glyceraldehyde-3-phosphate cDNA* was also
from M.B. Sporn. A human biglycan cDNA* was a gift from L.W.
Fisher (National Institutes of Health). BPG7, a 1,986-bp ¢cDNA
encoding a region in domain IV of perlecan*® cloned into the
EcoRI site of pBR 322, was kindly supplied by J.R. Hassell
(University of Pittsburgh). Rat decorin cDNA* was a gift from S.
Kaname and E. Ruoslahti (La Jolla Cancer Research Foundation).

mRNA stability was determined by DNA-excess filter hybridiza-
tion as described by Saini et al.*® Ten micrograms of plasmid DNA
was used for each filter, and control filters were prepared with 10
pg pBluescript DNA lacking inserts. Biglycan and decorin cDNAs—
both in pBluescript—were immobilized on nitrocellulose filters
(BA 85, 45 pm, 13 mm; Schleicher and Schuell, Keene, NH) as
follows. Plasmid DNA (100 pg) was dissolved in 1 mL 20-mmol/L
Tris - HCl/1-mmol/L EDTA, pH 7.6, boiled for 10 minutes, and
kept at room temperature for 20 minutes after addition of an equal
volume of 1-mol/L NaOH. Eight milliliters of 1.5-mol/L. NaC1/0.15-
mol/L sodium citrate/0.25-mol/L Tris - HCI (pH 8.0)/0.25-mol/L
HCl was added, and equal amounts of the DNA were immediately
transferred to 10 filters by slow suction. Each filter was washed
twice with 10 mL 0.9-mol/L NaCl/0.09-mol/L citrate and baked at
80°C for 2 hours in a vacuum oven. A10 cells grown in 25-cm? flasks
with either 10 or 30 mmol/L glucose as described earlier were
incubated for 3 hours with 50 wCi [5,6°HJUTP (50 Ci/mmol;
Dupont/NEN) and then washed twice with medium containing 20
mmol/L glucosamine, 5 mmol/L uridine, and 5 mmol/L cytidine.*
Medium containing 10 or 30 mmol/L glucose was supplemented
with 5 mmol/L each of uridine and cytidine and used to chase the
label. At intervals, cells were lysed with guanidine isothiocyanate as
described earlier, and total RNA was isolated by phenol-
chloroform extraction.* Filters containing pBluescript DNA alone
or with the biglycan or decorin inserts were prehybridized as above.
Fifty-microgram quantities of labeled RNA were then hybridized
to each filter under the same conditions as for Northern analysis,
except that the hybridization time was extended to 24 hours. After
washing the filters as described for the Northern blots, bound RNA
was eluted with 200 pL 0.05-mol/L NaOH (30 minutes at 65°C),
neutralized with HCl, and counted by liquid scintillation. Counts
bound to filters carrying the plasmid alone were subtracted from
those bound to plasmid with insert.

Statistical Analyses
Differences between parameters measured in cells cultured in 10
and 30 mmol/L glucose were assessed for significance by Student’s
t test for unpaired samples.
RESULTS
Sulfate Incorporation Into Proteoglycans

RMC were labeled with [¥S]sulfate for 18 hours after 7
days of culture in the presence of 10 or 30 mmol/L glucose.
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Recovery of label incorporated into the proteoglycan frac-
tion was in all cases more than 85% after extraction and
DEAE-Sephacel chromatography. Labeling of both hepa-
ran and chondroitin/dermatan sulfates from the cell layer
and culture medium was consistent with our previous
results.3” In both compartments, the amount of [**S]sulfate
incorporated into proteoglycan was decreased in 30 mmol/L
glucose (Table 1). This was not an osmotic effect; supple-
mentation of cells in 10 mmol/L glucose with 20 mmol/L
mannitol did not change the rate or pattern of proteoglycan
synthesis (not shown).

Under these same conditions, 30 mmol/L glucose did not
significantly affect the rate of incorporation of [*H]thymi-
dine into DNA over the final 18 hours (Table 1), consistent
with previous reports that glucose does not stimulate cell
proliferation under these conditions.!® There was a signifi-
cant increase in the incorporation of [*H]leucine into
protein in the high-glucose cultures over the same period
(Table 1), indicating that the decrease in sulfated proteogly-
can is not part of a general decrease in protein synthesis.

To determine if glucose affected the incorporation of
sulfate into glycosaminoglycans in a type-specific manner,
RMC grown in 10 or 30 mmol/L glucose were labeled with
[>S]sulfate for 18 hours as above. Consistent with the data
in Table 1, 30 mmol/L glucose decreased total labeling of
molecules in the cell layer by 17% and in the medium by
34%. The resistance of most labeled molecules to degrada-
tion by chondroitinase AC indicates that dermatan sulfate—
like material predominates. However, there were no accom-
panying changes in the types of glycosaminoglycans being
synthesized, apart from a possible increase in the propor-
tion of label associated with heparan sulfate (Table 2). A
general effect on proteoglycan synthesis is indicated, rather
than a specific effect on one or more subclasses.

To identify specific proteoglycans affected by high glu-
cose, cells were grown to confluence in 10 mmol/L glucose
and then given fresh complete medium with either 10 or 30
mmol/L glucose. Media were harvested after 4 days follow-

Table 1. Effect of Glucose on Proteoglycan, Protein, and DNA
Synthesis in RMC

Glucose
Parameter 10 mmol/L 30 mmol/L

38 (cpm x 10-5)

Celi layer 4,66 = 0.26 3.35 = 0.31

Medium 1.66 = 0.20 1.20 = 0.04

Total 6.22 = 0.46 4.56 = 0.35
Protein (°H, cpm x 10-9) 8.48 £ 1.01 10.83 + 0.04
DNA (3H, cpm x 10-4) 3.30 = 0.27 3.44 = 0.17

NOTE. Cells were piated at a 1:10 split ratio and grown for 7 days in
either complete RPMI 1640 medium (10 mmol/L glucose) or complete
medium supplemented to 30 mmol/L glucose. For the final 18 hours,
35802", [*H]leucine, or [*H]thymidine were added and the samples
processed for proteoglycan, protein, or DNA synthesis, respectively.
358 results are the mean = SE of quadruplicate wells from a single
experiment, and are typical of 4 experiments in which the decrease in
total 35S incorporated in 30 mmol/L glucose was always between 20%
and 30%. Protein synthesis (mean = SE, n = 4) was confirmed to be
increased {P < .001, Student’s t test) and DNA synthesis unaffected in 2
independent experiments.
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Table 2. Effect of Glucose on Composition of Newly Sulfated
Proteoglycans in Cultured RMC

Treatment Cell Layer (%) Medium (%)
10 mmol/L glucose
Nitrous acid 26.1 14.4
Chondroitinase ABC 74.3 717
Chondroitinase AC 11.9 10.9
30 mmol/L glucose
Nitrous acid 338 235
Chondroitinase ABC 74.0 734
Chondroitinase AC 9.8 7.9

NOTE. Cells were grown on piastic for 7 days in 10 or 30 mmoli/L
glucose and labeled with [®S]sulfate for the last 18 hours. The
proportion of %S incorporated into proteoglycan and sensitive to
glycosaminoglycan-specific treatments was determined. Results are
from single analyses of material pooled from 2 to 4 experiments in each
case.

ing 18 hours’ labeling with 3SO3~, and subjected to SDS-
PAGE. Three major bands are observed on autoradiogra-
phy (Fig 1). Bands at approximately 245 and 115 kd
(designated DSPG1 and DSPG2) are degraded by chon-
droitinase ABC, and have been reported to be the derma-
tan sulfates, biglycan and decorin, respectively, based on
immunoprecipitation.’! An additional band (HSPG1) at
approximately 310 kd is identified as a heparan sulfate by its
resistance to chondroitinase ABC (Fig 1) and sensitivity to
heparin lyase II (not shown). Compared with 10 mmol/L
glucose, 30 mmol/L glucose significantly decreased the
total amount of 35S incorporated at day 4, and caused a

— 205

DSPG2 . — 116

— 974

Fig 1. Electrophoresis of proteoglycans from RMC-conditioned
medium. Proteoglycans were labeled with [¥S]sulfate for 18 hours,
and the medium was electrophoresed on 4% to 12% denaturing
gradient gels for fluorographic visualization. Lane i, confluent culture
growing in complete medium with 10 mmol/L glucose; lane ii,
conditions as in lane i after treatment with chondroitinase ABC; lane
iii, culture grown 4 days past confluence in 10 mmol/L glucose; lane
iv, culture grown 4 days past confluence in 30 mmol/L glucose; lane v,
confluent cultures in complete medium treated for the preceding 72
hours with porcine TGF-g, (5 ng/mL}. Positions of molecular weight
markers (kd} are shown at right.

iv v
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similar decrease of approximately 20% to 30% in S
incorporation by each of HSPG1, DSPG1, and DSPG?2 (Fig
1 and Table 3), consistent with the above results obtained
by enzyme-specific degradation of total cell layer and
medium proteoglycans. Similar results were also obtained
with medium conditioned by A10 cells; three bands were
again observed on SDS-PAGE and decreases of 10% to
15% in ¥SO3~ content became significant with exposure to
30 mmol/L glucose for 4 days (Table 3).

Because 10 mmol/L glucose already represents a concen-
tration that is twofold normoglycemia, we compared the
effects of 5 and 10 mmol/L glucose on total cell layer
3S-proteoglycan. Cells incorporated (1.76 = 0.16) x 10°
and (1.62 = 0.21) x 10° cpm per culture in 5 and 10 mmol/L
glucose, respectively (difference not significant; n = 3).
Because it is generally believed that RMC require 10
mmol/L glucose to proliferate in culture,’? and therefore
integrity of the cells in the lower concentration may be
suspect, subsequent experiments were performed at 10 and
30 mmol/L glucose.

Sulfate Content of Proteoglycans

Because glucose has been reported to decrease the
sulfate to carbohydrate ratio of some glycosaminoglycan
chains’? and may inhibjt heparan N-deacetylase activity in
the glomerulus,* we investigated whether the decrease in
total proteoglycan sulfate incorporated in 30 mmol/L
glucose was due to production of glycosaminoglycan chains
with a lower sulfate content. [3S]-labeled proteoglycans
from RMC grown in 10 or 30 mmol/L glucose were
subjected to DEAE-Sephacel chromatography. By calibrat-
ing similar columns with glycosaminoglycans of known
charge density, we have shown that this method can detect
changes in peak position representing differences of one
sulfate residue in six to seven disaccharide units.>> NaCl
concentrations in the eluates were measured by conduc-
tance at each peak position. Peaks from cells grown in high
glucose were at slightly higher salt concentrations than
peaks from cells in lower glucose (Fig 2), indicating normal
sulfation and suggesting that the decrease in labeled cell

Table 3. Effect of Glucose on Sulfate incorporation Into
Proteoglycans Released Into Conditioned Medium

Relative Band Intensity
([30 mmol/L/10 mmol/L] X 100%)

Cell Days of -

Type Treatment HSPG1 DSPG1 DSPG2

RMC 1 104 + 6 928 88+ 3
4 74+ 6 78=9 65 7

A10 1 106 = 2 91+3 110 =10
4 84 +5 89 x4 873

NOTE. RMC or A10 cells were grown to confluence and treated with
fresh medium containing 10 or 30 mmol/L glucose. After 1 or 4 days,
equal volumes of medium from each culture were analyzed by electro-
phoresis {Fig 1) after labeling with [33S]sulfate for the final 18 hours of
culture. After fluorography, bands were quantified by laser densitom-
etry. The ratio of intensity of a band from the 30-mmol/L glucose
culture to that from 10 mmol/L glucose is expressed as a percentage.
HSPG1, DSPG1, and DSPG2 are as identified in Fig 1. The experiment
was repeated 3 times. Values are the mean = SE.
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[35S] sulfate (cpm)

T 'ﬁ T
20 40 60 80
Fraction Number

Fig 2. DEAE-Sephacel chromatography of RMC proteoglycans.
Cells were grown for 7 days in 10 mmol/L {C) or 30 mmol/L (®)
glucose and labeled for the last 18 hours with [35S]sulfate. Labeled
macromolecules from (A) the cell layer and (B) the medium were
eluted in urea buffer from DEAE-Sephacel with a NaCl gradient.
Numbers are the NaCl concentration {molar} in collected peak frac-
tions, as measured by conductivity.

layer proteoglycans is due to lower total synthesis of
sulfated glycosaminoglycans. Results with the conditioned
medium also show that if changes in the sulfate content of
the glycosaminoglycan chains occur, they are too subtle to
account for the decrease in total sulfate incorporation in
the high-glucose culture (Fig 2). These experiments repro-
duce our previous observations®® under the conditions of
the present study, allowing a direct comparison of sulfate
incorporation and charge.

Reversibility of Suppressed Sulfate Incorporation

To determine whether decreased S incorporation was
an effect of high glucose present during the time of labeling,
cultures treated with 10 or 30 mmol/L glucose for 4 days
were then placed in fresh medium at 10 mmol/L glucose for
a further 48 hours. At the end of this period, cells previously
exposed to 30 mmol/L glucose incorporated 1.29 = 0.41 X
10° cpm 38 per culture into total cell layer proteoglycan, as
compared with 2.11 = 0.25 x 10° cpm per cuiture in cells
kept at 10 mmol/L glucose throughout (P < .05, n = 3),
suggesting that suppression is not dependent on the imme-
diate presence of elevated glucose.

Proteoglycan mRNA

Total RNA was harvested from RMC grown for 2, 4, or 7
days in high or low glucose. Steady-state levels of biglycan
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mRNA in the high-glucose group were approximately
double those in the low-glucose cells throughout (Fig 3 and
Table 4), when normalized to the “housekeeping’” message
of glyceraldehyde phosphate dehydrogenase (GAPDH).
The perlecan probe hybridized weakly to a message at
approximately 12 kb; this mRNA also approximately
doubled in the high-glucose cells, but the effect was
transient. Like biglycan mRNA, perlecan mRNA was at the
highest level at day 4. Biglycan mRNA in A10 cells showed
a similar response to glucose, being transiently elevated
2.5-fold at day 4 (Fig 4 and Table 4). Perlecan mRNA was
not detected in A10 cells. In contrast to biglycan, decorin
mRNA was not detected in RMC, was expressed only
transiently in A10 cells, and was decreased in the latter by
30 mmol/L glucose. Thus, despite comparable reductions
in sulfate incorporation in both proteoglycans, biglycan and
decorin may be differentially regulated by glucose in A10
cells, as observed in other vascular smooth muscle, endothe-
lial, and fibroblast cells.57->8

To determine if the changes in biglycan and decorin
mRNA concentrations in A10 cells were a consequence of
changes in message stability, RNA was pulse-labeled in
4-day postconfluent cells and the effect of glucose on
message turnover rates was measured by DNA-excess filter
hybridization. No effect of glucose was observed (Fig 5),
indicating that changes in steady-state levels of these
messages are transcriptional in origin.

Possible Role of TGF-f3

Because TGF-B increases biglycan levels in RMC,3!
decreases decorin expression in some cells,’® and mediates

i0mM 30 mM

Perlecan N
Biglycan W% BN ...
Tor-p WS -
GAPDH B0

2 4 7 2 4 7

Fig 3. Northern blot analysis of proteoglycan mRNA in RMC.
Confluent cultures were transferred to 10 or 30 mmol/L glucose and
lysed for RNA extraction 2, 4, or 7 days later. The same blot was
hybridized with ¢cDNAs encoding domain IV of perlecan, biglycan,
TGF-B,, and GAPDH, which detected the indicated bands at 12, 2.6,
2.5, and 1.3 kb, respectively. Resuits are typical of 2 or 3 experiments
(see Table 4 NOTE}.
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Table 4. Effects of Glucose on Proteoglycan and TGF-g mRNA
Concentrations in RMC and A10 Cells

Fold Increase

mRNA Day 2 Day4 Day 7
Biglycan

RMC 1.8 2.5 1.3

A10 0.7 2.5 1.0
Decorin

RMC — — —

A10 0.40 0.25 0.43
Perlecan

RMC 0.9 1.8 0.6

A10 — — —
TGF-8,

RMC 0.6 1.6 1.3

A10 1.1 2.6 4.6

NOTE. RNA was isolated from cells grown past conffuence for 2to 7
days in 10 or 30 mmol/L glucose. Values are the ratio of the intensity of
the Northern hybridization band from 30-mmol/L samples to that from
10-mmol/l. samples. All signals are correctéd for intensity of the
GAPDH signal in the same lane. Northern blots are shown in Figs. 3 and
4. Proteoglycan results are typical of those obtained in 3 separate
experiments. TGF-B blots were repeated once with similar results.

collagen synthesis in RMC cultures in response to glucose,!?
it was of interest to determine whether the changes in
decorin and biglycan mRNA could be mediated by this
cytokine. In both cell types, glucose treatment causes an
increase in the transcript at 2.5 kb detected by a cDNA
encoding mouse TGF-B,, although the increase is more
pronounced and sustained in A10 cells (Figs 3 and 4 and
Table 4). The response of TGF-B; mRNA to 30 mmol/L

30mM

10 mM

Biglycan .. at

-9
TGF-By L g 3 ..l

GAPDH - . .

2 4 7

Decorin

2 4 7

Fig 4. Northern blot analysis of proteoglycan mRNA in A10 cells.
Confluent cultures were transferred to 10 or 30 mmol/L glucose and
lysed for RNA extraction 2, 4, or 7 days later. The same blot was
hybridized with ¢cDNAs encoding biglycan, decorin, TGF-B;, and
GAPDH, which detected the indicated bands at 2.6, 2.2, 2.5, and 1.3 kb,
respectively. Results are typical of 2 or 3 experiments (see Table 4
NOTE).
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Fig 5. Biglycan and decorin mRNA turnover measured by DNA-
excess filter hybridization. Confluent cultures of A10 cells were
treated with 10 mmol/L {O) or 30 mmol/L (@) glucose for 4 days and
pulse-labeled with [*Hluridine for the last 3 hours i in culture. Total RNA
was harvested from 0 to 8 hours during the chase period, and 3H
hybridizing to filters of immobilized biglycan {A) or decorin (B} cDNA
in pBIuescnpt was counted. Values are expressed as the percentage
of counts hybrldlzmg in RNA obtained at time zero, and are corrected
for counts hybridizing to filters of immobilized pBIuescﬂp_t alone.

glucose is modest in RMGC; it continues to increase more
prominently in A10 cells.

It has been observed that TGF-B, increases the apparent
size of newly synthesized biglycan in vascular smooth
muscle cells by increasing the length of the glycosaminogly-
can chains,® and therefore, a structural change in biglycan
may serve as a marker for TGF-p, activity. This effect was
reproduced in the present set of experiments (Fig 1,
DSPG1), and similar changes in electrophoretic mobility
are seen in bands with lower molecular mass in Fig 1.
However the apparent sizes of proteoglycans made in the
presence of 30 mmol/L glucose were the same as in control
cells, indicating that regardless of glucose-mediated changes
in TGF-B, mRNA levels, the cytokine does not exert an
apparent influence on proteoglycan synthesis.

Possible Role of PKC

Because elevated glucose has been shown to increase
PKC activity transiently in RMC,? we also assessed the role
of PKC in proteoglycan synthesis by using a PKC inhibitor,
staurosporine, and by downregulating PKC with a phorbol
ester. Both maneuvers decreased total sulfate incorpora-
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tion into cell layer proteoglycans compared with control
cells, and eliminated the further suppressive eflect of 30
mmol/L glucose (Table 5). In fact, 30 mmol/L glucose
caused a significant increase in sulfation in both cases.

DISCUSSION

Changes in the synthesis of specific proteoglycans that
may accompany pathophenotypic changes have not been
well documented, although their potential role in the
glomerular and vascular lesions of diabetes has been
considered.®546! In general, glucose enhances matrix syn-
thesis in cultured RMC without increasing cell prolifera-
tion.14192 However, this response can be modified by
cytokines and the state of growth of the culture. For
instance, in the presence of insulin-like growth factor-I,
glucose increased protein synthesis while decreasing [*Hlthy-
midine incorporation.5? In contrast, 25 mmol/L glucose
increased [*H]thymidine incorporation and early-response
gene expression in serum-starved murine mesangial cells.
Silbiger et al’* used RMC growing slowly in long-term,
low-serum culture with the aim of better mimicking in vivo
conditions, and found that glucose suppressed both prolif-
eration and collagen synthesis. In the present study, we
examined proteoglycan expression in postconfluent cul-
tures proliferating slowly in serum-replete medium to
isolate the effects of glucose from those attributable to
abrupt changes in growth medium or substratum. The cells
continue to proliferate slowly and accumulate matrix, and
may be a useful model for examining factors that affect
matrix composition. The RMC were used between pas-
sages five and 15, a time when the proteoglycan profile is
constant,’” comparable to previous studies on the effects of
glucose on these cells.365% Under these experimental
conditions, glucose did not change the rate of synthesis of
DNA ([*H]thymidine incorporation) and significantly in-
creased protein synthesis ([*H]leucine incorporation) at the
time sulfate labeling of proteoglycans was studied.

In these experiments, 30 mmol/L glucose was found to
cause a reproducible decrease of approximately 15% to
20% in the amount of [*S]sulfate incorporated over 24
hours into each of the major proteoglycans, including
heparan and dermatan sulfates, synthesized by both mesan-
gial and vascular smooth muscle cells. Hyperglycemia in
vivo can lead to changes in tissue sulfate content and, in

Table 5. Effects of PKC Modulation on Sulfate Incorporation Into
Proteoglycans Associated With the Cell Layer

358 Incorporated (cpm/ 108 cells)

Treatment 10 mmol/L Glucose 30 mmol/L Glucose P
Control 155 =+ 20 96 + 31 <.05
Staurosporine 58 + 4 839 <.02
TPA 99 + 12 114 £1 <.01

NOTE, Cells were grown in 10 or 30 mmol/L glucose for 4 days past
confluence and labeled with [33S]suifate for the final 18 hours (control).
In somie cultures, PKC was inhibited with staurosporine during labeling;
in others, PKC was downregulated by treatment with TPA 24 hours
before and during labeling. Values are the mean * SD from 3 separate
cultures.
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turn, affect the specific activity of radiolabeled sulfate.57-%8
However, in cell culture sulfate from the medium rapidly
enters cells and equilibrates in the phosphoadenosyl phos-
phosulfate pool—the donor for proteoglycan sulfation.®
Sulfate uptake by RMC is unaffected by glucose.5® There-
fore, specific activity of the label is determined by the
sulfate concentration in the medium, and differences in
specific activity are unlikely to account for the differences in
incorporated label in the present studies. Undersulfation of
proteoglycans—that is, less sulfate incorporated per gly-
cosaminoglycan chain, leading to a lower charge density—
has been inconsistently reported to occur in experimental
diabetes. Kjellén et al®® observed small shifts on ion-
exchange chromatograms of HSPG from diabetic rat livers,
which they interpreted as undersulfation. Inhibition by
glucose of N-deacetylase, an activity required to expose
additional sites for sulfation during heparan synthesis, has
been advanced as an explanation.’* Inhibition of N-
deacetylase by glucose would affect heparan sulfate synthe-
sis, but it is not required for chondroitin/dermatan sulfates,
which remain fully N-acetylated, and so cannot account for
the global suppression of proteoglycan synthesis observed
here. Kanwar et al’® reported a hexose-dependent decrease
in sulfate incorporation into glomerular proteoglycans by
the perfused kidney that was overcome by supplementing
the perfusate with adenosine triphosphate. The decrease
was in part due to undersulfation; proteoglycans newly
labeled in the presence of higher glucose eluted from
DEAE-Sephacel at Jower salt concentrations. However,
such a deficit is unlikely to occur as an isolated phenom-
enon in vivo. Rather, it is likely that if adenosine triphos-
phate levels were low enough to affect glycosaminoglycan
sulfation, synthesis of other macromolecules would also be
affected. In fact, the energy derived from the oxidative
production of uronic acid balances the cost of addition to
glycosaminoglycans of one sulfate per disaccharide.”™ Nor is
sulfate likely to become limiting. Cultured RMC sustain the
charge density of newly synthesized proteoglycans in the
absence of any added sulfate by deriving sufficient amounts
from oxidation of amino acids.”® Drug-metabolizing sulfo-
transferase activity has been found to be diminished in
diabetes,”? but it is not clear that the Golgi enzymes
involved in dermatan and heparan sulfation are similarly
affected. DEAE-Sephacel chromatography failed to show
any differences in sulfate content of proteoglycans isolated
{rom kidneys of proteinuric streptozotocin- or BioBreeding-
diabetic rats and appropriate controls.’ In the present
study, no change in charge density was demonstrable by
ion-exchange chromatography, indicating that glucose can
decrease the synthesis of glycosaminoglycans indepen-
dently of the sulfation of individual chains. Whereas 4
weeks of continuous culture in high glucose diminishes the
net charge of the unfractionated glycosaminoglycan/
proteoglycan pool,? initial glucose-dependent changes in
glycosaminoglycan synthesis appear to be restricted to the
quantity produced.

The glucose-dependent decrease in proteoglycan synthe-
sis appears to be at the translational or posttranslational
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level. While core protein message levels are variably af-
fected by glucose, synthesis of both chondroitin/dermatan
and heparan sulfates is uniformly depressed. Nor need
changes in mRNA stability be invoked to explain these
results. We examined mRNA stability of decorin and
biglycan in A10 cells because these are abundant messages
with strongly hybridizing probes for use in the filter binding
assay, and change in opposite directions in response to
glucose. Whereas biglycan and decorin mRNA levels in
A10 cells are differentially affected by glucose, both mRNA
turnover rates remain constant in 10 and 30 mmol/L
glucose, with half-life values of approximately 8 and 4
hours, respectively. Therefore, whereas transcriptional ef-
fects appear to be involved in determining levels of decorin
and biglycan mRNA in response to glucose, later events
must account for the observed decrease in sulfated product.
It is interesting that Mahadevan et al” have recently shown
a glucose-dependent increase in hyaluronic acid synthesis
that appears to lead to decreased synthesis of other
(sulfated) glycosaminoglycan chains by an unknown mecha-
nism(s). The failure of synthesis to return to normal 30 to 48
hours after returning RMC to 10 mmol/L glucose from 30
mmol/L in our studies is consistent with accumulation of
such an inhibitory product.

The nature of DSPG2 is not clear. Decorin mRNA was
not detected in confluent RMC cultures, although the
message does appear during the first passage through the
cell cycle when quiescent RMC are stimulated with serum
(A. Wang and D.M. Templeton, unpublished) and is
readily detected by Northern blotting in A10 cells under
some conditions. Furthermore, whereas incorporation of
sulfate into DSPG2 is increased markedly by TGF-B, in
parallel to biglycan, decorin is decreased in some cells by
TGF-p#7 in response to a TGF-B-negative regulatory
element in the decorin gene promoter.’> Decorin binds to
collagen and prevents collagen fibrillogenesis in vitro,” but
may stabilize matrix in vivo. Both decorin and biglycan bind
to and neutralize the biological activity of TGF-B.7 The
matrix- and growth factor-binding properties of DSPG2
are not known, but it may be predicted that the decreased
synthesis of biglycan and DSPG2 observed in response to 30
mmol/L glucose will influence matrix stability and cell-
matrix interactions in the diabetic milieu.

TGF-B has been found to be elevated in human and
experimental diabetes!! and in mesangial cells cultured in
high glucose.!? In the present study, steady-state TGF-p
mRNA levels were increased by high glucose, but the
increased size of biglycan produced in response to TGF-B%0
(Fig 1) was not observed in these cultures. The possibility
remains that increased TGF-$ is responsible for the in-
creased level of biglycan mRNA observed in response to
glucose. However, the increases in glycosaminoglycan chain
size and sulfate elicited by active TGF-g added to the
culture are not observed in response to glucose. Increased
mRNA levels may not reflect increased active protein in
these experiments, or increases may occur that are insuffi-
cient to affect proteoglycan synthesis. Alternatively, glucose
may overcome the effects of TGF-B on proteoglycan struc-
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ture. The role, if any, of TGF-B in determining proteogly-
can expression in high-glucose cultures remains to be
elucidated.

Another well-documented effect of glucose on cultured
mesangial cells is an elevation of PKC activity,” probably
secondary to elevated diacylglycerol levels.”” The present
studies show that downregulation or inhibition of PKC
abrogates the effect of high glucose on proteoglycan synthe-
sis. However, both treatments also lead to a decrease in net
sulfate incorporation in the cell-layer proteoglycans in 10
mmol/L glucose. This would suggest that PKC activity is
necessary for normal proteoglycan synthesis. It then seems
contradictory that conditions associated with increased
PKC activity (ie, 30 mmol/L glucose in the absence of PKC
inhibitors) cause decreased synthesis. An explanation may
be that downregulation or inhibition of PKC affects other
cellular signals that may influence proteoglycan synthesis at
other levels that have not been addressed in the present
studies. The demonstration that staurosporine causes a
greater suppression of synthesis than TPA, under the same
conditions for which we have shown the latter to more
effectively block phorbol ester-dependent induction of
c-fos,"! suggests that other factors are involved. For in-
stance, although staurosporine has a lower K; for PKC than
for other kinases, kinase inhibitors in general lack strong
specificity.”® Nevertheless, the fact that decreased PKC
activity achieved by two independent means removes the
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suppression and actually increases 33§ incorporation in 30
mmol/L glucose supports the conclusion that PKC is
involved in the response.

A general response of cultured mesangial cells to high
glucose is an increased accumulation of extracellular ma-
trix!# reminiscent of the mesangial expansion of diabetic
nephropathy.’® The role, if any, of decreased proteoglycan
synthesis in this process is unclear, but may be predicted to
affect matrix organization. There may also be effects on cell
signaling. Heparin and heparan sulfate suppress prolifera-
tion of mesangial’’ and vascular smooth muscle™ cells,
apparently at least in part by interfering with PKC signal-
ing.8 Mesangial cell PKC is increased in response to
hyperglycemia,” and it is conceivable that the effects of
increased PKC signaling are exacerbated by a deficiency of
heparan sulfate. Mesangial cell TGF-p is increased by high
glucose'? and may play an important role in matrix accumu-
lation in the diabetic glomerulus.!! Decorin and biglycan
can neutralize some activities of TGF-B,¥ and, again, the
effects of increased TGF-B signaling might be exacerbated
by a deficiency in these DSPGs. However, in contrast to the
effects of heparan sulfate on PKC signaling, the effect of
decorin and biglycan on TGF-B is a property of their core
proteins and not the glycosaminoglycan chains.®! The pre-
sent studies do not address whether core protein levels are
affected by glucose.

REFERENCES

1. The Diabetes Control and Complications Trial Research
Group: The effect of intensive treatment of diabetes on the
development and progression of long-term complications in insulin-
dependent diabetes mellitus. N Engl J Med 329:977-986, 1993

2. Brownlee M, Cerami A, Vlassara H: Advanced glycosylation
end products in tissue and the biochemical basis of diabetic
complications. N Engl J Med 318:1315-1321, 1988

3. Skolnick EY, Yang Z, Makita Z, et al: Human and rat
mesangial cell receptors for glucose-modified proteins: Potential
role in kidney tissue remodelling and diabetic nephropathy. J Exp
Med 174:931-939, 1991

4. Cohen MP, Hud E, Wu V-Y: Amelioration of diabetic
nephropathy by treatment with monoclonal antibodies against
glycated albumin. Kidney Int 45:1673-1679, 1994

5. Tarsio JF, Reger LA, Furcht LT: Decreased interaction of
fibronectin, type IV collagen, and heparin due to nonenzymatic
glycation. Implications for diabetes mellitus. Biochemistry 26:1014-
1020, 1987

6. Copeland KR, Yatscoff RW, Thliveris JA, et al: Non-
enzymatic glycation and altered renal structure and function in the
diabetic rat. Kidney Int 32:664-670, 1987

7. Garlick RL, Bunn HF, Spiro RG: Nonenzymatic glycation of
basement membrane from human glomeruli and bovine sources.
Diabetes 37:1144-1150, 1988

8. Federoff HJ, Lawrence D, Brownlee M: Nonenzymatic glyco-
sylation of laminin peptide CIKVAVS inhibits neurite outgrowth.
Diabetes 42:509-513, 1993

9. DeRubertis FR, Craven PA: Activation of protein kinase Cin
glomerular cells in diabetes: Mechanisms and potential links to the
pathogenesis of diabetic glomerulopathy. Diabetes 43:1-8, 1994

10. Flyvbjerg A: Growth factors and diabetic complications.
Diabetic Med 7:387-399, 1990

11. Yamamoto T, Nakamura T, Noble NA, et al: Expression of

transforming growth factor beta is elevated in human and experi-
mental diabetic nephropathy. Proc Natl Acad Sci USA 90:1814-
1818, 1993

12. Ziyadeh FN, Sharma K, Ericksen M, et al: Stimulation of
collagen gene expression and protein synthesis in murine mesan-
gial cells by high glucose is mediated by autocrine activation of
transforming growth factor-g. J Clin Invest 93:536-542, 1994

13. Steffes MW, @sterby R, Chavers B, et al: Mesangial expan-
sion as a central mechanism for loss of kidney function in diabetic
patients. Diabetes 38:1077-1081, 1989

14. Kreisberg JI: Hyperglycemia and microangiopathy. Direct
regulation by glucose of microvascular cells. Lab Invest 67:416-426,
1992

15. Fumo P, Kuncio GS, Ziyadeh FN: PKC and high glucose
stimulate collagen o;(IV) transcriptional activity in a reporter
mesangial cell line. Am J Physiol 267:F632-F638, 1994

16. Cagliero E, Maiello M, Boeri D, et al: Increased expression
of basement membrane components in human endothelial cells
cultured in high glucose. J Clin Invest 82:735-738, 1988

17. Cagliero E, Roth T, Roy S, et al: Expression of genes related
to the extracellular matrix in human endothelial cells. Differential
modulation by elevated glucose concentrations, phorbol esters, and
cAMP. J Biol Chem 266:14244-14250, 1991

18. Danne T, Spiro MJ, Spiro RG: Effect of high glucose on type
IV collagen production by cultured glomerular epithelial, endothe-
lial, and mesangial cells. Diabetes 42:170-177, 1993

19. Ayo SH, Radnik RA, Glass WF II, et al: Increased extracel-
lular matrix synthesis and mRNA in mesangial cells grown in
high-glucose medium. Am J Physiol 260:F185-F191, 1991

20. Nahman NS Jr, Leonhart KL, Cosio FG, et al: Effects of
high glucose on cellular proliferation and fibronectin production by
cultured human mesangial cells. Kidney Int 41:396-402, 1992

21. Ayo SH, Radnik RA, Garoni JA, et al: High glucose causes



GLUCOSE AND PROTEOGLYCAN EXPRESSION

an increase in extracellular matrix proteins in cultured mesangial
cells. Am J Pathol 136:1339-1348, 1990

22. Ruoslahti E: Proteoglycans in cell regulation. J Biol Chem
264:13369-13372, 1989

23. Kjellén L, Lindahl U: Proteoglycans: Structures and interac-
tions. Annu Rev Biochem 60:443-475, 1991

24. Templeton DM: Proteoglycans in cell regulation. CRC Crit
Rev Clin Lab Sci 29:141-184, 1992

25. Rohrbach R: Reduced content and abnormal distribution of
anionic sites (acid proteoglycans) in the diabetic glomerular
basement membrane. Virchows Arch [B] 51:127-135, 1986

26. Templeton DM: Retention of glomerular basement mem-
brane-proteoglycans accompanying loss of anionic site staining in
experimental diabetes. Lab Invest 61:202-211, 1989

27. Klein DJ, Oegema TR, Brown DM: Release of glomerular
heparan->>SOy proteoglycan by heparin from glomeruli of strepto-
zocin-induced diabetic rats. Diabetes 38:130-139, 1989

28. Woodrow D, Moss J, Shore I, et al: Diabetic glomeruloscle-
rosis—Immunogold ultrastructural studies on the glomerular distri-
bution of type IV collagen and heparan sulphate proteoglycan. J
Pathol 167:49-58, 1992

29. Vernier RL, Steffes MW, Sisson-Ross S, et al: Heparan
sulfate proteoglycan in the glomerular basement membrane in type
1 diabetes mellitus. Kidney Int 41:1070-1080, 1992

30. Ledbetter S, Copeland EJ, Noonan D, et al: Altered
steady-state mRNA levels of basement membrane proteins in
diabetic mouse kidneys and thromboxane synthase inhibition.
Diabetes 39:196-203, 1990

31. Chan FL, Inoue S, Leblond CP: Cryofixation of basement
membranes followed by freeze substitution or freeze drying demon-
strates that they are composed of a tridimensional network of
irregular cords. Anat Rec 235:191-205, 1993

32. Chan FL, Inoue S: Lamina lucida of basement membrane:
An artefact, Microsc Res Tech 28:48-59, 1994

33. Kasinath BS, Block JA, Singh AK, et al: Regulation of rat
glomerular epithelial cell proteoglycans by high-glucose medium.
Arch Biochem Biophys 309:149-159, 1994

34. Olgemdller B, Schwaabe S, Gerbitz KD, et al: Elevated
glucose decreases the content of a basement membrane associated
heparan sulphate proteoglycan in proliferating cultured porcine
mesangial cells. Diabetologia 35:183-186, 1992

35. Silbiger S, Schlondorff D, Crowley S, et al: The effect of
glucose on proteoglycans produced by cultured mesangial cells.
Diabetes 42:1815-1822, 1993

36. Silbiger S, Crowley S, Shan Z, et al: Nonenzymatic glycation
of mesangial matrix and prolonged exposure of mesangial matrix to
elevated glucose reduces collagen synthesis and proteoglycan
charge. Kidney Int 43:853-864, 1993

37. Wang A, Fan M-Y, Templeton DM: Growth modulation
and proteoglycan turnover in cultured mesangial cells. J Cell
Physiol 159:295-310, 1994

38. Simonson MS, Dunn MJ: Eicosanoid biochemistry in cul-
tured glomerular mesangial cells. Methods Enzymol 187:544-553,
1990

39. Kimes BW, Brandt BL: Characterization of two putative
smooth muscle cell lines from rat thoracic aorta. Exp Cell Res
98:349-366, 1976

40. Castillo GM, Templeton DM: Structure and metabolism of
multiple heparan sulfate proteoglycans synthesized by the isolated
rat glomerulus. Biochim Biophys Acta 1136:119-128, 1992

41. Wang A, Templeton DM: Inhibition of mitogenesis and c-fos
expression in mesangial cells by heparin and heparan sulfates.
Kidney Int 69:437-448, 1996

42. Chirgwin JM, Przybyla AE, MacDonald RJ, et al: Isolation

1145

of biologically active ribonucleic acid from sources enriched in
ribonucleases. Biochemistry 18:5294-5299, 1979

43. Derynck R, Jarrett JA, Chen EY, et al: The murine
transforming growth factor-p precursor. J Biol Chem 261:4377-
4379, 1986

44. Fort P, Marty L, Piechaczyk M, et al: Various rat adult
tissues express only one major mRNA species from the glyceralde-
hyde-3-phosphate dehydrogenase multigenic family. Nucleic Acids
Res 13:1431-1442, 1985

45. Fisher L, Termine J, Young M: Deduced protein sequence
of bone small proteoglycan I (biglycan) shows homology with PG IT
(decorin) and several nonconnective tissue proteins in a variety of
species. J Biol Chem 264:4571-4576, 1989

46. Noonan DM, Fulle A, Valente P, et al: The complete
sequence of perlecan, a basement membrane heparan sulfate
proteoglycan, reveals extensive similarity with laminin A chain, low
density lipoprotein-receptor, and the neural cell adhesion mol-
ecule. J Biol Chem 266:22939-22947, 1991

47. Abramson SR, Woessner JF Jr: ¢cDNA sequence for rat
dermatan sulfate proteoglycan-II (decorin). Biochim Biophys Acta
1132:225-227, 1992

48. Saini K, Thomas P, Bhandari B: Hormonal regulation of
stability of glutamine synthetase mRNA in cultured 3T3-L1 adipo-
cytes. Biochem J 267:241-244, 1990

49. Hod Y, Hanson RW: Cyclic AMP stabilizes the mRNA for
phosphoenolpyruvate carboxykinase (GTP) against degradation. J
Biol Chem 263:7747-7752, 1988

50. Chomczynski P, Sacchi N: Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform ex-
traction. Anal Biochem 162:156-159, 1987

51. Border WA, Okuda S, Languino LR, et al: Transforming
growth factor-f regulates production of proteoglycans by mesan-
gial cells. Kidney Int 37:689-695, 1990

52. Kreisberg JI, Radnik RA, Ayo SH, et al: High glucose
elevates c-fos and c-jun transcripts and proteins in mesangial cell
cultures. Kidney Int 46:105-112, 1994

53. Kjellén L, Bielefeld D, Hook M: Reduced sulfation of liver
heparan sulfate in experimentally diabetic rats. Diabetes 32:337-
342,1983

54. Kofoed-Enevoldsen A: Inhibition of glomerular glucosami-
nyl N-deacetylase in diabetic rats. Kidney Int 41:763-767, 1992

55. Templeton DM, Wang A: Conserved charge of glomerular
and mesangial cell proteoglycans: Possible role of amino acid-
derived sulphate. Can J Physiol Pharmacol 70:843-852, 1992

56. Whiteside CI, Templeton DM: Increased microalbuminuria
in diabetic rats is independent of angiotensin II or glomerular
proteoglycan synthesis. Can J Physiol Pharmacol 70:1096-1103,
1992

57. Jarveldinen HT, Kinsella MG, Wight TN, et al: Differential
expression of small chondroitin/dermatan sulfate proteoglycans,
PG-1/biglycan and PG-II/decorin, by vascular smooth muscle and
endothelial cells in culture. J Biol Chem 266:23274-23281, 1991

58. Kahidri V-M, Larjava H, Uitto J: Differential regulation of
extracellular matrix proteoglycan (PG) gene expression. Transform-
ing growth factor-B; up-regulates biglycan (PGI) and versican
(large fibroblast PG) but down-regulates decorin (PGIT) mRNA
levels in human fibroblasts in culture. J Biol Chem 266:10608-
10615, 1991

59. Santra M, Danielson KG, Iozzo RV: Structural and func-
tional characterization of the human decorin gene promoter. A
homopurine-homopyrimidine S1 nuclease-sensitive region is in-
volved in transcriptional control. J Biol Chem 269:579-587, 1994

60. Schénherr E, Jarveldinen HT, Kinsella MG, et al: Platelet-
derived growth factor and transforming growth factor-betal differ-
entially affect the synthesis of biglycan and decorin by monkey



1146

arterial smooth muscle cells. Arterioscler Thromb 13:1026-1036,
1993

61. Sternberg M, Cohen-Forterre L, Peyroux J: Connective
tissue in diabetes mellitus: Biochemical alterations of the intercel-
Tular matrix with special reference to proteoglycans, collagens and
basement membranes, Diabete Metab 11:27-50, 1985

62. Kikkawa R, Haneda M, Togawa M, et al: Differential
modulation of mitogenic and metabolic actions of insulin-like
growth factor I in rat glomerular mesangial cells in high glucose
culture. Diabetologia 36:276-281, 1993

63. Wolf G, Sharma K, Chen Y, et al: High glucose-induced
proliferation in mesangial cells is reversed by autocrine TGF-beta.
Kidney Int 42:647-656, 1992

64. Lovett DH, Sterzel RB: Cell culture approaches to the
analysis of glomerular inflammation. Kidney Int 30:246-254, 1986

65. Studer RK, Craven PA, DeRubertis FR: Role for protein
kinase C in the mediation of increased fibronectin accumulation by
mesangial cells grown in high-glucose medium. Diabetes 42:118-
126, 1993

66. Pugliese G, Pricci F, Pugliese F, et al: Mechanisms of
glucose-enhanced extracellular matrix accumulation in rat glomeru-
lar mesangial cells. Diabetes 43:478-490, 1994

67. Spiro MJ: Sulfate metabolism in the alloxan-diabetic rat:
Relationship of altered sulfate pools to proteoglycan sulfation in
heart and other tissues. Diabetologia 30:259-267, 1987

68. Fan M-Y, Templeton DM: Sulfate metabolism in experimen-
tal diabetes. Diabete Metab 18:98-103, 1992

69. Hascall VC, Calabro A, Midura RJ, et al: Isolation and
characterization of proteoglycans. Methods Enzymol 230:390-417,
1994

70. Kanwar Y, Yoshinaga Y, Liu Z, et al: Biosynthetic regula-
tion of proteoglycans by aldohexoses and ATP. Proc Natl Acad Sci
USA 89:8621-8625, 1992

71. Comper WD: Extracellular matrix interactions: Sulfation of
connective tissue polysaccharides creates macroion binding tem-

TEMPLETON AND FAN

plates and conditions for dissipative structure formation. J Theor
Biol 145:497-509, 1990

72. Coughtrie MWH, Pears J, Jones AL, et al: Cytosolic phenol
and steroid sulphotransferase activities are decreased in a sex-
dependent manner in streptozotocin-induced diabetic rats. Bio-
chem Pharmacol 40:2180-2183, 1990

73. Mahadevan P, Larkins RG, Fraser JE, et al: Increased
hyaluronan production in the glomeruli from diabetic rats: A link
between glucose-induced prostaglandin production and reduced
sulphated proteoglycan. Diabetologia 38:298-305, 1995

74. Breuer B, Schmidt G, Kresse H: Non-uniform influence of
transforming growth factor-pB on the biosynthesis of different forms
of small chondroitin sulphate/dermatan sulphate proteoglycan.
Biochem J 269:551-554, 1990

75. Hedbom E, Heinegard D: Binding of fibromodulin and
decorin to separate sites on fibrillar collagens. J Biol Chem
268:27307-27312, 1994

76. Yamaguchi Y, Mann DM, Ruoslahti E: Negative regulation
of transforming growth factor-g by the proteoglycan decorin.
Nature 346:281-284, 1990

77. Craven PA, DeRubertis FR: Protein kinase C is activated in
glomeruli from streptozotocin diabetic rats. Possible mediation by
glucose. J Clin Invest 83:1667-1675, 1989

78. Kuo JF (ed): Protein Kinase C. New York, NY, Oxford
University Press, 1994

79. Castellot JJ Jr, Favreaun LV, Karnovsky MJ, et al: Inhibition
of vascular smooth muscle cell growth by endothelial cell-derived
heparin. J Biol Chem 257:11256-11260, 1982

80. Pukac LA, Ottlinger ME, Karnovsky MJ: Heparin sup-
presses specific second messenger pathways for protooncogene
expression in rat vascular smooth muscle cells. J Biol Chem
267:3707-3711, 1992

81. Hildebrand A, Romaris M, Rasmussen LM, et al: Interac-
tion of the small interstitial proteoglycans biglycan, decorin and
fibromodulin with transforming growth factor 8. Biochem J 302:527-
534, 1994



