High Glucose Concentration Causes a Decrease in
Mesangium Degradation
A Factor in the Pathogenesis of Diabetic Nephropathy
Susan V. McLennan, Elizabeth J. Fisher, Dennis K. Yue, and John R. Turtle

D

iabetic nephropathy is a serious complication of
diabetes and accounts for much of its morbidity
and mortality. The pathogenesis of this condition
is not well understood, although it is known that
development of the overt clinical phase is preceded for many
years by the presence of microalbuminuria and can be
delayed by treatment of hypertension (1,2). It is now also
established that strict metabolic control can prevent or delay
the onset of nephropathy (3). Nevertheless, given the technology currently available, diabetic nephropathy will still
occur in a significant number of patients. It therefore remains essential to explore further the mechanism underlying
the development of diabetic nephropathy.
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Many pathogenetic mechanisms have been studied intensively to explain the occurrence of diabetic nephropathy.
One area that has received much attention is enlargement of
the mesangium, which is always present in clinically significant nephropathy. The synthesis of various mesangium
components has been shown to be increased by a high
glucose concentration and likely contributes to mesangium
enlargement (4-6). However, regulation of mesangium size is
a dynamic process involving degradation as well as synthesis. The phenomenon of mesangium degradation has not
been evaluated extensively in diabetes. In this study, we
developed a system in which the degradation process can be
measured by release of radioactivity from labeled mesangium matrix biosynthetically produced from monolayer culture of mesangial cells. The effects of a high glucose
concentration and the possible role of protein kinase C
activity in the degradation of mesangium matrix were investigated. Results indicate that a high glucose concentration
can indeed reduce the degradation of mesangium matrix and
that this process is unlikely to be modulated by changes in
protein kinase C activity.
RESEARCH DESIGN AND METHODS
Isolation and culture of glomerular mesangial cells. Mesangial cell
cultures were established from glomeruli obtained from human fetal
kidneys of between 14- and 20-weeks gestation. Briefly, glomeruli were
isolated under sterile conditions by differential sieving of diced renal
cortexes. Glomeruli were then incubated in Hanks' buffered saline
containing 750 U/ml collagenase (CLS4, Worthington, NJ) for 30 min at
37°C followed by a wash in Hanks' buffered saline to remove epithelial
cells (7). The remaining glomerular fragments were plated in RPMI-1640
tissue culture medium (Cytosystems, New South Wales, Australia)
containing 10% fetal calf serum (FCS), penicillin (100 U/ml), and
streptomycin (100 jig/ml) at 37°C in 5% CO2 and 95% air. The media were
changed every 3 days, and mesangial cell outgrowths appeared after 1-2
days in culture, reaching confluence after 1 week. The mesangial cells
were characterized by their morphology, sensitivity to mitomycin C, and
negative staining with factor VHI antibody (Dakopatts, Glostrup, Denmark). For these studies, cells were used between passage 3-6.
Preparation o f radioactively labeled mesangium matrix. Mesangial
cells were cultured in 12-well plates under culture conditions described
above but in the absence of antibiotics. When the cells reached ~60%
confluence and were laying down matrix rapidly, [ 36 S]methionine
(Tran[ 35 ]S-label, ICN, Irvine, CA) was added to reach a final concentration of 10 ixCi/ml. After 5 days of labeling, the media was removed and
the monolayer culture washed once with phosphate buffered saline
(PBS) (pH 7.2 containing 2.68 mM KC1, 1.47 mM KH 2 PO 4) 0.145 M NaCl,
7.69 mM NagHPOJ. The mesangial cells were lyzed by incubation in 0.25
M NH 4 OH at 37°C for 30 min and removed from the matrix by washing
with water followed by 70% ethanol. The matrix was then dried and
exposed to ultraviolet light for 10 min before being washed once again
with PBS and used as substrate for the study of mesangium degradation.
Control experiments showed that the intraplate variability in the label1041
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Mesangium enlargement is a constant feature of diabetic
nephropathy and is likely to be important in the pathogenesis of this diabetic complication. Whether decreased
degradation of mesangium plays any role in causing the
enlargement is uncertain. We developed a system of
preparing radioactively labeled mesangium matrix from
mesangial cell cultures to be used as substrates for
studies of mesangium degradation. Degradation is commenced by growing mesangial cells on the labeled matrix
and monitored by the release of radioactivity into the
culture medium. High glucose concentration (30 mM),
whether present 1) when the matrix is being made or 2 )
when the degradation is taking place, reduces the rate of
mesangium degradation. The second but not the first of
these two phenomena was abolished by aminoguanidine.
Phorbol 12-myristate 13-acetate, added in a manner to
antagonize the action of protein kinase C, inhibited mesangium degradation and was not able to nullify the effect
of high glucose. Thus it appears unlikely that a high
glucose concentration inhibits mesangium degradation by
increasing mesangial cell protein kinase C activity. We
conclude that decreased degradation of mesangium as a
result of hyperglycemia may play a role in causing the
mesangium enlargment that occurs in diabetic nephropathy. Diabetes 43:1041-1045, 1994
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TABLE 1
The effect of glucose on the production of extracellular matrix
proteins

Laminin
(dpm/well)

Fibronectin
(dpm/well)

Glucose (9 mM) 52,670 ± 500 83,640 ± 2,145
Glucose (30 mM) 64,070 ± 680* 111,080 ± 3,425*

Collagen
(hydroxyproline
u,M/|xg amino
acid)
0.14 ± 0.02
0.25 ± 0.08*

Data are means ± SD. * P <0.05, significantly different from 9 mM
glucose.
cipitated material was confirmed by SDS polyacrylamide gel electrophoresis using fibronectin or laminin as standards.
For the measurement of collagen, the labeled mesangial cells and
matrix were scraped from the plate, washed in PBS, and hydrolyzed in
6 N HC1 at 11O°C for 18 h. An aliquot of the hydrolysate was then
derivatized with phenyl isothiocyanate, and the hydroxyproline content
was measured by high-performance liquid chromatography as described
previously (5). Data are expressed as micromoles hydroxyproline per
microgram amino acid.
Statistical analysis. Results were expressed as means ± SD and
compared by analysis of variance with post-hoc comparison using
Duncan's multiple range test. Significance was accepted at the P < 0.05
level.
RESULTS
Mesangium matrix composition. Similar in behavior to
their adult counterparts, fetal mesangial cells and their
matrix contain more collagen, laminin, and fibronectin when
exposed to a high glucose concentration (4,7,9). Results are
shown in Table 1.
Effects of a high glucose concentration on mesangium
degradation. The degradation of mesangium matrix made in
a high-glucose environment is slower and is not normalized
by the presence of aminoguanidine during synthesis. Results
are shown in Fig. LA. The rate of mesangium degradation is
not affected by mannitol, sorbitol, or ribose (Fig. IB).
Degradation of mesangium matrix is also slower when a high
glucose concentration is only present during the degradation
process. However, in this situation, the effect of 30 mM
glucose is abolished by aminoguanidine and can be mimicked by mannitol, ribose, and partially by sorbitol. Results
are shown in Fig. 2A and B.
Effects of modulating protein kinase C activity on
mesangium degradation. PMA, added in a manner to
antagonize protein kinase C activity, retarded the rate of
mesangium degradation in a normal glucose concentration.
PDBU, an agonist of protein kinase C activity, increased the
rate of mesangium degradation. Results are shown in Fig. 3A
In the presence of a high glucose concentration, PMA further
reduced the rate of mesangium degradation, although this
decrease was not statistically significant (Fig. 3B).
Effects of a high glucose concentration on mesangial
cell growth. Mesangium matrix synthesized in the presence
of a normal or high glucose concentration supported the
growth of mesangial cells to the same extent (Fig. 44). High
glucose concentration in the culture medium also had no
effect on the growth rate of mesangial cells plated on matrix
made in a normal glucose concentration (Fig. 4B).
DISCUSSION
Enlargement of the mesangium is the most consistent morphological finding in diabetic nephropathy and correlates
well with the severity of the clinical disease (1,2,10). It is
DIABETES, VOL. 43, AUGUST 1994
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ing of matrix was <6%. In addition, 67 ± 9% of the 35S-label incorporated
into the matrix was precipitable with 10% trichloroacetic acid (TCA).
Study of mesangium degradation. Using matrix prepared in this
manner, the degradation of mesangium can be studied either by 1)
growing mesangial cells on the radioactively labeled matrix or 2) adding
proteolytic enzymes extracted from mesangial cells or leukocytes to the
labeled matrix. Only the findings related to the degradation of matrix by
growing mesangial cells will be presented here. Using this system, the
degradation of the matrix is commenced by seeding mesangial cells at a
density of 4.0-5.0 x 104 cells/well into wells containing labeled matrix.
The cells are grown to confluence in antibiotic-free RPMI-1640 medium
containing 10% heat-inactivated FCS (60°C for 1 h). Degradation was
assessed by monitoring the release of 35S radioactivity from the matrix
and was measured by counting an aliquot of the culture media on days
1, 3, and 5. The addition of 10% TCA precipitated 15 ± 5% of the count
released into the media by degradation, and this was not affected by
glucose concentration or the presence of modulators of protein kinase C
activity, such as phorbol 12,13 dibutyrate (PDBU) or phorbol 12myristate 13-acetate (PMA). The nonspecific release of 35S radioactivity
from the matrix in the absence of cells was 3 ± 2% of the total
incorporation. This was always monitored and subtracted from the
count released from the matrix in the presence of cells. Results are
expressed as a5S released as a percentage of the total radioactivity
incorporated into the matrix. To prevent cellular re-uptake of [35S]methionine released from the mesangium matrix, all degradation experiments were carried out in the presence of 2 mM unlabeled methionine.
Each degradation experiment was performed at least twice, and each
incubation condition was represented by 6-8 wells. Cell growth over the
corresponding period was monitored by trypsinization and counting in a
hemocytometer.
Effects of glucose concentration on mesangium degradation. The
effects of a high glucose concentration on mesangium degradation were
tested in two ways. In the first, high glucose (30 mM) was present during
synthesis of the radioactively labeled matrix. Mesangial cells were then
plated and grown on the matrix in a normal glucose concentration (9
mM). Thus, degradation of the matrix takes place at a normal glucose
concentration. In the second system, radioactively labeled matrix is
synthesized by mesangial cells in a normal glucose concentration.
Mesangial cells are then plated and grown in a high glucose concentration on this matrix. Thus, degradation occurs in a high-glucose milieu.
The effect of aminoguanidine on the degradation of mesangium
matrix was also studied in both systems by adding this compound at a
concentration of 12.5 mM to the high-glucose media. To test the effect of
osmolarity on the degradation of mesangium matrix, mannitol, sorbitol,
and ribose were added to the culture media at a concentration of 21 mM
(making a final sugar concentration of 30 mM, including glucose).
Effects of modulating protein kinase C activity on mesangium
degradation. The role of protein kinase C in mesangium degradation
was studied by adding PMA (1 JJLM) and PDBU (0.1 p,M) to the culture
media. To avoid interference with cell plating, PMA or PDBU were
added to the culture media 4-6 h after the plating of mesangial cells.
Chronic exposure of mesangial cells to PMA at this concentration has
been shown to inhibit protein kinase C activity, and PDBU (0.1 JJUM) has
been shown to stimulate protein kinase C activity (7). Degradation of
matrix was measured by counting an aliquot of the media as described
above. Control experiments showed that DMSO used as the vehicle for
both PMA and PDBU had no effect on the degradation of mesangium
matrix (results not shown).
Effects of glucose concentration on mesangium matrix composition. The effects of glucose on fibronectin and laminin content in
labeled mesangial cells and matrix were determined according to the
method of Ayo et al. (4). Briefly, the medium was removed after labeling
the cells for 24 h with [35S]methionine. The labeled mesangial cells and
matrix were washed three times with cold PBS and extracted with PBS
containing 2% NP-40, 1 mM EDTA, and 2 mM PMSF at pH 7.2.
[35S]fibronectin and [35S]laminin were determined by immunoprecipitation using anti-human fibronectin (Calbiochem-Behring, La Jolla, CA)
and anti-human laminin (Collaborative Research, Bedford, MA) antisera.
The reacted fibronectin and laminin were precipitated with protein-A
agarose beads (Pansorbin, Boehringer Mannheim, Indianapolis, IN), and
the pellets were washed two times with PBS (as above) and four times
with washing buffer (50 mM Tris-HCL, pH 8.3, containing 0.45 M NaCl,
0.5% NP-40). Pellets were then solubilized in 5% sodium dodecyl sulfate
(SDS) buffer by heating at 100°C for 5 min. An aliquot was counted, and
the results were expressed as dpm/well. The identity of the immunopre-
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FIG. 1. A: degradation of mesangial matrix by mesangial cells grown in 9
mM glucose. Matrix was made by cells grown in 9 mM glucose ( • ) , 30
mM glucose (O), or 30 mM glucose plus 12.5 mM aminoguanidine (V).
Each point represents the mean ± SD of 6-8 wells. B: degradation of
mesangial matrix by mesangial cells growing in 9 mM glucose for 5 days.
Matrix was made by cells grown in 9 mM glucose (NG), 30 mM glucose
(HG), 21 mM sorbitol (S), 21 mM mannitol (M), and 21 mM ribose (R).
Each point represents the mean ± SD of 6-8 wells. *P < 0.05,
significantly different from 9 mM glucose.

FIG. 2. A: degradation of mesangial matrix by mesangial cells grown in 9
mM glucose ( • ) , 30 mM glucose (O), or 30 mM glucose plus 12.5 mM
aminoguanidine (V). Matrix was made by cells grown in 9 mM glucose.
Each point represents the mean ± SD of 6-8 wells. B: degradation of
mesangial matrix by mesangial cells grown for 5 days in 9 mM glucose
(NG), 30 mM glucose (HG), 21 mM sorbitol (S), 21 mM mannitol (M), or
21 mM ribose (R). Matrix was made by cells grown in 9 mM glucose.
Each point represents the mean ± SD of 6-8 wells. *P < 0.05,
significantly different from 9 mM glucose.

likely to play a central pathogenetic role in this diabetic
complication. The enlarged mesangium can compress the
glomerular capillaries and thereby alter intraglomerular hemodynamics. Alteration in the quantity and composition of
the mesangium in diabetes can also change cell-matrix
interaction, permeability, and many other aspects of glomerular function. These considerations make it vitally important
to understand more fully the phenomenon of mesangium
enlargement in diabetes.
Many in vitro studies have shown an increase in the
synthesis of several matrix components by mesangial cells
cultured in high-glucose environments, including that of
collagen, fibronectin, and laminin (4,7,10,11). Although from
a fetal source, the mesangial cells used for experimental
studies in this study showed the same behavior. There is
much less information on whether the degradation of mesangium matrix is abnormal in diabetes, partly because of
the lack of a suitable model in which the process of
degradation can be assessed separately from that of synthe-

sis. In this study, we have overcome this problem by using
pre-synthesized radioactively labeled matrix as substrate for
measuring the rate of mesangium degradation. This is a
different experimental design from the one described by Ayo
et al. (4), who found no effect of glucose on the intracellular
degradation of matrix proteins. There are two important
methodological differences. First, Ayo et al. (4) used a
pulse-chase system combined with immunoprecipitation to
follow the intracellular synthesis and turnover of fibronectin
and laminin, whereas we have studied the degradation of
preformed matrix components. We have not identified which
matrix components are degraded but have studied the overall degradation process. The relative rates of degradation of
the various matrix components are currently being investigated. Second, Ayo et al. (4) used cell/matrix plus media to
assess degradation, whereas in our present study, the release
of radioactivity into the media was chosen as the endpoint.
These methodological differences could contribute to the
varying effects of a high glucose concentration on degrada-

DIABETES, VOL. 43, AUGUST 1994

1043

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/43/8/1041/360787/43-8-1041.pdf by guest on 29 June 2022

CD

HIGH GLUCOSE AND MESANGIUM DEGRADATION

60

r

40 _ A

A

50

30
40
CD
GO

ti

<«•
O

30

CD
i—i

CD

20

X
CD

CD
0

0

CO

60

r

0

L

J

I

0 1 2 3 4 5 6 7 8

1

w

B

60

"D

•—i

50

40

CO

40

30

30

20
20

10
10

0

L

0

Days
FIG. 3. A: degradation of mesangium matrix by mesangial cells grown in
9 mM glucose ( • ) with the addition of 0.1 u.M PDBU ( • ) or 1.0 uM PMA
(V). Matrix was made by cells grown in 9 mM glucose. Each point
represents the mean ± SD of 6-8 wells. B: degradation of mesangium
matrix by mesangial cells grown in 9 mM glucose ( • ) , 30 mM glucose
(O), or 30 mM glucose with the addition of 1.0 jiM PMA (T). Matrix was
made by cells grown in 9 mM glucose. Each point represents the mean ±
SD of 6-8 wells. *P < 0.05, significantly different from 9 mM glucose.

tion observed in these two studies. For example, Ayo's
system would measure the net effect of changes due to
synthesis and degradation, whereas in our system, degradation
is studied in isolation. Moreover, lysosomal enzymes play a
major role in intracellular degradation, but metalloproteinases are likely to be the important enzymes extracellularly.
Our method has proven to be a versatile system that can be
used in studying mesangium degradation by live cells or cell
extracts. Although only results obtained from [35S]methionine labeling have been shown, we have carried out experiments using [3H]proline- and [35S]sulphuric acid-labeled
matrix for specific monitoring of collagen and proteoglycan
degradation, respectively. In addition, it is possible to manipulate the composition of the matrix and investigate the
effects of these changes on mesangium degradation. Thus
far, we have only used TCA precipitation to show that the
radioactive materials released into the media are of low
molecular weight. We have yet to identify if any component
of the matrix is preferentially degraded. Previous studies
investigating degradation of the extracellular matrix have
used radioactively labeled Matrigel as a substrate (12). In
1044

1

2

3

4

5

6

7

8

Days
FIG. 4. A: growth rate of mesangial cells on matrix made in 9 mM
glucose ( • ) or 30 mM glucose (O). Each point represents the mean ±
SD of 6-8 wells. B: effect of 9 mM glucose ( • ) or 30 mM glucose (O) on
the growth rate of cells on matrix made in 9 mM glucose. Each point
represents the mean ± SD of 6-8 wells.

that system, degradation of the matrix occurred only when
plasminogen was added, which suggests that a matrix factor
may be removed in the preparation of Matrigel.
We found that mesangium synthesized in a high-glucose
environment is degraded at a slower rate when reexposed to
growing mesangial cells. This supports the notion that decreased degradation plays a role in causing the mesangium
enlargement that occurs in diabetes. There may indeed be a
reciprocal relationship between extracellular matrix production and the degradation process. Although the precise
mechanism has not been defined, from the experimental
design it can be concluded that a high glucose concentration
can lead to abnormalities in the synthesis or posttranslational modifications of mesangium matrix, which becomes
less susceptible to degradation. These effects of glucose
were specific because they were not reproduced by adding
other sugars. Because the aminoguanidine present during
synthesis of the mesangium did not abolish the effects of
high glucose, it is unlikely that increased glycation of matrix
components plays a significant role.
Moreover, a high-glucose milieu present after the matrix
has already been synthesized but at a time when mesangial
cells are degrading the matrix also inhibits mesangium
degradation. In this system, the high glucose concentration
DIABETES, VOL. 43, AUGUST 1994
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despite the availability of modern antihypertensive agents,
intensive insulin treatment regimen, dialysis, and transplantation. Improvement in the understanding of its pathogenesis will
lead to more rational strategies in treatment and prevention.
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must be exerting its effects directly on the degradative
capacity of the mesangial cells or on the preformed matrix,
independent of the other actions it has during synthesis of
the mesangium. These actions of glucose appeared less
specific, because mannitol and ribose were equally effective.
This does not necessarily render our observation physiologically irrelevant, because hyperglycemia in vivo may indeed
have some of its action mediated by an osmotic mechanism.
The effects of a high glucose concentration during degradation were abolished by aminoguanidine. In addition to blocking formation of advanced glycation end products, this
compound is known to inhibit the synthesis of nitric oxide
and also to bind free glucose (13,14). Which of its actions
plays a role in the observed changes of mesangium degradation remains to be evaluated.
Collectively, these results indicate that decreased degradation can indeed be playing a causative role in the mesangium enlargement of diabetes. This is consistent with the
findings of Reckelhoff et al. (15), who showed a decrease in
the activities of two classes of proteolytic enzymes in the
glomeruli of diabetic rats. The changes in mesangium degradation that we have observed in a high glucose concentration
cannot be due to alterations in cell numbers. Although
Crowley et al. (16) showed that proliferation is reduced
when cells are grown on matrix glycated in vitro, in our
system (where matrix is made by cells grown in a high
glucose concentration), high glucose concentration has no
effect on the growth rate of mesangial cells.
Mesangium matrix degradation is a complex process involving interaction of proteolytic enzymes, their inhibitors,
and the mesangium. Mesangial cells have been shown to
produce several components of this cascade, including metalloproteinases, tissue inhibitors of metalloproteinases, plasminogen activators, and plasminogen activator inhibitors
(17-19). In addition, the serine proteinases, such as plasmin
derived from plasma and leukocytes, are also likely to be
important, both by acting directly on the mesangium and also
synergistically with metalloproteinases (20). Which of these
enzymes and their inhibitors are affected by the high-glucose
milieu is not clear at this stage, and more specific examination of each will be required. How high glucose concentration and differing duration of exposure affect the mesangium
matrix degradation also remain to be determined.
High glucose concentration is known to increase protein
kinase C activity in mesangial cells, and many studies have
demonstrated the importance of protein kinase C activity in
regulating the function of mesangial cells, including the
synthesis of various matrix components (8,21-23). Protein
kinase C agonists have also been shown to alter the turnover
of matrix proteins and to promote metalloproteinase activities (24,25). These considerations led us to investigate
whether the effects of high glucose on mesangium degradation were mediated by increased protein kinase C activities.
Our results showed that when protein kinase C activity is
stimulated or inhibited, mesangium degradation rate
changed in the same direction. Moreover, when PMA was
added to antagonize protein kinase C activity, it did not
nullify the effects of high glucose on mesangium degradation.
These observations make it unlikely that the effect of a high
glucose concentration on reducing mesangium degradation
is mediated by an increase in protein kinase C activity.
Diabetic nephropathy is a major cause of morbidity and
mortality in diabetes. Its treatment remains unsatisfactory

