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Summary. In order to explore the possible contribution of in- 
sulin-like growth factor I to the development of diabetic ne- 
phropathy, the effect of glucose on the mitogenic and meta- 
bolic actions of insulin-like growth factor I in cultured rat 
glomerular mesangial cells was examined. The stimulation of 
[3H]-thymidine incorporation by insulin-like growth factor I 
in the cells exposed to high concentrations (55 retool/l) of 
glucose (4.6 + 1.3 fold stimulation) was significantly sup- 
pressed as compared with that in the cells cultured in 
11 mmol/1 glucose (17.5 + 0.8 fold). In contrast, [3H]-amino- 
isobutylic acid uptake into the mesangial cells was signifi- 
cantly enhanced by glucose (2.03 + 0.03 nmol~mg protein 1 
15 min -L at 55 mmol/l glucose vs 0.59 +0.01 at 11 mmol/l 
glucose), while 2-deoxyglucose uptake remained unchanged. 
[125I]-insulin-like growth factor I binding was slightly but sig- 

nificantly increased in the ceils exposed to high concentra- 
tions of glucose. Thus, glucose may modulate the mitogenic 
and metabolic actions of insulin-like growth factor I differ- 
ently in cultured mesangial cells probably at the post-insulin- 
like growth factor I receptor level. These results may indicate 
that the differential modulation of the actions of insulin-like 
growth factor [ by glucose could result in the increase in 
amino acid uptake and decrease in the cell proliferation in 
the mesangial cells, possibly leading to enhanced mesangial 
matrix synthesis with a relatively small increase in mesangial 
cell volume as seen in diabetic nephropathy. 
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Diabetic nephropathy is characterized by the expansion 
of the glomerular mesangium with a relatively small in- 
crease in mesangial cell volume [1, 2]. The mesangial ex- 
pansion is considered to be due to the accumulation of 
various macromolecules including type IV collagen in 
mesangial matrix [3]. We and others [4, 5] have previously 
described that the production of type IV collagen is en- 
hanced in the glomerular mesangial cells cultured in high 
concentrations of glucose. Therefore, the alteration of the 
function of mesangial cells under high glucose conditions 
may play an important role in the development of diabetic 
nephropathy. 

Insulin-like growth factor I (IGF-I) is one of the can- 
didates which could affect the function of the mesangial 
cells. The cultured mesangial cells possess a considerable 
number of receptors specific to IGF-I and proliferate in 
response to IGF-I [6-8]. Moreover, the uptake of glucose 
and amino acid is regulated by IGF-I at physiological 
concentrations [8]. Although the production of IGF-I in 
the kidney has been reported to be enhanced in diabetic 
rats [9], the effect of these altered IGF-I levels on the me- 
sangial cells has not been clarified. Therefore, we exam- 

ined the effect of glucose on both mitogenic and meta- 
bolic actions of IGF-I in cultured glomerular mesangial 
cells. 

Materials and methods 

Materials 

Human biosynthetic IGF-I was kindly supplied by Fujisawa Phar- 
maceutical Company (Osaka, Japan). Na125I, D-[U-;4C] glucose, 2- 
deoxy[1-3H]glucose (2-DOG), cc-[methyl-3H] aminoisobutylic acid 
(AIB), and [6-3H] thymidine were purchased from New England Nu- 
clear (Boston, Mass., USA). Fetal bovine serum was purchased from 
Gibco (Grand Island, NY, USA). All other reagents were of chemi- 
cal grade and purchased from standard suppliers. 

Cell culture and experimental protocol 

Glomeruli were isolated from kidneys of Sprague-Dawley rats 
weighing 100-150 g by sieving with stainless steel and nylon meshes 
under sterile conditions as previously reported [8, 10]. Isolated 
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glomeruli were then cultured in RPMI 1640 medium containing 
20 % fetal bovine serum and antibiotics. Cultured cells were identi- 
fied as mesangial cells using the following criteria as previously de- 
scribed [8, 10]: (1) the cells survived in a medium containing i>valine 
which had been substituted for L-valine, indicating existence of D- 
amino acid oxidase; (2) they were resistant to puromycin aminonu- 
cleoside (10 gg/ml) but susceptible to mitomycin C (10 gg/ml); 
(3) they possessed a large number of intracellular actin bundles 
stained by peroxidase-conjugated heavy melo-myosin; (4) they had 
receptors specific to angiotensin II and contracted in response to an- 
giotensin II. The cells at 5-12 passages were grown on 35 mm six- 
well plates unless otherwise specified and used for the following ex- 
periments after confluency. 

After washing with phosphate-buffered saline (PBS; 137 mmol/1 
NaCI, 2.7 mmol/1 KC1, 8 mmol/1 Na2HPO4, 1.5 retool/1 KH2PO4, 
pH 7.5), the confluent celIs were cultured in RPMI 1640 medium 
(11.1 mmot/1 glucose) with 0.4% fetal bovine serum for 2 days and 
then in RPMI 1640 medium (glucose free) supplemented with vari- 
ous concentrations (5.5-55 mmol/1) of glucose with 0.4 % fetal bo- 
vine serum for an additional 3 days. Mannitol was used to mimic the 
hyperosmolar effect of glucose. IGF-I binding, the incorporation of 
[3H]-thymidine, and the uptake of AIB or 2-DOG were then exam- 
ined by previously described methods [8]. 
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PBS. The radioactivity remaining within the cells was determined as 
described above. 

2-Deoxyglucose uptake 

Uptake of 2-deoxyglucose (2-DOG) by mesangial cells was deter- 
mined by the method of McClain et al. [14]. In brief, cells were, first, 
pro-incubated with RPMI 1640 medium containing 0.5 % BSA at 
37 ~ in a CO2 incubator for 18 h. Cells were rinsed three times with 
Krebs-Ringer Phosphate (KRP)-HEPES buffer, pH 7.45, contain- 
ing 131.2mmol/1 NaC1, 4.71mmoi/1 KC1, 2.47mmol/1 CaC12, 
1.24 retool/1 Mg804, 2.48 retool/1 NaH2PO4, 10 mmol/1 HEPES, and 
0.5 % BSA and pro-incubated again with the same buffer at 37 ~ for 
30 min. Fresh KRP-HEPES buffer containing various concentra- 
tions of IGF-I was then introduced. After a 1-h incubation with IGF- 
I at 37 ~ 2-deoxy[1-3H]glucose and unlabelled 2-DOG were added 
to a final concentration of 0.1 gCi/ml and 0.1 mmol/1, respectively, 
and incubation was continued at 37 ~ for 5 min. Incubation was ter- 
minated by rapid aspiration of the buffer, chilling on ice and washing 
three times rapidly with ice-cold PBS. Cells were then solubilized 
with 1 tool/1 NaOH and the radioactivity remaining within the cells 
was determined by a liquid scintillation counter. 

IGF-I binding 

~25I-IGF-I with a specific activity of 100-150 ~tCi/gg was prepared ac- 
cording to the method of Freychet et al. [11]. Cells on 100 mm plates 
were washed three times with PBS and incubated with labelled 
(0.2 ng/ml) and various amounts of unlabelled IGF-I at 4 ~ for 16 h 
in a buffer containing 50 retool/1Tris, 50 mmol/1 N- (2-hydroxyethyl)- 
piper~ine-N'-2-ethanesulphonic acid (HEPES), 50 mmol/1 NaC1, 
5 mmol/1 KC1, 10 mmol/1 MgSO4, 10 mmol/1 CaC12, 10 mmol/1 glu- 
cose, 2mmol/1 EDTA, and 1% bovine serum albumin (BSA) 
(pH 8.0). After the incubation, cells were washed five times with ice- 
cold PB S and solubilized with I mol/1NaOH. The radioactivity asso- 
ciated with the cells was then determined in a gamma counter. 

Thyrnidine incorporation 

Thymidine incorporation was measured by the method of Flier et al. 
[12] with some modifications. In brief, cells were rinsed with PBS 
and incubated with RPMI 1640 with 0.4% BSA, pH 7.4, for 48 h at 
37 ~ in a CO2 incubator. The medium was replaced with RPMI 1640 
containing 0.25 % BSA and various concentrations of IGF-I. After a 
20-h incubation with IGF-I, [3H]thymidine was added to a final con- 
centration of 1.5 gCi/mI and incubation was continued for additional 
4 h at 37 ~ in a CO2 incubator. Cells were then cooled on ice, washed 
two times with PBS, two times with 10% TCA and one time with 
95 % ethanol, and solubilized with i mol/1 NaOH. The radioactivity 
remaining within the cells was determined in a liquid scintillation 
counter. 

o~-Aminoisobutylic acid uptake 

c~-Aminoisobutylic acid (AIB) uptake was measured by the method 
of Knight et al. [13]. In brief, cells were rinsed two times and pro-in- 
cubated with Earle's balanced salt solution supplemented with 
25 mmol/1NaHCO3 and 0.1% BSA, pH 7.4, at 37 ~ for 2 h in a CO2 
incubator. The medium was then replaced with the same solution 
without NaHCO3 and with 25 mmol/1 HEPES, pH 7.6, containing 
various concentrations of IGF-I. After 3 h at 37 ~ in the absence of 
CO2, [3H]AIB and unlabelled AIB were added to a final concentra- 
tion of 0.1 gCi/ml and 8 gmol/1, respectively. After 15 min, AIB up- 
take was terminated by washing rapidly three times with ice-cold 

Statistical analysis 

Results are presented as mean+_SD. Comparison between two 
groups were done by unpaired t-test. Comparisons among three or 
more groups were done by one-way analysis of variance (ANOVA) 
followed by Scheffe's test to evaluate statistical significance between 
any two groups. 

Results  

IGF-I binding 

Specific tracer b ind ing  of I G F - I  to the mesangia l  cells cul- 
tured in 55 mmol/1 glucose was increased significantly as 
compared  with the cells cu l tured  in 11 m m o l  glucose 
(Fig. 1). Similar increases in I G F - I  b ind ing  were observed 
when  the cells were cul tured unde r  hyperosmola r  condi-  
t ions induced  by adding mann i to l  to the cul ture  media  
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Fig. L Insulin-like growth factor I (IGF-I) binding to the mesangial 
cells cultured under 11 mmol/1 glucose ( �9 ), 55 mmol/1 glucose (O) 
or 11 mmol/1 glucose plus 44 mmol/1 mannitol (A). Scatchard plot is 
shown in the inset. Values are mean of four experiments 
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Fig. 2a, b. Basal and insulin-like growth factor [ (IGF-I)-stimulated 
[3H]-thymidine incorporation into the mesangial cells (a) and dose- 
response curve of IGF-I (b). The cells were cultured under 
11 mmol/1 glucose (control; a, [3, b, O ), 55 mmol/1 glucose (high glu- 
cose; a, N, b, � 9  or 11 mmol/1 glucose plus 44 mmol/1 mannitol 
(mannitol; a, N, b, A). Values are mean + SD of three experiments 
in a and mean of three experiments in b. *p < 0.01 vs control; 
+ p < 0.01 vs mannitol 

(Fig. 1). As  shown in Figure 1, the increase in IGF-1  bind- 
ing in hyperglycaemic  (55 mmol/1 glucose) or hyperos-  
motic  (mannitol)  condit ions was due to the increase in re- 
ceptor  number  wi thout  any change in receptor  affinity. 

Thyrnidine incorporation 

In order  to evaluate the ability of  I G F - I  to stimulate the 
prol iferat ion of  the mesangiat  ceils, the incorporat ion of  
[3H]-thymidine into the cells cul tured under  various con- 
centrat ions of  glucose was examined.  The  incorpora t ion  
of  [3H]-thymidine st imulated by 6.7 x 10 -s mol/1 IGF-1 
(the maximal  response) was significantly inhibited in the 
cells cultured in 55 mmol/1 glucose (Fig.2a).  Slight but  
significant inhibition (11.4 % inhibition) was observed in 
the cells cul tured in 27.5 mmol/1 glucose. Similar inhibi- 
tion, though  less prominent ,  was observed in the cells cul- 
tured in the presence of  manni to l  (Fig.2a).  However ,  
when  the dose-response curve of  IGF- I  to stimulate the 
incorpora t ion  of  thymidine was expressed as the percent  
of  maximal  s t imulated response,  the  curve was similar 
among  control ,  high glucose, and manni to l  groups 
(Fig. 2 b), indicating the al terat ion of  IGF- I  act ion at the 
post - receptor  levels. 
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Fig.3. c~-Ammoisobutylic acid (AIB) uptake in the mesangial cells 
cultured under various concentrations of glucose. Basal ( n ) and in- 
sulin-like growth factor I (6.7 x 10 8 mol/1)-stimulated ( [] ) values 
are shown. Values are mean _+ SD (n = 3), * p < 0.05, ** p < 0.01 vs 
5.5 mmol/1 glucose 
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Fig.4a, b. Basal and insulin-like growth factor I (IGF-I)-stimulated 
c~-aminoisobutylic acid (AIB) uptake in the mesangial cells (a) and 
dose-response curve of IGF-I (b). The cells were cultured as de- 
scribed in Figure 2. Values are mean _+ SD (n = 3), * p < 0.01 vs con- 
trol andmannitol; + p < 0.01 vs control 

c~-Aminoisobutylic acid uptake 

Since I G F - I  was able to st imulate the up take  of  amino acid 
and glucose as well as thymidine at physiological concen-  
trations in cultured mesangial  cells [8], (x-aminoisobutylic 
acid (AIB)  uptake  was next examined.  In contrast  to thy- 
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Table 1. 2-Deoxyglucose (2-DOG) uptake in cultured mesangial 
cells 

Culture conditions 2-DOG uptake 
(nmot-mgprotein t.5min 1) 

Basal IGF-I (6.7 x 10 -8 mol/1) 

11 mmol/1 Glucose 5.72 +_ 0.3 7.35 + 0.6 
55 retool/1 Glucose 5.84 + 0.3 7.83 +_ 0.4 
11 mmol/1 Glucose + 5.90 _+ 0.4 7.44 + 0.5 
44 mmol/1Mannitol 

Values are mean ___ SD (n : 6) 
IGF-I, Insulin-like growth factor I 

High glucose Mannitol 

IGF-I binding / / 

Thymidine incorporation 
Basal --~ 
I G F - !  stimulation I~I I~ 

AIB uptake lit 
Basal 

stimulation it! 
2-DOG uptake ~ 

Fig.5. Summary of the effects of high glucose and mannitol on the 
actions of insulin-like growth factor I (IGF-I) in cultured glomerular 
mesangial cells. AIB, c~-Aminoisobutylic acid; 2-DOG, 2-deoxygtu- 
c o s e  

midine incorporation, both basal and IGF-I-stimulated 
uptake of AIB were significantly enhanced in the cells cul- 
tured under high glucose conditions in a dose-dependent 
manner (Fig. 3). As shown in Figure 4 a, this enhancement 
of AIB uptake was not observed in the cells cultured in the 
presence of mannitol. Similar to thymidine incorporation, 
the dose-response curve of IGF-I (percent of maximal 
stimulated response) to stimulate AIB uptake was not dif- 
ferent among control, high glucose, and mannitol groups 
(Fig.4b). 

2-Deoxyglucose uptake 

2-Deoxyglucose (2-DOG) uptake was examined in the 
cells cultured under control or high glucose conditions, or 
in the presence of mannitol. As shown in Table 1, no dif- 
ference was observed among the three groups in either 
basal or IGF-I-stimulated uptake of 2-DOG. 

The effect of glucose or mannitol on various IGF-I ac- 
tions in cultured mesangial cells are summarized in Fig- 
ure 5. 

Discussion 

The present study indicates that the various actions of 
IGF-I in cultured glomerular mesangial cells are modu- 
lated differently by ambient glucose. Since glucose added 
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to the culture media may cause extracellular hyperosmo- 
lality as well as intracellular metabolic abnormalities, 
mannitol was used to mimic the hyperosmolar effect of 
glucose. The binding of IGF-I to the mesangial cells in- 
creased slightly but significantly both under high glucose 
conditions and in the presence of mannitol. IGF-I-stimu- 
lated thymidine incorporation decreased in both condi- 
tions, though the decrease was more prominent under 
high glucose conditions. In contrast, both basal and IGF-L 
stimulated AIB uptake were enhanced only under high 
glucose conditions, and 2-DOG uptake was altered by 
neither high glucose nor mannitol. Therefore, high 
glucose seems to induce the up-regulation of the IGF-I re- 
ceptor, the inhibition of the proliferative activity, and the 
enhancement of the amino acid uptake, while hyperosmo- 
lality may induce the up-regulation of the IGF-I receptor 
and the inhibition of the proliferative activity. 

IGF-I receptors have been reported to be increased in 
kidneys from streptozotocin-induced diabetic rats and in 
mesangial cells isolated from diabetic mice (db/db) [15]. 
However, IGF-I receptor proteins have been reported to 
be unchanged when the mesangial cells from diabetic 
mice were cultured in high concentrations of glucose 
(28 mmol/1), though IGF-I mRNA levels increased [15]. 
Since, in the present study, the significant increase in ~25I- 
IGF-I binding was observed only when the cells were cul- 
tured in an extremely high concentration of glucose 
(55 mmol/1) and a similar increase was observed when the 
cells were cultured in the presence of NaC1 or mannitol, 
ambient hyperosmolality could be responsible for the in- 
crease in IGF-I binding in the mesangial cells. Although 
the effects of IGF binding proteins on IGF-I binding in 
cultured cells need to be considered, the reports are incon- 
sistent [16, 17]. However, because renal IGF binding pro- 
teins have recently been reported to be increased in 
diabetic rats [18], it might be necessary to examine the ef- 
fect of glucose or mannitol on the expression of IGF bind- 
ing proteins as well as to examine the biological roles of 
IGF binding proteins in the mesangial cells. 

Despite the increase in IGF-I binding, IGF-I-stimu- 
lated [3H]-thymidine uptake was significantly reduced in 
the mesangial cells cultured in high concentrations of glu- 
cose. The reduction was observed when the cells were cul- 
tured in a moderately high glucose concentration 
(27.5 mmol/1). The dose-response curve of IGF-I indicates 
that this reduction might be due to post-receptor changes 
in IGF-I action. Glucose-induced impairment of the pro- 
liferation of the cells does not seem to be specific to IGF-I, 
because the impairment of the proliferation has been re- 
ported in human mesangial cells stimulated by 10% 
serum containing insulin, selenium and transferrin [19] or 
in human fetal mesangial cells stimulated by 2 % fetal calf 
serum [20]. Therefore, glucose might inhibit the prolifera- 
tion of the mesangial cells in the step(s) common to the 
various growth factors. The mechanism of the effect of 
glucose has been examined in other types of the cells. In 
cultured human umbilical endothelial cells, glucose has 
been suggested to cause the replicative delay between the 
phase of DNA synthesis and mitosis [21] possibly due to 
an increased number of single strand breaks of DNA [22]. 
In renal proximal tubular cells, the inhibitory effect of glu- 
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cose on the cell proliferation has been reported to be abol- 
ished by the addition of the antibodies against trans- 
forming growth factor-fl and mRNA levels of this growth 
factor have been found to be increased in the cells cul- 
tured in high glucose [23]. Since these two mechanisms are 
completely different, it might be necessary to elucidate 
the mechanism of the inhibitory effect of glucose on the 
cell proliferation in the individual types of the cells. The 
study to examine the various steps of IGF-I action in the 
mesangial cells cultured under high glucose conditions is 
now in progress in our laboratory. 

In contrast to the reduction of the proliferative re- 
sponse, the uptake of amino acid by the mesangial cells 
cultured in high concentrations of glucose was significant- 
ly enhanced both in the basal state and after the stimula- 
tion by IGF-I in a dose-dependent manner. The hyper- 
tonicity of the culture media is not likely to have been 
responsible as mannitol did not exert any effect on the 
AIB uptake. The dose-response curve of IGF-I again indi- 
cates that the enhancement could be due to the post-re- 
ceptor changes in IGF-I action. Although the exact mech- 
anism of the glucose-induced increase in amino acid 
uptake in the mesangial cells is unclear, this increase might 
induce the synthesis of protein(s) important to the mesan- 
gial cells. Since AIB has been reported to be incorporated 
into the cells via an amino acid uptake system similar to 
that for L-proline [24], the uptake of L-proline might also 
be enhanced under high glucose conditions. Because L- 
proline is an essential amino acid in the synthesis of colla- 
gens and a link between proline uptake and collagen syn- 
thesis has been reported [25], the increased proline uptake 
may result in an increase in type IV collagen production. 
This has been reported by us [4] and others [5] in mesan- 
gial cells cultured in high glucose. 

The effect of glucose as an osmolyte has usually been 
evaluated by examining whether a poorly metabolizable 
osmolyte, such as mannitol, sorbitol or raffinose, is able to 
mimic the effect of glucose. In the present study, mannitol 
was able to mimic the effect of glucose on IGF-I binding 
and, partially, on IGF-I-stimulated [3H]-thymidine incor- 
poration. However, the reports concerning the effect of 
osmolytes are inconsistent. For example, Nahman et al. 
[19] have found that mannitol has no effect on cellular 
proliferation but significantly increases fibronectin pro- 
duction in cultured human mesangial cells. By contrast we 
have found that the production of type IV collagen in cul- 
tured mesangial cells is enhanced by glucose but not by 
mannitol [4]. Moreover, the production of heparan sul- 
phate proteoglycan has been reported to be decreased by 
glucose but not by sorbitol in cultured porcine mesangial 
cells [26]. As Nahman et al. [19] stated, the mesangial cells 
were derived from a single human donor, which might 
limit extrapolation of the data to the general population. 
The results obtained in cultured human umbilical vein en- 
dothelial cells are more complex. Stout [27] has reported 
that the endothelial cell proliferation is inhibited by sorbi- 
tol similarly to glucose but not by mannitol. In endothelial 
cells, Lorenzi et al. [21] have found that mannitol is able to 
mimic the inhibitory effect of glucose on cell proliferation. 
Further study will be necessary to explore the effect of glu- 
cose as an osmolyte. 

R. Kikkawa et al.: Modulation of mesangial IGF-I actions by glucose 

The present study indicates that the effects of IGF-I on 
the mesangial cells are altered under high glucose condi- 
tions probably at the level of post-IGF-I receptor binding. 
Glucose-induced changes affect IGF-I actions differently, 
resulting in a decrease in cell proliferation and an increase 
in amino acid uptake without significant change in glucose 
uptake. Although these results were mainly obtained in 
the mesangial cells cultured in relatively higher concen- 
trations (55 mmol/1) of glucose, it might be necessary to 
expose the cells to higher concentrations of glucose to de- 
tect it's effect in these acute experiments. Since the effect 
of glucose was observed in a dose-dependent manner, 
lower concentrations of glucose might be enough to in- 
duce these changes if the cells have long-term exposure to 
glucose as occurs in diabetes. 

Although these results were obtained in mesangial 
cells cultured in vitro, the present study might provide an 
explanation of the pathogenesis of diabetic nephropathy. 
First, even at normal levels of IGF-I, these results, in con- 
junction with the increased production of type IV col- 
lagen [4, 5], may be related to the development of the me- 
sangial expansion with the relatively small increase in 
mesangial cell volume seen in diabetic nephropathy. Sec- 
ondly, if locally-produced IGF-I which is increased in 
diabetic kidneys [9], is able to reach the mesangial cells, 
these alterations might be augmented. Therefore,  our 
study indicates the importance of IGF-I and the glucose- 
induced changes on IGF-I action in the development of 
diabetic nephropathy. 
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