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Summary Recent  evidence suggests that several 
growth factors participate in diabetic glomerular dis- 
ease by mediating increased extracellular matrix ac- 
cumulation and altered cell growth and turnover 
leading to mesangial expansion. Transforming growth 
factor (TGF)-[3 has been demonstrated to be upregu- 
lated both in vivo and in vitro, whereas studies on the 
activity of the renal insulin-like growth factor (IGF) 
system in experimental  diabetes have provided con- 
flicting results. We investigated the effects of pro- 
longed exposure (4 weeks) of cultured human and 
rat mesangial cells to high (30 mmol/l) glucose vs 
iso-osmolar manni tol  or normal  (5.5 mmol/1) glucose 
levels on: 1) the autocrine/paracrine activity of the 
IGF system (as assessed by measuring IGF-I and II, 
IGF-I and II receptors, and IGF binding proteins); 
and, in parallel, on 2) TGF-[31 gene expression; 3) 
matrix production; and 4) cell proliferation. High glu- 
cose levels progressively increased the medium con- 
tent of IGF-I and the m R N A  levels for IGF-I and 

IGF-II, increased IGF-I and IGF-II binding and 
IGF-I receptor gene expression, and reduced IGF 
binding protein production.  TGF-[31 transcripts and 
matrix accumulation and gene expression were in- 
creased in parallel, whereas cell proliferation was re- 
duced. Iso-osmolar manni tol  did not  affect any of 
the above parameters.  These experiments demon-  
strated that high glucose levels induce enhanced me- 
sangial IGF activity, together  with enhanced TGF-[31 
gene expression, increased matrix production, and re- 
duced cell proliferation. It is possible that IGFs par- 
ticipate in mediat ing diabetes-induced changes in 
matrix turnover  leading to mesangial expansion, by 
acting in a paracrine/autocrine fashion within the 
glomerulus. [Diabetologia (1996) 39: 775-784] 
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A growing body of evidence suggests that hypergly- 
caemia-induced glomerular  injury could be media ted  
by a group of multifunctional substances which nor- 
mally regulate tissue remodell ing as well as haemody-  
namics, haemorheology and permeabili ty by acting in 
a paracrine/autocrine fashion within the glomerulus 
[1]. These substances have been presumed to play a 
role in the pathogenesis of enhanced extracellular 
matrix (ECM) accumulat ion and altered cell growth 
and turnover  leading to mesangial expansion, the 
characteristic anatomical lesion of diabetic glomeru- 
lar disease [2]. A n  increased product ion and/or gene 
expression of transforming growth factor (TGF)-[3 
has been demonst ra ted  both  in vivo [3-7] and in vitro 
[7, 8]. In addition, experimental  diabetes was shown 
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to be associated with increased renal /glomerular  syn- 
thesis and/or  content  of  o ther  growth factors and 
cytokines [4], including insulin-like growth factor 
( IGF)-I  [9, 10]. 

The vast major i ty  of previous observat ions on the 
activity of the I G F  system in response to hyperglycae- 
mia have been  der ived from in vivo studies in experi- 
mental  diabetic animals. These studies consistently 
showed that the k idney content  of  IGF-I  increases 
during the first few days following diabetes  induction, 
and returns to normal  levels thereaf ter  [9, 10], thus 
suggesting that  IGF- I  is implicated in the initial renal 
hyper t rophy  associated with diabetes, which predom- 
inantly involves the tubular  and vascular compo-  
nents. By  contrast,  IGF- I  m R N A  [11-13], I G F  recep- 
tors [11, 14, 15] and binding proteins  ( IGFBPs)  [16- 
19] showed discordant  changes, which may reflect  dif- 
ferences in the dura t ion  and severity of the diabetic 
state as well as in the nutri t ional and developmenta l  
conditions. Howeve r ,  these discrepancies may  also 
depend  upon the different  contr ibut ions of  the vari- 
ous parts of  the k idney  and of  the circulation to the 
total k idney levels of  IGFs, I G F B P s  and I G F  binding 
capacity, reflecting bo th  the endocrine (growth hor- 
mone  [GH] - dependen t )  and the paracrine/autocr- 
ine actions of IGF-I .  In fact, the regulat ion of  the ac- 
tivity of the I G F  system is under  the control  of multi- 
ple factors acting bo th  systemically and locally [20], 
thus resulting in region-specific differences in the ex- 
pression pat terns  of  IGFs,  I G F  receptors  and I G F B P s  
in qualitative and quanti tat ive terms, ei ther  under  
normal  condit ions [21, 22] or in response to hypergly- 
caemia [19]. Therefore ,  the results obta ined in total 
kidney samples cannot  be  extrapola ted to the mesan- 
gial region, also because  the glomeruli  (and the me- 
sangium) represent  less than 5 % of kidney mass and 
contain fewer  quanti t ies  of IGF-I  and IGF-I  receptor  
m R N A  than medul lary  collecting ducts [21], thus im- 
pacting very little on total k idney levels of IGFs,  I G F  
receptors  and IGFBPs .  As a consequence,  it remains 
unclear  (a) whe ther  the kidney content  of  IGF- I  is ac- 
tually increased in the more  advanced stages of  the 
disease, at the t ime when significant mesangial  E C M  
accumulat ion is demonst rable ;  (b) whether  the over- 
all activity of  the renal I G F  system, including both 
IGFs, I G F  receptors  and IGFBPs,  is also enhanced;  
(c) whether  the source of  IGF-I  accumulat ing in the 
kidney is renal or extra-renal  (GH-dependen t ) ;  (d) 
whether  I G F  content  and the paracr ine/autocr ine ac- 
tivity of  the I G F  system are increased at the glomeru- 
lar/mesangial level. We bel ieved that these issues 
could be addressed more  adequate ly  by the use of an 
in vitro model  of  cul tured mesangial  cells exposed  to 
e levated glucose concentrat ions  for a p ro longed  pe- 
riod of  time. 

In this study, we invest igated the effects of  4 weeks '  
exposure  of mesangial  cells f rom human ( H M C )  and 
rat ( R M C )  sources to high glucose condit ions on the 

overall autocrine/paracr ine activity of the IGF  sys- 
tem. In parallel, we assessed TGF-[51 gene expres- 
sion, to confirm the upregulat ion of TGF-~ synthesis, 
as well as E C M  prote in  and m R N A  levels and cell 
proliferation, in order  to investigate the relationship 
be tween previously shown alterations in matrix and 
cell turnover  and changes in growth factor synthesis 
and action. 

Materials and methods 

Design. Cells were cultured for 4 weeks (through four-to-six 
passages) under the following experimental conditions: 1) nor- 
mal (5.5 mmol/1) glucose; 2) high (30retool/I) glucose; 3) 
24.5 mmol/1 mannitol + 5.5 mmol/l glucose (to match osmolar- 
ity of high glucose medium). At each passage, the following pa- 
rameters were assessed: a) medium content of IGF-I, total 
IGFBPs and IGFBP-1 and 3, and the ECM components fi- 
bronectin, laminin and collagen IV; b) the number and affinity 
of type I (IGF-Ir) and type II (IGF-IIr) IGF receptors; c) the 
levels of transcripts for IGF-I, IGF-II, IGF-Ir, TGF-[31, fi- 
bronectin, laminin and collagen IV; and d) cell proliferation. 

Cell cultures. Glomeruli were isolated using standard sieving 
techniques either from non-invaded kidney poles from pa- 
tients nephrectomized for renal cancer [23] or from kidneys 
obtained from four normal Sprague-Dawley rats [24]. Primary 
outgrowths of whole glomeruli yielded mostly (95 %) mesan- 
gial cells, which were characterized according to morphologic, 
immunohistochemical and functional criteria, as previously re- 
ported [23, 24]. Cells between the third and the tenth passage, 
originating from three independent cell lines for both HMC 
and RMC, were plated in 16-mm (for IGF binding and cell pro- 
liferation), 35-mm (for IGF-I, IGFBP and ECM accumula- 
tion) or 100-mm (for growth factor and ECM gene expression) 
culture dishes (Falcon, Becton Dickinson, Lincoln Park, N.J. 
USA). To achieve the same final density at harvest, HMC cul- 
tured in high glucose were plated at a higher density than those 
in iso-osmolar mannitol or normal glucose to account for 
the observed replicative impairment. Cells were grown to 
(sub)confluence in Dulbecco's modified Eagle's medium 
(DMEM, Sigma, St.Louis, Mo., USA), supplemented with 
17 % fetal bovine serum, 2 mmol/1 L-glutamine, and antibiotics 
(all obtained from Flow Laboratories, Irvine, Scotland, UK) 
under the experimental conditions indicated above. Insulin 
concentration of serum-supplemented medium ranged from 
37 to 53 pmol/1, corresponding to values observed in animal 
models of insulin-dependent diabetes [25]. Subconfluent cells 
were maintained in serum-free medium for 24-48 h and then 
used for measuring IGF receptors, and growth factor, IGFBP 
and ECM production, whereas confluent cells were synchro- 
nized by serum deprivation for 48-72 h and then processed 
for cell proliferation studies. 

IGF-I production. Media were lyophylized and reconstituted 
to obtain 5-20 x concentrated samples. IGF-I concentration 
in media was measured by RIA [26] using a commercial kit 
(Nichols Institute, San Juan Capistrano, Calif., USA), after 
ethanol (87.5 %) - 2 N HCL (12.5 %) extraction of samples fol- 
lowed by neutralization with 0.855 mol/1 Tris-base [27]. Se- 
lected medium samples were assayed for IGF-I content both 
before and after ethanol-acid extraction to assess the relative 
contibution of glucose-induced changes in IGF-I and IGFBP 
production to free IGF-I levels in culture media. The RIA 
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procedure was slightly modified by using a 2-5-fold dilution of 
extracted samples instead of a 15-fold dilution as indicated for 
the measurement of serum IGF levels. 

IGF receptors. Binding studies were performed as previously 
described by Conti et al. [28]. Cells were incubated for 4 h at 
22~ (based on preliminary experiments showing maximal 
specific binding at this time and temperature) in binding buffer 
(in mmol/1:118 NaC1, 5 KC1, 1.2 MgSO4, 100 HEPES (N-[2-hy- 
droxyethyl]piperazine-N'-[2-ethanesulphonic acid]), 1% bo- 
vine serum albumin, plus sugar concentrations as the corre- 
spondent culture medium, pH 7.6) containing 20 000 cpm/well 
of 125I-IGF-I or IGF-II (2000 Ci/mmol, purchased from Amer- 
sham, Amersham, Bucks., UK) and 0-104 mol/1 DNA-recorn- 
binant human IGF-I or IGF-II (Calbiochem, San Diego, Calif., 
USA). Since IGF-II binds to both IGF receptors [20], the IGF- 
II binding studies were conducted in the presence of 10 -5 mol/1 
human recombinant insulin (Novo, Copenhagen, Denmark) 
displacing labelled IGF-II from IGF-Ir. Monolayers were 
then washed, solubilized in 0.1% sodium dodecylsulphate 
(SDS; Sigma) and counted. Contribution of cell membrane- 
or plastic-bound IGFBPs IGF binding was assessed by per- 
forming binding experiments, for both IGFs, in cell suspen- 
sions vs cell monolayers, since mild trypsin treatment removes 
IGFBPs weakly bound to cell and plastic surfaces [29], and, 
for IGF-I, in the presence or absence of increasing concentra- 
tions (10-5-10 -l~ mol/1) of cold insulin displacing tracer IGF-I 
from IGF-Ir (to which insulin binds with a 100-times lower af- 
finity than IGF-I [20]), but not from IGFBPs. Conversely, a sig- 
nificant contribution of the insulin receptor to IGF-I binding 
was eliminated by showing little or no mRNA expression for 
this receptor by reverse transcriptase-polymerase chain reac- 
tion [unpublished observations]. Results of the competition 
studies were analysed by the computer program LIGAND 
[30]. 

IGFBP production. Media were collected in tubes pre-treated 
with DMEM containing 0.1% bovine serum albumin at 37 ~ 
for 3 h under agitation (to decrease protein background), 
lyophylized and reconstituted to obtain 10-20 • concentrated 
samples. The pattern of IGFBP secretion was evaluated by 
Western ligand blot analysis [31]. Medium samples were sub- 
jected to 12 % SDS-PAGE under nonreducing conditions and 
proteins were then blotted onto nitrocellulose membranes 
(Schleicher and Schuell, Dassel, Germany) by a transblotting 
apparatus (Bio-Rad Laboratories, Richmond, Calif., USA). 
The nitrocellulose membranes were then incubated for 2 h in 
Tris-buffer (150 mmol/1 NaC1 and 10 mmol/1 Tris-HC1, pH 7.4) 
containing 1% bovine serum albumin, 0.1% Tween 20, and 
2 • 1 0  6 cpm of 125I-IGF-II (2,000 Ci/mmol, Amersham). Subse- 
quently, the membranes were washed, dried, and exposed at 
-70 ~ for 3 days to X-Omat RP autoradiography films (East- 
man Kodak Co., Rochester, N. Y., USA) with the aid of intensi- 
fying screens. Quantification of IGFBPs was performed by 
scanning densitometry using a GS-670 Imaging Densitometer 
(Bio-Rad Laboratories). Medium content of IGFBP-3 and IG- 
FBP-1 was assessed by immunoradiometric assay (IRMA) and 
immunoenzymometric assay (IEMA) using commercial kits 
from Giuliana Cremascoli Chemicals (Segrate, Milan, Italy) 
and Medix Biochemica Ab (Kauniainen, Finland), respec- 
tively. 

ECM accumulation. Serum-free medium to which cells were 
exposed for 24 48 h contained 0.3 mmol/l ascorbic acid (Sig- 
ma) and 0.4 mmol/1 [3-aminopropionitrile (Sigma), in order to 
facilitate matrix protein secretion and inhibit ECM assembly, 
respectively; under these conditions, most of the ECM proteins 

synthesized are found in the medium, without any change in 
cell function, in both HMC [32] and RMC [24]. Medium levels 
of the ECM components fibronectin, laminin and collagen IV 
were quantified by ELISA, as previously described [24, 32]. 
Rabbit polyclonal antibodies produced against bovine or rat fi- 
bronectin (Calbiochem), human or mouse laminin (B1 chain), 
and human or mouse collagen IV (NC1 globular domain) 
were used at 1:10000, 1:72000, 1:2500, 1:2500, 1:5000, and 
1:2500 dilutions, respectively. 

DNA levels. Results of IGF-I, IGFBP and ECM measurements 
were normalized per DNA content of monolayers, extracted 
with 0.5 N NaOH and sonicated [24]. DNA levels were mea- 
sured fluorimetrically after reaction of cell extracts with 
0.6 Ftmol/l 4,6-diamidino-2-phenylindole (Sigma) [33], as pre- 
viously described [24, 32]. 

IGF-I, IGF-II, IGF-Ir, TGF-~I, and ECM gene expression. To- 
tal RNA was extracted by the guanidine thiocyanate-phenol- 
chloroform method [34] using the RNAfast-II kit (Molecular 
Systems, San Diego, Calif., USA) and quantified by measuring 
the absorbance at 260 nm; the purity of RNA preparation was 
confirmed by demonstrating an absorbance 260:280 ratio 
greater than 1.9. The level of transcripts was measured by 
Northern blot analysis [35]. Under denaturing conditions 15- 
35 Ftg of total RNA per lane were electrophoresed in 1.2 % ag- 
arose (Life Technologies, Gaithersburg, Md., USA) gel, trans- 
ferred onto Hybond-N nylon blotting membranes (Amer- 
sham) and fixed under the ultra violet light in Spectrolinker 
XL-1000 UV Crosslinker (Spectronics Corporation, Westbury, 
N.Y., USA). Filters were pre-hybridized for 6 h at 42~ in 
50% formamide (Fluka Chemie AG, Buchs, Switzerland), 
5 • SSPE (saline-sodium phosphate-EDTA), 5 x Denhardt's 
solution, 100 ~tg/ml of salmon sperm DNA (Sigma), and 0.1% 
SDS, then hybridized overnight at 42 ~ in the same solution 
containing 25 ng of eDNA labelled by the random-primer 
method [36] (Random Primer Labeling Kit Prime-IT II; Stra- 
tagene, La Jolla, Calif., USA) and 50 FtCi of [c~-32p]dCTP 
(3000 Ci/mmol, Amersham) as precursor. The 442 base pairs 
(bp) Pstl-RSall  human [37] or the 505 bp Sau3A-NIaIV rat 
[38] IGF-I eDNA, the 1000 bp EcoRI human IGF-II  cDNA 
(American Type Culture Collection, Rockville, Md., USA) 
[39], the 340 bp EcoRI human IGF-Ir eDNA (American Type 
Culture Collection) [40], the 550 bp Sma I human TGF-[31 
cDNA [41], the 500 bp EcoRI rat fibronectin eDNA [42], the 
4500 HIND III-EcoRI mouse laminin B1 eDNA [43], the 
2600 bp Pstl human [44] or the 830 bp Pst l -Aval  rat [45] czl 
collagen IV eDNA, and the 2200 bp Barn H1 human [3-actin 
eDNA [46] were used as probes. Filters were sequentially wa- 
shed, then exposed to Hyperfilm-MP autoradiography films 
(Amersham) with the aid of intensifying screens at -70 ~ for 
1-7 days. Quantification of specific mRNA levels was per- 
formed by scanning densitometry. To account for differences 
in sample loading, results were normalized to the signal of the 
'housekeeping' gene [3-actin as well as to the intensity of ethid- 
ium bromide-staining of the 18 s band of rRNA. 

Cell proliferation. Confluent, quiescent cells were exposed for 
24 h to 0.5 % or 17 % fetal bovine serum. Cell proliferation 
was determined by both 3H-thymidine incorporation [24, 32] 
and crystal violet binding to cell nuclei [47]. In the 3H-thymi- 
dine incorporation experiments, cells were then pulsed for 4 h 
with 1 txCi/ml of methyl-3H-thymidine (25 Ci/mmol, Amer- 
sham), and then processed as previously detailed [24, 32]. Re- 
sults of 3H-thymidine uptake were normalized per protein con- 
tent of each well, as measured by the Bradford method [48]. In 
the crystal violet binding experiments, monolayers were fixed 
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in 1% glutara ldehyde (Sigma) for 15 min, then t rea ted  with 
0 .1% crystal  violet (Sigma) for 30 min at room temperature.  
Af t e r  removal  of unbound dye, crystal  violet  pigments in the 
cell nuclei  were dissolved in 0.1% aqueous  Triton X-100 (Sig- 
ma)  for 4 h at room temperature ,  and the absorbance at 600 
nm was measured.  

Statistical analysis 

Results  are expressed as mean _+ SD or  as mean + SD of per- 
cent variat ions vs 5.5 mmol/1 glucose. To reduce potent ia l  type 
1 errors  re la ted  to mult iple comparisons,  differences between 
exper imenta l  groups were analysed using the Student-Neu- 
man-Keuls  test when overall  differences, as assessed by one- 
way analysis of variance,  at tained statist ical  significance. Al l  
statistical tests were per formed  on raw data.  

Results 

IGF-I  and IGF-II. In HMC, IGF-I  product ion was 
progressively enhanced by high glucose culture con- 
ditions, whereas it was virtually unchanged in cells 
grown in normal  glucose over the 4-week period 
(Fig. 1A). In RMC, IGF-I product ion  was also in- 
creased by 30 mmol/l  glucose, al though the trend of 
these changes was somewhat  different from that ob- 
served in HMC (Fig. 1B). The increments  observed 
after a 48-h med ium collection period (Fig. 1) were 
more  p ronounced  than those observed after a 24-h 
m e d i u m  collection period (data not  shown). In both 
H M C  and RMC, high glucose-induced increases vs 
normal  glucose in IGF-I m e d i u m  content,  as mea- 
sured without  previous ethanol-acid extraction, were 
even greater  than those observed in extracted sam- 
ples (at week 4, + 99 vs + 75 % in HMC and + 148 
vs + 121% in RMC) attesting to a reduced IGF-I 
binding capacity of media. In HMC,  IGF-I and IGF- 
II transcripts were also progressively enhanced by 
30 mmol/1 glucose, whereas no significant change in 
IGF  m R N A  levels was observed in cells grown in 
5.5 mmol/1 glucose over the 4-week period (Fig.2A 
and B). In RMC, similar changes in IGF-I m R N A  
levels were observed (data not  shown), whereas no 
signal for IGF-II  m R N A  was detected,  in keeping 
with previous reports in rats [21]. Iso-osmolar manni- 
tol did not  affect either IGF-I  med ium content 
(Fig. l)  or IGF-I and II m R N A  levels (data not 
shown). 

I G F  receptors. Both IGF-I and IGF-II  bound specifi- 
cally to H M C  and RMC. IGFBPs  bound to cell and 
plastic surfaces contributed negligibly to overall IGF 
binding capacity, as indicated by the findings that to- 
tal and specific IGF binding to cell suspensions did 
not  differ from those observed in cell monolayers, 
and cold insulin displaced IGF-I binding with a K d of 
325 + 75 nmol/1, corresponding to the reported affin- 
ity of insulin for the IGF-Ir  [28, 49]. Scatchard analysis 
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Fig. 1A, B. I G F - I  product ion over  48 h, as assessed by RIA,  in 
(A) H M C  and (B) R M C  cultured in high glucose ( A  . . . .  A )  
and iso-osmolar manni tol  ( O - " - O )  vs normal  glucose (11-11) 
for 4 weeks (n = 9-14 per  exper imental  condition/time).  In- 
creases in I G F - I  medium content  induced by high glucose vs 
normal  glucose were significant at weeks 2 (p <0.05), 3 
(p<0.01) ,  and 4 (p<0.005) ,  in HMC, and at weeks 3 
(p < 0.05) and 4 (p < 0.005), in R M C  

showed a linear plot, consistent with the presence 
of one populat ion of receptors for either IGF-I or 
IGF-II (Fig.3). The K d was 4.76 + 0.61 nmol/l, for 
IGF-I, and 5.08 + 1.06 nmol/1, for IGF-II,  and the 
number  of sites was 774 + 19, for IGF-I, and 288 _+ 58 
fmol/106 cells, for IGF-II, in HMC cultured under 
normal glucose conditions (Fig. 3). While the K d was 
not affected by high glucose, the density of IGF-Ir 
and, in particular, of IGF-IIr  was significantly in- 
creased in cells grown in 30 mmol/l  glucose (to 
900_+54, p<0 .05 ,  and 558+84  fmol/106 cells, 
p < 0.01, respectively), compared with those grown 
in 5.5 mmol/1 glucose (Fig. 3). IGF-Ir gene expression 
was also progressively increased in cells grown in high 
glucose, but not  in those grown in normal  glucose 
(Fig.2C). Iso-osmolar mannitol  did not  affect the 
number  and affinity of IGF receptors (Fig.3) nor 
IGF-Ir m R N A  levels (data not  shown). 

IGFBPs. Several bands with molecular weights rang- 
ing from approximately 40 to 18 kDa were observed 
in HMC-condi t ioned media (Fig. 4A), whereas only 3 
bands of approximately 40, 24, and 18 kDa  were dem- 
onstrated in the RMC autoradiograms (Fig. 4B). The 
doublet-like band of 39-40 kDa was attributed to 
IGFBP-3, whose product ion was confirmed by 
I R M A  assessment (Fig. 5). The bands comprised be- 
tween 33 to 24 kDa could correspond to any of the 
other IGFBPs, except IGFBP-1, whose levels were be- 
low the detection limit of the assay (0.4 ng/ml) even us- 
ing 40-fold concentrated samples, in keeping with the 
results of Grellier et al. [22] showing no IGFBP- 
1 m R N A  expression in HMC. The bands of molecular 
weights below 24 kDa were considered to be the deg- 
radation products of IGFBPs [50, 51]. Exposure to 
high glucose progressively reduced all IGFBP bands 
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Fig.3A, B. Scatchard analysis of (A) [125I]-IGF-I and (B) 
[125I]-IGF-II binding displaced by cold IGF-I (0-10 6 mol/1) 
and IGF-II (0-10 4 mol/1)+ insulin (10 -5 mol/1), respectively, 
to HMC cultured in high glucose (A . . . .  A) and iso-osmolar 
mannitol ( 0  . . . .  O) vs normal glucose ( l l - - I )  for 4 weeks 
(n = 8 per experimental condition and peptide concentration) 

Fig.2A-E. Steady-state mRNA levels, as assessed by North- 
ern blot analysis, of (A) IGF-I, (B) IGF-II, (C) IGF-Ir, (D) 
TGF-[51 and (E) [5-actin gene expression in HMC cultured in 
high (H) vs normal (N) glucose for 4 weeks (autoradiograms 
representative of three experiments). The following amounts 
of total RNA were loaded, for both N and H samples: 25 ~tg 
(weeks 1-2) and 35 ~tg (weeks 34 )  for IGF-I, IGF-II; IGF-Ir, 
and [5-actin; and 15 ~xg (weeks 1-2) and 25 ~tg (weeks 3-4) for 
TGF-~I. After quantification by densitometric analysis, fol- 
lowed by normalization to the [3-actin signal (see Fig. 7 for the 
[3-actin signal corresponding to the TGF-[51 autoradiogram), 
transcripts for IGF-I in cells grown in H were found to be in- 
creased by 59, 72 and 133 %, transcripts for IGF-II by 57, 68 
and 111%, transcripts for IGF-Ir by 24, 66 and 115 %, and 
transcripts for TGF-[31 by 77, 117 and 164 %, at weeks 2, 3 
and 4, respectively, compared with cells cultured in N. All 
these increases were significant at p < 0.001, except those in 
IGF-Ir mRNA at week 2 (p < 0.05). No significant change was 
detected at week 1 

in H M C  (Fig. 4A)  and R M C  (Fig.4B) and IGFBP-  
3 medium content  in H M C  (Fig. 5), whereas  culture 
of cells under normal  glucose or  iso-osmolar mannitol  
did not significantly affect I G F B P  secretion. 

TGF-t31. In H M C ,  TGF-[51 m R N A  levels were pro- 
gressively enhanced  by high glucose over  the 4-week 
period (Fig. 2D),  whereas  they  were not significantly 
affected by ei ther  5.5 mmol/ l  glucose (Fig.2D) or 
iso-osmolar manni tol  (data  not  shown). Similar re- 
suits were ob ta ined  in R M C  (data not shown). 

Extracellular matrix. In H M C ,  E C M  accumulation 
was progressively increased by high glucose, but  not 

by normal  glucose or iso-osmolar  mannitol.  E C M  
content  of  high glucose media  was significantly in- 
creased vs normal  glucose media,  starting at w e e k  2 
and persisting th roughou t  week  4 (Fig.6). These  
changes were  associated with significant increases in 
the m R N A  levels for f ibronectin,  laminin and col- 
lagen IV in cells grown in 30 mmol/1 glucose vs those  
cultured in 5.5 mmol/1 glucose (Fig. 7) and iso-osmo- 
lar manni tol  (data not  shown).  In RMC,  high glucose 
p roduced  similar al terat ions in E C M  prote in  and 
m R N A  levels (data  not  shown),  as repor ted  previ- 
ously [24, 52]. 

Cell proliferation. In H M C ,  the measured  indices of  
cell prol i fera t ion were  reduced  by high glucose 
(Fig.8). In fetal bovine  serum-st imulated cells, the  
incorpora t ion  of  3H-thymidine was reduced by  20 
and 2 1 %  (Fig. 8A),  while crystal violet  binding to 
cell nuclei decreased  by  10 and 17 % (Fig. 8B) vs nor- 
mal glucose,  at week  1 and 4, respectively. Ne i ther  
pa ramete r  was affected by  iso-osmolar  manni to l  
(Fig.8). As previously repor ted  [24], high glucose 
did not  affect  prol i fera t ion of cul tured R M C  (data  
not  shown).  

Discussion 

No informat ion was available prior to our s tudy with 
respect  to IGFs,  I G F  receptors  and I G F B P s  in me-  
sangial cells exposed  to e levated  glucose concentra-  
tions. The novel  observa t ion  that  IGF-I  p roduc t ion  
and IGF- I r  n u m b e r  and m R N A  levels are increased 
in mesangial  cells cu l tured  in high glucose is consis- 
tent  with the  previous  findings that  IGF-I  synthesis 
is const i tut ively enhanced  in mesangial  cells f rom 
non-obese  diabet ic  mice [53] and that IGF-I r  (and in- 
sulin receptors )  are upregula ted  in mesangial  cells 
from db/db mice, compared  with their control  
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Fig.5. IGFBP-3 production, as assessed by IRMA, in H M C  
cultured in high glucose (A  . . . .  A )  and iso-osmolar mannitol 
( S - ' - Q )  vs normal glucose ( . - ~ )  for 4 weeks (n = 6-8 per 
experimental condition/time). Decreases in IGFBP-3 medium 
content induced by high glucose vs normal glucose were signif- 
icant at weeks 3 (p < 0.05) and 4 (p < 0.01) 

Fig.4A, B. IGFBP production pattern, as assessed by Western 
ligand blot analysis, of  (A) H M C  and (B) RMC cultured in 
high (H) vs normal (N) glucose for 4 weeks (autoradiograms 
representative of three experiments). After  quantification by 
densitometric analysis, I G F B P  production was found to be un- 
changed at week 1, and reduced by 22, 36 and 57 %, in HMC, 
and by 19, 44 and 55 %, in RMC, at weeks 2, 3 and 4, respec- 
tively, in cells grown in H, compared with cells cultured in N. 
These decreases were significant at weeks 3 (p < 0.01) and 4 
(p < 0.001) 

littermates db/m mice, and that their m R N A  levels 
are further enhanced by high glucose [54]. 

The observation that m R N A  levels for TGF-[31 
are enhanced by high glucose confirms previous re- 
ports by other investigators showing increased TGF- 
[3 gene expression both in human and animal diabetes 
[3-7] and in mesangial cells cultured in high glucose 
[7, 8], associated with increased protein levels and/or 
biological activity [7, 8]. The trend and the extent of 
upregulation of TGF-[31 m R N A  expression was simi- 
lar to those of IGFs, thus indicating that glucose-in- 
duced changes in the production of these growth fac- 
tors occur in parallel. 

This is the first report of mesangial cells of human 
source showing a progressive enhancement  of me- 
dium accumulation and gene expression of the ECM 
components of basement membranes in response to 
prolonged exposure to high glucose concentrations. 
This enhancement of ECM production in H M C  is 
consistent with the increase in medium and/or cell 
content as well as with the enhanced gene expression 
of these ECM components reported by us in RMC 
[24, 51] and by other investigators in mesangial and 
other vascular cells cultured under elevated glucose 
concentrations [55-58]. 
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Fig.6. Medium accumulation over 48 h of the ECM compo- 
nents fibronectin ( O - ' - O ) ,  laminin (O . . . .  @) and collagen 
IV (A . . . .  A),  as assessed by ELISA,  in HMC cultured in 
high glucose vs normal glucose for 4 weeks (n -- 9-12 per ex- 
perimental condition/time). Increases in ECM accumulation 
induced by high glucose vs normal glucose were significant at 
weeks 2-4 (p < 0.001 for fibronectin at all time points; 
p < 0.005, at week 2, and p < 0.001, at weeks 3 and 4, for lami- 
nin and collagen IV) 

Unlike RMC [28], HMC showed reduced D N A  
synthesis/cell proliferation in response to high glu- 
cose, in accordance with reports from Nahman et al. 
[55] in HMC and from Lorenzi et al. [59] in human 
endothelial cells, thus suggesting that species differ- 
ences may explain this discrepancy. 

The finding that iso-osmolar mannitol did not af- 
fect ECM (and growth factor) production and cell 
proliferation demonstrates that the effects of high 
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Fig.TA-D. Steady-state mRNA levels, as assessed by North- 
ern blot analysis, of (A) fibronectin, (B) laminin, (C) collagen 
IV and (D) [3-actin gene expression in HMC cultured in high 
(H) vs normal (N) glucose for 4 weeks (autoradiograms repre- 
sentative of three experiments). The following amounts of to- 
tal RNA were loaded for both N and H samples: 15 ~g (week 
1-2) and 25 ~tg (week 3-4). After quantification by densitomet- 
ric analysis followed by normalization to the [5-actin signal, 
transcripts for fibronectin in cells grown in H were found to 
be increased by 73, 93 and 148 %, transcripts for laminin by 
37, 54 and 99 %, and transcripts for collagen IV by 50, 79 and 
106 %, at weeks 2, 3 and 4, respectively, compared with cells 
cultured in N. All these increases were significant at p < 0.001, 
except those for laminin at weeks 2 (p < 0.05) and 3 (p < 0.01) 
and for collagen IV at week 2 (p < 0.01). No significant change 
was detected at week 1 

glucose are not  media ted  by increased osmolarity, in 
keeping with our previous results in R M C  [24] and 
with results of  Cagliero et al. [58] in umbilical vein 
endothelial  cells. 

This study provides the first experimental  evi- 
dence that the activity of the mesangial IGF system 
is enhanced  in response to elevated glucose concen- 
trations independent ly  of GH.  The overall activation 
of the IGF system is the consequence of complex but 
coordinate  changes resulting in enhanced  IGF action. 
These changes consist of  increased production and/or 
gene expression of IGF-I  and IGF-II,  accompanied 
by increased IGF  binding to monolayers  and reduced 
IGF binding capacity of media,  due to upregulation 
of I G F  receptors  and downregulat ion of IGFBPs, re- 
spectively. In fact, the impact of  the decreased 
IGFBP product ion upon IGF  action cannot be 

inferred f rom this study. The various IGFBPs  have 
been descr ibed as ei ther potent iat ing or impairing 
IGF action depending upon several factors, including 
proteolyt ic  cleavage, dephosphorylat ion,  and binding 
to cell surface or to E C M  [60]. However ,  the reduc- 
tion in I G F B P  product ion involved all bands ob- 
served at the  Western ligand blot analysis and the 
overall binding capacity of high glucose-condit ioned 
media  appea red  to be reduced,  thus support ing the 
hypothesis that  IGF  action is indeed  increased due 
to a r educed  sequestrat ion of secre ted  IGFs by 
IGFBPs. The  significance of the enhanced  IGF-II  
gene expression in response to high glucose remains 
unclear  since the role of this pept ide  in the adult  kid- 
ney is uncertain,  despite the evidence that  human  
subjects cont inue to produce  IGF-II  in significant 
amounts  af ter  birth [21]. Moreover ,  the finding that 
IGF-II r  n u m b e r  was increased dramatical ly  following 
exposure to e levated glucose concentra t ions  is diffi- 
cult to in terpre t  in terms of IGF-II  action. In fact, 
the per iphera l  effects of this pept ide  are bel ieved to 
be med ia t ed  by IGF-Ir  ra ther  than by IGF-II r  [20]. 
Since this recep tor  has been involved in the degrada- 
tion of IGFs  [20], it may  be speculated that the en- 
hanced IGF-I I r  density is a compensa tory  mechanism 
for removing  the increased IGFs and eventual ly  for 
binding the excess of free peptides resulting f rom the 
reduced  I G F B P  levels. 

The proposal  that IGF-I  plays a role in the patho- 
genesis of  both early and end-stage g lomerular  le- 
sions occurr ing in diabetes has been  p rompted  by 
the observations that human  and exper imenta l  dia- 
betes of recen t  onset is associated with renal  en- 
la rgement  and increased glomerular  filtration rate 
[61], that  mice transgenic for G H  or  G H  releasing 
hormone  develop marked  glomerular  hyper t rophy  
and sclerosis with morphological  features  similar to 
those observed  in diabetic glomerulosclerosis  [62], 
and that  oc t reot ide  prevents early k idney  enlarge- 
ment  [63] and long- term-glomerular  lesions and al- 
buminur ia  [64] in diabetic rats. However ,  the repor t  
of r educed  circulating levels of G H  and IGF-I  asso- 
ciated with a transient  increment  of renal  IGF-I  con- 
tent  in diabetic  rats [9] has highlighted the impor- 
tance of changes in local ra ther  than systemic (GH-  
dependen t )  IGF-I  in the pathogenesis  of  initial renal  
hypertrophy.  

The parallel ism be tween  changes in the activity of 
mesangial  I G F  system and changes in E C M  produc- 
tion observed  in this study supports the hypothesis  
that the activation of this system, toge ther  with up- 
regulat ion of  TGF-[5 [3-8] and of o ther  growth factors 
and cytokines  [4], may  play a role in modula t ing  the 
enhanced  E C M  accumulat ion characterizing the 
more  advanced  stages of diabetes and leading to me- 
sangial expansion. This view is fur ther  suppor ted  by 
the demons t ra t ion  of the ability of  both  IGFs in 
stimulating matrix product ion [32, 65] and by the 
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F i g .  8 A-D. 3H-thymidine incorporation (A 
and C) and crystal violet binding to cell nuclei 
(B and D) in HMC cultured in high glucose 
(m) and iso-osmolar mannitol ( [ ] )  vs normal 
glucose ([-7) for 1 week [top] or 4 weeks [bot- 
tom], serum-deprived for 48-72 h, then ex- 
posed to 0.5 or 17 % fetal bovine serum (FBS) 
for 24 h (n = 8-16 per experimental condition/ 
time). In FBS-stimulated cells, the reduction 
induced by high glucose vs normal glucose in 
3H-thymidine incorporation was significant at 
week 4 (p < 0.05), while the decrease in crystal 
violet binding to cell nuclei was significant at 
weeks 1 and 4 (p < 0.01) 

o b s e r v a t i o n  tha t  TGF-[3 i n t e r ac t s  synergis t ica l ly  with 
the  I G F  sys tem [66]. H o w e v e r ,  t he  conc lus ive  evi- 
d e n c e  o f  the  ro le  o f  I G F s  in the  a l t e r e d  E C M  t u r n o v e r  
i n d u c e d  by  h y p e r g l y c a e m i a  r e m a i n s  to  be  p rov ided .  
As  fa r  as the  r e d u c e d  cell  t u r n o v e r  is c o n c e r n e d ,  it 
m a y  be  s p e c u l a t e d  tha t  this a b n o r m a l i t y  is ma in ly  re- 
l a t ed  to  the  e n h a n c e d  p r o d u c t i o n  o f  T G F - ~ ,  which 
has  b e e n  p rev ious ly  shown  to e i t h e r  d e c r e a s e  or  in- 
c r ea se  mesang i a l  cell  p r o l i f e r a t i o n  wi th  p reva i l ing  in- 
h i b i t o r y  ac t ion  at h ighe r  doses  [67], r a t h e r  t han  to  the 
e n h a n c e d  act iv i ty  o f  the  I G F  sys tem.  In  fact ,  the  s t imu- 
l a t ion  o f  mesang ia l  cell  p r o l i f e r a t i o n  by  I G F - I  was 
s h o w n  to  be  supp re s sed  by  high g lucose  [68]. 

In  conc lus ion ,  these  e x p e r i m e n t s  s h o w e d  tha t  high 
g lucose  cond i t ions  i nduce  e n h a n c e d  mesang ia l  I G F  
activity,  t o g e t h e r  wi th  i nc rea sed  TGF-[31 gene  expres-  
s ion and  E C M  p r o t e i n  and  m R N A  levels  and  wi th  re- 
d u c e d  cel l  p ro l i f e ra t ion .  B a s e d  on  these  results,  it 
m a y  be  s p e c u l a t e d  tha t  changes  in I G F - I  and  I G F - I I  
syn thes i s  and  ac t ion  pa r t i c ipa t e  in m e d i a t i n g  changes  
in m a t r i x  t u r n o v e r  u n d e r l y i n g  d i a b e t e s - i n d u c e d  me- 
sangial  expans ion .  
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