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Abstract

Previous investigations have demonstrated that growing mesan-
gial cells in high glucose concentration stimulates extracellular
matrix synthesis and also increases the expression of TGF-ft.
Wetested whether the stimulation of extracellular matrix pro-
duction is mediated by autocrine activation of TGF-13, a known
prosclerotic cytokine. Addition of neutralizing anti-TGF-ft an-
tibody, but not normal rabbit IgG, significantly reduced the
high glucose-stimulated incorporation of 31HIproline. Denatur-
ing SDS-PAGErevealed that mainly collagen types I and IV
were stimulated by high (450 mg/dl) D-glucose. This high glu-
cose-mediated increase in collagen synthesis was reduced by
the anti-TGF-fi antibody. Treatment of mesangial cells grown
in normal (100 mg/dl) D-glucose with 2 ng/ml recombinant
TGF-f,1 mimicked the effects of high glucose. Furthermore, the
anti-TGF-#t antibody significantly reduced the increase in
mRNAlevels encoding a2(I) and al (IV) collagens induced by
high glucose. Thus, the high glucose-stimulated increase of col-
lagen production in mesangial cells is mediated, at least in part,
by autocrine TGF-f activation. Wepostulate that the intercep-
tion of the glomerular activity of TGF-li may be an effective
intervention in the management of diabetic nephropathy. (J.
Clin. Invest. 1994. 93:536-542.) Key words: extracellular ma-
trix * collagen type I * collagen type IV * diabetic glomerulo-
pathy- mouse kidney

Introduction

Progressive expansion of glomerular mesangial matrix result-
ing in diffuse intercapillary sclerosis is the most important struc-
tural lesion of diabetic glomerulopathy ( 1-4), one of the major
causes of chronic renal disease. The degree of expansion of
mesangial matrix in patients with insulin-dependent (type I)
diabetes mellitus correlates closely with the progressive decline
in the glomerular capillary surface area available for filtration,
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and hence with the glomerular filtration rate (5-7). In experi-
mental animal models of diabetic renal involvement, evidence
has been accumulating that increased synthesis of several ex-
tracellular matrix components is a relatively early feature of the
disease (reviewed in references 4, 8, 9). Increased steady-state
mRNAlevels encoding collagen, laminin, and fibronectin have
been described in renal cortical specimens ( 10-13) and, more
recently, in isolated whole glomeruli ( 14). It has been proposed
that many abnormalities of the diabetic milieu may contribute
to glomerulosclerosis; these include adaptive changes in glo-
merular hemodynamics with an increase in transcapillary hy-
draulic pressure, increased nonenzymatic glycosylation prod-
ucts, activation of the polyol pathway, and alterations in hor-
monal balance and other biochemical abnormalities ( 1, 4, 8, 9,
15, 16). However, recent in vitro studies, first in tubular epithe-

lial cells (17) and subsequently in glomerular cells (18-23),
have provided supportive evidence that high ambient glucose
per se can stimulate the synthesis of extracellular matrix com-
ponents. In mesangial cells, Ayo and colleagues were the first to
describe that cells cultured in a high glucose concentration ac-
cumulated more fibronectin, laminin, and type IV collagen
compared with cells grown in a lower glucose concentration
( 18). The increase in production of these extracellular matrix
components was associated with an increase in their respective
steady-state mRNAlevels ( 19). These and several other subse-
quent studies on glomerular cells in culture (20-23) have cor-
roborated the notion that high ambient glucose plays a major
role in promoting the production and accumulation of extra-
cellular matrix components in diabetic glomerulopathy.

Wehave been interested in the molecular mechanisms that
underlie the effects of ambient glucose on cellular growth and
extracellular matrix production in different types of renal cells
in culture ( 16, 17, 24-26). Our recent studies in murine mesan-
gial cells in culture revealed that raising the D-glucose concen-
tration in the serum-free media from 100 to 450 mg/dl resulted
in a transient stimulation of cell proliferation after 24-48 h but
had a sustained growth inhibitory effect after 72 h of incuba-
tion (26). This late suppression of proliferation was associated
with an increase in levels of transcripts encoding TGF-,3 after
48 h of exposure to high glucose. Furthermore, a neutralizing
antibody directed against TGF-3 prevented the late inhibitory
effects of high glucose on mesangial cell proliferation (26).
Since TGF-3 has been widely recognized to be a major pro-
moter of extracellular matrix production (27-32), we postu-
lated that this autacoid may mediate the stimulatory effects of
high glucose on the synthesis of extracellular matrix in mesan-

gial cells. Our present study demonstrates that the stimulation
by high glucose of endogenous TGF-,3 bioactivity in murine
mesangial cells is largely responsible for the observed increase
in collagen gene expression and protein synthesis.
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Methods

Cell culture. The present studies were performed on an immortalized,
differentiated murine mesangial cell (MMC)' line that was originally
isolated from kidneys of 8- to 10-wk-old SJL/J (H-2s) normal mice
(33). MMCswere subsequently transformed with noncapsid forming
SV-40 virus to establish a permanent cell line (33). Cells were grown in
DME(GIBCO BRL, Gaithersburg, MD) containing 10% FCS, 100
U/ml penicillin, 100 jg/ml streptomycin, and 2 mMsupplemented
glutamine. Cells were passaged every 72-96 h by light trypsinization.

Previous studies have demonstrated that this cell line exhibits many
features of differentiated mesangial cells; the cells stain positive for Thy
1 antigen, desmin, vimentin, and collagens type I and IV, but fail to
bind antibody directed against the proximal tubular nephritogenic 3M-
1 antigen (33). Moreover, MMCsexpress receptors for angiotensin II

(33), and they also increase their cellular cGMPcontent after stimula-
tion with atrial natriuretic peptide (34). Pilot experiments demon-
strated that MMCsexhibit similar patterns of growth behavior and
extracellular matrix production in response to elevated glucose con-

centration as nontransformed mesangial cells.
Total 3(H] proline incorporation into MMC.To gain insight into the

kinetics of high glucose-mediated production of extracellular matrix
components in MMCs,we first examined the time-course of incorpora-
tion of 3[ H] proline into TCA-precipitable proteins (33). Proline is one

of the major constituents of collagen, and it is preferentially incorpo-
rated into collagens type I and IV in MMCs(33). For these experi-
ments, I05 cells/well were plated into 24-well cell culture plates (Nun-
clon, Denmark) in DMEcontaining 100 mg/dl D-glucose (5.6 mM)
and 10% FCS, and at confluence, they were made quiescent by incuba-
tion for 48 h in DMEwith a D-glucose concentration of 100 mg/dl in
the absence of serum. After this time period, the media were changed to
fresh serum-free DMEwith either 100 or 450 mg/dl (25 mM)D-glu-
cose. Some cells received DMEwith 100 mg/dl D-glucose plus 350
mg/dl D-mannitol to achieve equal final medium osmolarity as that
containing 450 mg/dl D-glucose. Additional cells were incubated with
normal- or high-glucose media in the presence of 30 ,ug/ml neutralizing
rabbit antiporcine TGF-# antibody (IgG fractions, neutralizes TGF-,B,
and TGF-fl2; R & D Systems, Minneapolis, MN) or a similar concen-

tration of normal rabbit IgG. For the last 12 h of culture, 1 ,uCi 3[ H]-

proline (L-(2,3,4,5)-3[H]proline, 130 Ci/mmol; Amersham Corp.,
Arlington Heights, IL) was added to each well. After 24, 48, 72, or 96 h
of exposure to the different culture conditions, cells were washed three
times in ice-cold PBS, precipitated twice in ice-cold 10% TCA, redis-
solved in 500 zd of 0.5 MNaOHwith 0.1 %Triton X- 100, and counted
for # emissions. Additional cells plated in parallel wells were directly
scraped off the plate with a rubber policeman and counted in an auto-
mated cell counter (Coulter Electronics, Hialeah, FL). Proline incorpo-
ration was expressed as cpm/ 106 cells.

SDS-PAGEof labeled proteins. Evaluation of the specific type of
extracellular matrix produced by MMCswas performed by separation
of 3[H]proline-labeled proteins on SDS-PAGEand comparison with
standard collagens (33, 35, 36). In 75-cm2 cell culture flasks, quiescent,
confluent cells were incubated for 48 or 72 h in serum-free DMEwith
normal (100 mg/dl) or high (450 mg/dl) n-glucose in the presence or

absence of 30 ,g/ml neutralizing anti-TGF-# antibody. Control rabbit
IgG (30 gg/ml) was included as control in some flasks. As positive
control, additional flasks were supplemented with 2 ng/ml recombi-
nant human TGF-fl, (R & D Systems). L-ascorbic acid and the cross-

linking inhibitor fl-aminopropionitrile (50 ,g/ml of each) as well as 10
,uCi 3[H]proline were also added to each flask (33). At the end of the
culture period, the cell culture medium and the cells were harvested
separately in a cocktail of protease inhibitors ( 15 mMN-ethylmalei-
mide, 20 mMEDTA, and 1 mMphenylmethylsulfonylfluoride). After
harvesting the culture medium, MMCswere directly lysed in 5%acetic

1. Abbreviations used in this paper: GAPDH,glyceraldehyde-3-phos-
phate dehydrogenase; HG, high glucose; MMC,murine mesangial cell;
NG, normal glucose.

acid on ice, centrifuged, and the supernatant was saved. The proteins
from the culture supernatants and the cell lysates were precipitated by
adding absolute ethanol (final concentration 33%, vol/vol) at 4VC for
24 h (36). The samples were centrifuged at 40C, the pellets were dis-
solved in Laemmli buffer with 5% 2-mercaptoethanol, boiled for 2
min, centrifuged again, and the protein concentration of the superna-
tants was measured by a modification of the Lowry method which is
not affected by the concentrations of SDSand 2-mercaptoethanol used
in this study (23). Equal amounts of protein (5 mug/lane) were sepa-
rated under denaturing conditions on a 12% SDS-polyacrylamide gel
with a 4%stacking gel (37). After staining with Coomassie blue, the gel
was soaked in Amplify (Amersham Corp.), dried under vacuum and
fluorographed at -70'C for 48 h (media supernatants) or 4 d (cell
lysates). Bands were examined by comparison with high molecular
weight markers, as well as collagen standards for types I and IV and
fibronectin, which were run in parallel on the gel (33).

Northern hybridization. Rested MMCs( I07 cells) were cultured for
24, 48, 72, or 96 h in serum-free DMEcontaining either 100 mg/dl or
450 mg/dl i)-glucose. SomeMMCswere also incubated in the presence
of the neutralizing anti-TGF-3 antibody (30-50 pg/ml) or control
rabbit IgG (30-50 ,g/ml). At the end of the incubation period, cells
were washed in RNAse-free PBS(pH 7.2), and directly lysed and dena-
tured in 4 Mguanidinium thiocyanate, 25 mMsodium citrate, pH 7.0,
0.5% sarcoysl, and 0.1 M2-mercaptoethanol. Total RNAwas isolated
as described by repeated phenol-chloroform extractions (26, 38). A
total of 20-40 ,g RNAwas separated on a 1.2% agarose gel containing
2.2 M formaldehyde. The RNAwas electroblotted onto nylon mem-
branes (Gene Screen; Du Pont-NEN, Boston, MA), ultraviolet wave
cross-linked, and the membrane was prehybridized overnight at 42°C
in a buffer containing 5x SSPE(lX SSPE = 149 mMNaCI, 10 mM
NaH2PO4, 1 mMEDTA), 5x Denhardt's (50X Denhardt's = 1% Fi-
coll, 1%polyvinylpyrrolidone, 1%bovine serum albumin), 0.1 %SDS,
100 ,ug/ml denatured salmon sperm DNA, and 50% (vol/vol) form-
amide. All cDNA inserts were separated from their plasmids in low
melt agarose and labeled with 5 ,uCi 32[P]deoxycytidine 5'-triphos-
phate (3,000 Ci/mmol; Amersham Corp.) using random priming
(Amersham Corp.). The cDNAprobes used were a 0.85-kb Xhol frag-
ment encoding murine a2(I) procollagen (39), and a 0.66-kb PstI
fragment encoding murine a 1 (IV) collagen (40). The labeled cDNAs
were separated from unincorporated nucleotides by Sephadex G-50
spin columns (Boehringer Mannheim, Indianapolis, IN), and mem-
branes were hybridized with 1o6 cpm/ml probe in hybridization buffer
(same as prehybridization buffer, except that 2x Denhardt's was used)
for 24 h at 42°C. After hybridization, blots were washed for 30 min in
2x SSC (20x SSC = 3 MNaCl, 0.3 Msodium citrate, pH 7.0) with
0.1% SDSat 22°C, followed by two 15-min washes in 0.1x SSCwith
0.1 %SDSat 62°C. The membranes were then autoradiographed with
intensifying screens (Du Pont, Wilmington, DE) at -70°C for 10-14
d. Blots were then stripped for 2 h at 65°C with 5 mMTris, 0.2 mM
EDTA (pH 8.0), and 5% sodium pyrophosphate, and subsequently
rehybridized with cDNAfragment encoding rat glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (17,24,33) to account for small varia-
tions in loading and transfer. Exposed films were scanned with a laser-
densitometer (Hoefer Scientific Instruments, San Francisco, CA), and
collagen mRNAlevels were calculated relative to those of GAPDH.
Measurements in normal-glucose cultures were assigned a relative
value of 1, or 100% (24, 26).

Statistical analysis. Data are presented as the mean±SE, with n as
the number of different experiments. Groups were compared by AN-
OVA, and the Wilcoxon-Mann-Whitney test was used to compare indi-
vidual groups; P < 0.05 was considered significant.

Results

3[H]proline incorporation studies. Fig. 1 demonstrates that
raising the D-glucose concentration of serum-free DMEfrom
100 to 450 mg/dl for 2 48 h induced a significant increase in
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Figure 1. Time course of NH] proline incorporation. Quiescent
MMCswere grown in serum-free medium containing either normal
( 100 mg/dl) or high (450 mg/dl) D-glucose. Significant stimulation
of 3[ HI proline incorporation into proteins from MMCsgrown in high
glucose (closed bars) after 48-96 h. * P < 0.01 vs cells grown in nor-
mal glucose (open bars); n = 3 experiments, six replicates each.

3[H] proline incorporation into TCA-precipitable proteins. At
48 h, the increase in proline incorporation was - 2.5-fold, and
most of this effect persisted at 72 h when the stimulation was at
least twofold. At 96 h, the stimulation of 3[H] proline incorpo-
ration by high glucose was 79% higher than in cells grown in
normal glucose (Fig. 1). It should be noted, however, that in-
cubations in serum-free DMEfor a total of 6 d (which would
also include the 48 h of resting before changing the media to
high or normal glucose) were often not well tolerated by the
cells and required cell passage and/or serum rescue.

This stimulation of 3[ H] proline incorporation could not be
simply attributed to a rise in the osmolarity of the medium
containing 450 mg/dl D-glucose, since the addition of 350 mg/
dl D-mannitol to the normal glucose-containing medium failed
to induce an increase in proline incorporation (10.01±0.45
X 103 cpm/ 106 cells, 48 h, n = 6) as compared with cells grown
in 100 mg/dl D-glucose (9.52±0.75 X 103 cpm/ 106 cells, NS).
These results indicate that the high D-glucose concentration in
the medium stimulated de novo synthesis of proline-rich pro-
teins.

We previously demonstrated that high glucose also in-
creased TGF-f,3 transcript levels and stimulated the production
of bioactive TGF-f in MMCs(26). Since TGF-f was shown in
various systems to increase production of extracellular matrix
proteins (27, 28, 30-32, 41 ), we therefore tested our hypothesis
that induction by high glucose of endogenous TGF-j3 in MMCs
is responsible for the stimulation of 3[ H] proline incorporation.
This notion was evaluated by examining the response to treat-
ment with a neutralizing anti-TGF-f antibody, which we had
previously shown to exhibit a potent neutralizing activity (24,
26). As demonstrated in Fig. 2, coincubation of MMCsgrown
in 450 mg/dl D-glucose with the neutralizing anti-TGF-fl anti-
body for 72 h significantly reduced (but did not abolish) the
stimulatory effect of high glucose on 3[ H] proline incorpora-
tion. Basal incorporation in cells grown in normal glucose con-
centration was not significantly reduced by the antibody (after
72 h, Fig. 2; or after 24, 48, or 96 h, data not shown). More-
over, the response in high glucose concentration was specific
for the anti-TGF-# antibody, since isotypic normal rabbit IgG
failed to inhibit the stimulated proline incorporation in high
glucose-containing medium (Fig. 2 and data not shown).
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Figure 2. TGF-,3 and proline incorporation. Treatment with 30 ,g/ml
neutralizing anti-TGF-3 antibody (anti-T) for 72 h abrogated the
high glucose-stimulated incorporation of 3[H]proline into extracellu-
lar matrix proteins. The same concentration of normal rabbit IgG
had no significant effect. * P < 0.01 vs cells grown in normal glucose.
**P < 0.05 vs cells treated with control IgG, n = 6.

There was absence of any effect of normal rabbit IgG on the
cells grown in 100 mg/dl D-glucose for 24-96 h (not shown).
In additional studies, the anti-TGF-fl antibody also signifi-
cantly reduced 3[H]proline incorporation in cells grown in
high glucose for 96 h (not shown).

SDS-PAGEof labeled proteins. To directly assess the types
of collagens stimulated by high glucose, cell culture superna-
tant and lysates of pulse-labeled MMCswere separated by
SDS-PAGEand compared to standard collagens run in paral-
lel. Fig. 3 demonstrates that most of the synthesized collagen in
the presence of the cross-linking inhibitor :-amino propioni-
trile was released into the culture medium supernatant (lanes
1-6) and were not retained in the cell lysates (lanes 7 and 8).
This finding confirms previous studies on MMCs(33) and
other mesangial cells in culture (21, 42). Note also that since
most of the extracellular matrix proteins are secreted into the
culture supernatant, incubation of MMCsin high glucose me-
dium had only little effect on other (intracellular) proteins la-
beled with 3[ H] proline and harvested from cell lysates (lane 8
vs lane 7). In accordance with other investigations (35, 36), we
also found that under our in vitro culture conditions the MMC
cell line produced more type I than type IV collagen (Fig. 3,
lanes 1-6). Moreover, the MMCsgrown for 72 h in high glu-
cose more than doubled their production of the a l and a2
chains of type I, as well as type IV collagens (lane 2 vs lane 1).

Addition of exogenous TGF-f,3 (2 ng/ml) to medium con-
taining 100 mg/dl glucose resulted in stimulation of collagens
types I and IV (Fig. 3, lane 5 vs lane 1), and thus mimicked the
effect of 450 mg/dl glucose (lane 5 vs lane 2). On the other
hand, addition of exogenous TGF-f3, to MMCsthat were
grown in high glucose resulted in only a small increase in the
synthesis of types I and IV collagens compared with cells grown
in high glucose without exogenous TGF-fl, (Fig. 3, lane 6 vs
lane 2). An increase by high glucose of endogenous TGF-fl-like
activity is one possible explanation for the latter finding. The
likelihood of such an event was substantiated by the observa-
tion that addition of the anti-TGF-fl antibody nearly abolished
the high glucose-mediated increase in collagen synthesis (Fig.
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of the cross-linking inhibitor ,B-aminopropionitrile and di
in cell lysates (lane 7 and 8). MMCsgrown for 48 h in hig
(HG) (450 mg/dl) produced more collagen type I and I
compared with normal glucose (NG) (100 mg/dl) (lane
Treatment with 30 jig/ml normal rabbit IgG had no effe
stimulation (lanes I and 2). In contrast, the anti-TGF-i
(30 ,ug/ml, aT-Ab) abolished the high glucose-stimulate(
of collagen chains (lane 4), but had little effect on baselin
tion of collagens in normal glucose (lane 3). Treatment
with 2 ng/ml TGF-0, mimicked the effect of high glucos
and 6). High glucose medium had only small effects on
proline labeled proteins in whole cell lysates and which w(
creted into the supernatants (lanes 7 and 8). This gel is r(
of two independent experiments with qualitatively simila

3, lane 4 vs lane 2), but did not influence basal 4
collagen in medium with 100 mg/dl glucose (lane
Not shown is the absence of any effect of normal ra
collagen synthesis in either normal or high glucose

Effects of high glucose and anti-TGF-f3 antibo
gen gene expression. Wefirst tested whether high g]
stimulatory effect on steady-state mRNAlevels for
gen, then confirmed that high glucose in MMCs,
mesangial cell cultures ( 19), increases the steady-sl

levels for type IV collagen. The possible role for endogenous
0C 0( TGF-3 production in mediating these effects was also tested.
+_ + Table I summarizes the results of different experiments examin-
0 0 ing the effects of high glucose concentration and anti-TGF-f
Z I antibody on relative a2(I) procollagen. Cells cultured in high

vs normal glucose for 48 h expressed more than twofold higher
levels of transcripts encoding the a2(I) chain relative to
GAPDH. The addition of the neutralizing anti-TGF-f anti-
body significantly attenuated the high glucose-stimulated in-
crease in a2 (I) mRNA,to levels which were similar to those in
normal glucose media (Table I). Note the absence of any inhib-
itory effect of normal rabbit IgG on a2 (I) and a 1 (IV) mRNA
levels as compared with levels in cells grown in either 100 (Ta-
ble I) or 450 mg/dl D-glucose alone (not shown). In general,
similar findings were obtained when the mRNAfor the a 1
chain of type IV collagen was examined (Table I).

Fig. 4 is a representative northern blot of RNAhybridized
with a cDNA probe encoding murine a2(I) procollagen, fol-
lowed by hybridization with a probe encoding rat GAPDH.
The stimulation by high glucose of a2(I) transcript levels was
evident as early as 24 h (lane 2 vs lane I) and it persisted at 48 h
(lane 6 vs lane 5) and at 72 h (not shown). The addition of 50
ytg/ml neutralizing anti-TGF-3 antibody markedly attenuated
the high glucose-stimulated increase in a2(I) mRNAlevels
after 48 h of culture in high glucose (Fig. 4, lane 8 vs lane 6);
there was only a modest attenuation, if any, after 24 h (lane 4 vs
lane 2). In normal glucose-containing media, anti-TGF-f an-

J tibody had no inhibitory effect on a2(I) procollagen mRNA
level at 24 h (lane 3 vs lane 1), but decreased the mRNAlevel

7 0 at 48 h (lane 7 vs lane 5); this may indicate that the cells
elaborate basal levels of bioactive TGF-,B in normal glucose-

Lysates containing media. These studies provide the first evidence that
high ambient glucose stimulates collagen type I gene expres-

a 12% sion in mesangial cell culture. Moreover, this response appears
Positions for to be mediated, at least in part, by bioactivation of endogenous
lagens run TGF-0.
:y of collagen Fig. 5 is a representative Northern blot of RNAhybridized
he presence with cDNA probes encoding murine a 1 (IV) collagen and rat
d not appear GAPDH.Note first that after only 24 h in culture, the a 1 (IV)Ih gcose mRNAlevel was not appreciably modulated by exposure to

s 1 and 2). either high glucose or to anti-TGF-f antibody (Fig. 5, lanes
ct on this 1-4). In contrast, and after a lag period of 48 h of culture in
,B antibody high glucose concentration, the steady-state level of the a 1 (IV)
d production mRNArelative to GAPDHmRNAlevel was increased by ap-
e produc-
of MMCs

;e (lanes 5 Table I. Effects of High Glucose and Anti-TGF-f3 Antibodies
Xother 3[ H]- on Collagen Gene Expression in Mesangial Cells
ere not se-
epresentative
r results.

synthesis of
3 vs lane 1).
bbit IgG on

media.
,dy on colla-
lucose has a
type I colla-
as in other

tate mRNA

NG/IgG HG/IgG NG/aT HG/aT

a2(I) 109±5% 228±17%* 95±26% 118±10%
aI(IV) 109±8% 210±31%* 93±30% 90±12%

Values are mean±SE of ratios of densitometric scanning of northern
blot autoradiograms measuring mRNAof a2(I) and corresponding
GAPDH, and of aI(IV) and corresponding GAPDHin MMCcul-
tured in serum-free medium for 48 h in 100 or 450 mg/dl D-glucose
(NG and HG, respectively) plus 50 mg/ml normal rabbit IgG or neu-
tralizing anti-TGF-3 antibodies (IgG and aT, respectively). Data are
from four different experiments and are expressed as percent of
control, where control is cells grown in 100 mg/dl D-glucose without
IgG or aT. * P < 0.01 vs control.
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Figure 4. Collagen type I gene expression. A representative northern
blot of RNAisolated from MMCsgrown for 24-48 h in the presence
of HGor NGand probed with cDNAencoding the a2(I) chain pro-
collagen type I. High glucose (450 mg/dl), as compared with normal
glucose ( 100 mg/dl), increased steady-state mRNAlevels for a2(I)
procollagen relative to the housekeeping gene GAPDH.The anti-
TGF-f antibody (aT-Ab, 50 Atg/ml) reduced the increase in a2(I)
mRNAexpression. Control cells were cultured in the presence of 50
jig/ml normal rabbit IgG.

proximately twofold (lane 6 vs lane 5), and this effect was
reduced by concomitant treatment with 50 ,gg/ml anti-TGF-,3
antibody (lane 8 vs lane 6). At this high dose of the antibody,
the a 1 (IV) mRNAwas also reduced to some extent in normal
glucose at 48 h (lane 7 vs lane 5), suggesting the presence of
basal levels of bioactive TGF-(3 in normal glucose-containing
media. Note, however, that the anti-TGF-/3 antibody had no
demonstrable effect on the levels of transcripts encoding
GAPDH, suggesting that the antibody was not nonspecifically
repressive.

Discussion

The main results of this study show that high glucose concen-
tration in the culture medium of a murine mesangial cell line
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Figure 5. Collagen type IV gene expression. A representative northern
blot probed with a cDNAencoding a I (IV) collagen. The details of
the experiment are similar to those given in the legend to Fig. 4. The
high glucose-stimulated mRNAlevel for type IV collagen at 48 h was
virtually abolished by the anti-TGF-0 antibody. At this high dose of
the antibody, a 1 (IV) mRNAwas also reduced in normal glucose at
48 h.

increases de novo protein synthesis especially collagens types I
and IV; this action mimics the effects of recombinant TGF-fB
on mesangial cell collagen synthesis. In fact, the stimulation by
high glucose of collagen gene expression and protein synthesis
appears to be largely mediated, at least in part, by bioactivation
of endogenous TGF-f3.

The present study was performed to test our hypothesis that
the stimulation by high glucose of extracellular matrix protein
synthesis in a murine mesangial cell line is mediated by in-
creased autocrine synthesis and/or activation of endogenous
TGF-f3. The rationale for conducting these studies relates to the
results of our previous studies investigating the effects of glu-
cose concentration on the proliferative growth response of
MMCs(26). Raising the glucose concentration in the serum-
free culture medium from 100 to 450 mg/dl produced a tran-
sient stimulation in cell proliferation followed by a sustained
growth inhibitory effect after 72-96 h of incubation (26). Con-
comitantly, Northern blot analysis demonstrated that TGF-j31
mRNAwas induced by 450 mg/dl glucose after a lag period of
2 48 h. Moreover, a neutralizing antibody directed against
TGF-f3, and TGF-32 prevented the late inhibitory effects of
high glucose on proliferation, suggesting that this inhibitory
effect is mediated by enhanced endogenous synthesis and/or
bioactivation of TGF-f3 (26). Our present investigations
strongly suggest that bioactivation of autocrine TGF-,3 in mes-
angial cells also partly mediates yet another important effect of
high glucose in these cells, namely the increased biosynthesis of
collagen types I and IV, since the response to high glucose is
significantly reduced by the neutralizing anti-TGF-f antibody.

Diabetic glomerulopathy is characterized by expansion of
the mesangial matrix and thickening of the glomerular base-
ment membrane (3, 7). Structural-functional relationships
have convincingly demonstrated that the degree of glomerulo-
sclerosis, particularly in the mesangial area, is closely asso-
ciated with the deterioration of renal function in diabetic ne-
phropathy (5, 6). Experimental models of diabetes mellitus
have provided evidence that increased synthesis of many extra-
cellular matrix components is a likely event during the earlier
stages of kidney involvement. Northern blot analysis on RNA
derived from renal cortical tissue of diabetic animals has re-
vealed increased transcript levels for type IV collagen chains
aI(IV)(I0, ll)anda2(IV)(ll),lamininBl (12),andfibro-
nectin (13). More recently, Fukui et al. (14) extended these
studies to preparations of isolated glomeruli from kidneys of
streptozotocin-diabetic rats. The latter study reported a general
increase in the steady-state levels of mRNAencoding a 1 (IV)
collagen, laminin Bl and B2, as well as the a l (I) and a l (III)
chains of the interstitial collagens types I and III ( 14). That
these increased mRNAlevels were directly caused by the meta-
bolic consequences of the diabetic state was supported by the
near complete reversal of the observed changes with insulin
treatment ( 14).

The important role of hyperglycemia in the genesis of dia-
betic renal disease has been strengthened by the application of
tissue culture techniques in the examination of the effects of
ambient glucose levels on renal cells in culture. Recent studies
on rat and human cultured mesangial cells showed that high
glucose in the culture medium, independent of an osmotic ef-
fect, stimulated protein synthesis and mRNAlevels of collagen
type IV, laminin, and fibronectin ( 18, 19, 21, 22). Our studies
show that high glucose stimulates the synthesis of collagen type
I, as well as type IV. While the expression of interstitial type I
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collagen is not thought to be constitutive in normal mesangial
cells in vivo, its synthesis is often induced after mesangial cell
injury, whether by the in vitro culture conditions or by disease
(35, 36) including diabetes mellitus (14).

The net effect of TGF-f3 in various cell lines is to promote
extracellular matrix deposition by stimulating the synthesis of
matrix proteins, increasing the activity of tissue inhibitor of
matrix-degrading metalloproteinases, and/or inhibiting the
expression of stromelysin, which is an enzyme involved in the
metabolism of extracellular matrix (29-32). Previous studies
performed in cultured mesangial cells have revealed that exoge-
nous TGF-f3 increases the production of collagens, fibronectin,
and the proteoglycans biglycan and decorin (41, 42). TGF-4
also increases transcripts of type I and IV collagen in primary
cultures of rat mesangial cells (43). One likely explanation for
the observed TGF-,3-mediated increase in collagen gene ex-
pression is through transcriptional activation brought about by
interactions of regulatory DNAsequences of the collagen gene
with nuclear trans-acting factors (44, 45).

TGF-3 is produced by a variety of cells including several
renal cell types (reviewed in references 31, 32). In the adult rat
kidney the glomeruli express high mRNAand protein levels of
TGF-01, and to a lesser extent TGF-f32 (31, 32). Moreover, all
three glomerular cell types, endothelial, epithelial, and mesan-
gial, have been shown to respond to the actions of TGF-gl in
cell culture (31, 32, 41, 42). Accordingly, it appears that the
TGF-f system in the glomerulus normally functions in a para-
crine or autocrine mode. Several factors may influence the pro-
duction of a latent or bioactive form of TGF-,B, as well as the
availability of active TGF-,B to the target cell in the glomerular
microenvironment. The extracellular matrix produced in the
glomerular tuft, including proteoglycans such as decorin, can
bind TGF-f and, therefore, modulate its bioactivity (27, 32,
41, 46). The role of this matrix-TGF-j3 interaction in deter-
mining the bioactivity of TGF-3 in diabetic glomerulopathy
remains unknown. Moreover, it is possible that the process of
nonenzymatic glycosylation could also impart an additional
influence on the interaction between modified matrix protein
components and TGF-3. It has been previously reported that
nonenzymatic glycosylation of mesangial cell matrix produced
by prolonged exposure to elevated glucose levels decreases the
growth of cultured mesangial cells ( 15 ). It may be speculated
that this altered mesangial matrix may exhibit specific charac-
teristics of binding with TGF-,B allowing for its storage, timed-
release, and subsequent action, including inhibition of cellular
proliferation and stimulation of glomerular extracellular ma-
trix components.

Stimulation of extracellular matrix protein synthesis by
high glucose is not only a feature of mesangial cells but also
occurs in cultured proximal tubular cells incubated in the pres-
ence of 450 mg/dl glucose ( 16, 17). Whetherthislatterstimula-
tory effect is also mediated by autocrine activation of TGF-3
requires further studies, but it is relevant to note that the action
of high glucose to inhibit proximal tubule cell proliferation ( 16,
17, 25) has also been shown to be mediated by endogenous
TGF-3 (24). This may imply that this cytokine in the kidney
may play a broader role in the manifestations of diabetes as
expressed by both tubulointerstitial and glomerular structures.

The present set of studies have identified TGF-# as one of
the important cytokines that may mediate the stimulatory ef-
fects of high ambient glucose on collagen synthesis in cultured
mesangial cells. Wehave also recently demonstrated that angio-

tensin II-induced hypertrophy in murine proximal tubule cell
culture is mediated by autocrine activation of TGF-3 (47). The
present studies do not exclude the potential participation of
other factors. Moreover, the precise role of TGF-fl in vivo re-
mains to be established, and extrapolation to the in vivo situa-
tion is difficult because of limitations inherent in all short-term
studies using tissue culture. It is interesting to note, however,
that in two rodent models of spontaneous insulin-dependent
diabetes (NOD mouse and BB rat), we have recently demon-
strated that within few days of the appearance of hyperglyce-
mia there is an increase in the expression of TGF-fl1 in the
kidney that correlates with renal hypertrophy (48). Whether
this renal increase of TGF-0 participates in the increased pro-
duction and deposition of extracellular matrix proteins in vivo
deserves additional studies.

In summary, the present set of studies provides evidence
that the stimulation of extracellular matrix proteins in cultured
mesangial cells by high glucose media is mediated by autocrine
production of TGF-f3. Since recent in vivo studies in a model of
proliferative glomerulonephritis have demonstrated the feasi-
bility of antagonizing glomerular TGF-0 bioactivity and ame-
liorating the progression of disease (27, 28), it is conceivable
that similar strategies can also be developed for the treatment
of nonimmune glomerular diseases such as diabetic glomer-
ulopathy.
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