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Glucosamine induces cell-cycle arrest and hypertrophy of mesangial

cells: implication of gangliosides
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Alterations in proliferation and hypertrophy of renal mesangial
cells are typical features of diabetic nephropathy. The HP (hexos-
amine pathway) has been proposed as a biochemical hypothesis
to explain microvascular alterations due to diabetic nephropathy;
however, involvement of HP in the regulation of mesangial cell
growth or hypertrophy has been poorly studied. Although ganglio-
sides are known to regulate cell proliferation, their potential role
in mesangial cell-growth perturbations has hardly been explored.
In the present study, we investigated the effects of the HP activ-
ation, mimicked by GIcN (glucosamine) treatment, on mesangial
cell growth and hypertrophy and the potential implication of gang-
liosides in these processes. Our results indicate that GIcN induced
hypertrophy of mesangial cells, as measured by an increase in the
protein/cell ratio, and it caused cell-cycle arrest by an increase in

the expression of cyclin-dependent kinase inhibitor p21Y/ciet,

Furthermore, GIcN treatment resulted in a massive increase
in the levels of gangliosides Gy, and Gy;. Treatment of cells
with exogenous Gy, and Gy, reproduced the effects of 0.5 mM
GIcN on p21WeI/Crl expression, cell-cycle arrest and hypertrophy,
suggesting that gangliosides Gy, and Gy, are probably involved in
mediating GlcN effects. These results document a new role of the
HP in the regulation of mesangial cell growth and hypertrophy.
They also suggest a potential new mechanism of action of the HP
through modulation of ganglioside levels.

Key words: diabetic nephropathy, ganglioside, growth arrest,
hexosamine pathway, hypertrophy, mesangial cell.

INTRODUCTION

Diabetic nephropathy (referred to as DN) is the most common
cause of end-stage renal disease. DN was found to affect approx.
30 % of patients who have suffered from diabetes for 20 years
and exposes them to a higher rate of mortality. The pathology
is characterized by complex structural changes including renal
hypertrophy, basement membrane thickening and progressive ac-
cumulation of extracellular matrix components. Combined with
haemodynamic disturbances, these changes lead to glomerulo-
sclerosis, microalbuminuria and, finally, to a decrease in renal
function [1]. Hypertrophy of mesangial cells and increased sec-
retion of matrix proteins contribute to glomerular enlargement,
which is considered as one of the earliest alterations of DN.
Mesangial cell growth during the diabetic state consists in an early,
transient and limited proliferation, followed by growth arrest and
hypertrophy. For example, it has been shown that, in kidneys of
streptozotocin-induced diabetic animals, mesangial cells undergo
arrest at the G, phase and undergo sustained hypertrophy asso-
ciated with an increase in synthesis and deposition of the extra-
cellular matrix proteins [2]. The CDKIs (cyclin-dependent kinase
inhibitors) p21™/<! and p27%*' have been implicated in this
blockade, as shown in mesangial cells treated with high glucose
concentrations [3,4]. Increased expression of p21W/€el and
p27%P! has also been observed in mesangial cells of strepto-
zotocin-induced diabetic rats and in diabetic db/db mice [3,5].
Numerous hypotheses have been proposed to explain glucose
toxicity and diabetic microvascular alterations. In 1991, Marshall
et al. [6] first reported a new pathway mediating glucose effects,
namely the HP (hexosamine pathway) [6]. After entering cells,

glucose is rapidly phosphorylated and converted into fruc-
tose 6-phosphate, which is mainly catabolized by the glycolytic
pathway. Under hyperglycaemic conditions, however, a greater
part of fructose 6-phosphate can be converted into GlcN (glucosa-
mine) 6-phosphate by the action of GFAT (glutamine:fructose 6-
phosphate amidotransferase), the first and rate-limiting enzyme
of the hexosamine biosynthetic pathway. GIcN 6-phosphate is
then metabolized into various hexosamine products, including
UDP-GIcNAc (UDP-N-acetylglucosamine). Thus the HP exerts
its effects by providing glycosidic precursors for glycoproteins,
glycolipids and proteoglycans. Additionally, the HP could
mediate its effects through a single O-linked glycosylation. In
fact, GIcNAc, a product of the HP, can covalently modify and
affect the activities of proteins involved in the control of gene
expression, cell growth and division, enzyme activity or structural
integrity of the cytoskeleton [7,8].

The HP was first implicated in glucose-induced desensitization
of the insulin response [6]. In vivo, acute GIcN infusion
induces insulin resistance in normoglycaemic rats [9]. Moreover,
overexpression of GFAT in mouse skeletal muscles [10] or
in B cells [11] has proven the role of the HP in providing
insulin resistance to animals and highlighted the importance of
this pathway. Recent reports also suggested a role for the HP
in the development of diabetic microvascular complications
such as nephropathy. Thus the HP has been shown to activate
through a mechanism involving the transcription factor Spl, the
promoter of the plasminogen activator inhibitor-1 gene, a regu-
lator of extracellular matrix production [12,13]. Moreover, HP ac-
tivation has been largely described to induce TGFp (transforming
growth factor B) production and matrix protein synthesis in
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mesangial cells [14—17]. However, the involvement of the HP in
the regulation of mesangial cell growth or hypertrophy has been
poorly studied.

Gangliosides are glycosphingolipids characterized by the pres-
ence of sialic acid in their oligosaccharidic part. They are concen-
trated in the plasma membrane with a cell-specific pattern and
found in most tissues of the body, especially in brain and nervous
tissues [18]. Gangliosides play major roles in cell-cell and cell—
matrix recognition through interactions with adhesion receptors
such as integrins and matrix proteins (collagen and fibronectin) or
with other glycosphingolipids [19]. On the other hand, ganglio-
sides are known to regulate transmembrane signalling by modu-
lating functional membrane proteins. Thus they have been re-
ported to regulate the proliferation of different cell types through
the modulation of growth factor receptor-associated kinases such
as epidermal growth factor and platelet-derived growth factor re-
ceptor [20-23]. Other than these known effects of gangliosides
in regulating cell proliferation, their role in mesangial cell-
growth perturbations occurring during DN has not been studied
so far.

The aim of the present study was to investigate the effect of
HP activation, mimicked by GlcN treatment, on mesangial cell
growth and hypertrophy, and to determine the potential role of
gangliosides in mediating the GIcN effects. Our results show
that 0.5 mM GIcN inhibited mesangial cell growth and induced
hypertrophy by increasing p21%*!/€P! expression and arresting
cells at the Gy/G, phase. Moreover, GIcN treatment significantly
increased the levels of Gy, and Gy, gangliosides, and treatment
with exogenous Gy, and Gy; reproduced GIcN effects on
mesangial cell hypertrophy, cell-cycle arrest at the G,/G, phase
and p21W/Ce! expression. These results suggest that GleN
induces cell-cycle arrest and hypertrophy of mesangial cells, at
least in part, through the production of Gy, and Gy, gangliosides.

EXPERIMENTAL
Materials

Animals were procured from Charles River (L’ Arbresle, France)
and fetal bovine serum was purchased from Gibco BRL (Invi-
trogen, New York, NY, U.S.A.). Other cell-culture products, such
as RNase and resorcinol, were obtained from Sigma (St Quentin-
Fallavier, France). D-[U-"*C]galactose and D-[1-"*C]GlcN hydro-
chloride were from Amersham Biosciences (Little Chalfont,
Bucks., U.K.). HPTLC (high-performance TLC) plates were
bought from Merck (Darmstadt, Germany), Cy; silica gel column
from Waters (Milford, MA, U.S.A.), gangliosides from Matreya
(Biovalley, Marne la Vallée, France), fluorescein-labelled
cholera toxin B subunit from Molecular Probes (Leiden, The
Netherlands), Nonidet P40 (1 %) from Pierce, Perbio Science
(Brebieres, France) and monoclonal antibodies were from BD
Biosciences (Le Pont de Claix, France).

METHODS
Mesangial cell isolation and culture

RMC (renal mesangial cells) were obtained from glomeruli of
young male Wistar rat kidneys isolated by differential sieving, as
described previously [24]. RMC were characterized by morpho-
logical criteria (stellate, spindle-shaped when confluent) and
by negative staining for Factor VIII and cytokeratin and their
prominent cytoskeletal staining for actin. Cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 15 %
(v/v) fetal bovine serum, 1% glutamine and 1% penicillin/
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streptomycin and used between passages 7 and 15. Under these
conditions, cells reached confluency after approx. 4 days; there-
fore, treatments were performed for a maximum of 4 days.

Total protein/cell number ratio

RMC were treated with 0.5 or 5 mM GlcN for 14 days. At the
end of the treatment period, cells were trypsinized and washed
twice with ice-cold PBS. For each sample, an aliquot of cells was
counted using a haemocytometer to determine the cell number.
Another aliquot was lysed and used to measure the total protein
content by the Bradford method. The total protein/cell number
ratio expressed as ug/10° cells was used as a hypertrophy index.

Cell-cycle analysis

RMC were harvested with trypsin after various treatments,
washed twice with PBS, fixed in 70 % (v/v) ethanol and stored at
4°C until use. Before flow-cytometric analysis, cells were washed
with PBS, centrifuged and the cell pellets were resuspended in
RNase (1 mg/ml) for 20 min. Cells were then stained for 15 min
with propidium iodide in PBS (final concentration 40 pg/ml)
before analysis with FACSCAN (Becton Dickinson, Franklin
Lakes, NJ, U.S.A.) using CellQuest software (Becton Dickinson).

Ganglioside analysis

After 48 h of treatment, RMC (1—4 x 10° cells) were collected
by trypsinization and washed twice with PBS. For metabolic la-
belling of gangliosides, 0.2 £Ci/ml D-[U-"*C]galactose (303 mCi/
mmol) were added to the medium overnight before harvesting
the cells, as galactose is incorporated into all the gangliosides.
Cell pellets were dispersed into 2 ml of chloroform/methanol
(1:1, v/v), mixed thoroughly and extracted overnight at 4°C.
After centrifugation, the residues were extracted twice with 2 ml
of the same solvent. The pooled extracts of total lipids were
evaporated to dryness and submitted to partition with chloroform/
methanol/PBS (1 mM) (10:10:7, by vol.). The upper phases con-
taining gangliosides were next desalted on a C; silica gel column
and analysed by HPTLC. Plates were developed in chloroform/
methanol/0.2 % CaCl, (55:45:10, by vol.) and the gangliosides
were visualized by autoradiography using phosphor screen and
Storm 820 (Molecular Dynamics, Amersham Biosciences) and by
resorcinol staining [gangliosides-specific stain: 0.3 % resorcinol
(Sigma), 0.03 % CuSO, and 30 % HCI] with Image Master VDS-
CL (Amersham Biosciences). Gangliosides were identified by co-
migration with standards. Gy, and Gy, identities were confirmed
after HPTLC separation using anti-Gy, antibody (a gift from
Dr J. Portoukalian, Institut National de la Sante et de la Recherche
Medicale, Hopital E. Herriot, Lyon, France) and fluorescein-
labelled choleratoxin B subunit that interact specifically with Gy;.
Quantification was performed by densitometric analysis using
Image Quant (Molecular Dynamics). As GT1b is absent from the
RMC ganglioside profile, it was added as an internal standard in
the samples before lipid extraction. Results were then adjusted
for extraction efficiency and total protein in the sample.

Radiolabelling with [*C]GIcN

To verify the hypothesis that GIcN treatment can affect the gang-
lioside profile by providing substrates for the ganglioside bio-
synthesis, cells were labelled with ["*C]GlcN. Control cells were
incubated with 0.2 uCi/ml D-[1-"*C]GIcN for 48 h. GlcN-treated
cells were incubated with 2 mM GIcN at a much higher specific
activity of 0.5 mCi/ml D-[1-"*C]GIcN. After the incubation, cells
were washed and the radioactivity associated with gangliosides
was then analysed to test the ability of GIcN to incorporate into
ganglioside structures.



Glucosamine, gangliosides and hypertrophy of mesangial cells 539

Treatment with exogenous gangliosides

Exogenous gangliosides Gy, and Gy, were added to the com-
plete culture medium at a final concentration of 60 M. This con-
centration was used since it induces inhibition of RMC prolifer-
ation similar to the effects observed with 0.5 mM GIcN treatment.
Gangliosides were added in the form of complexes with BSA in
the ratio 1:1 in a mixture of Dulbecco’s modified Eagle’s medium
and 10 mM Hepes (pH 7.4) to facilitate their incorporation into
the cell.

Western-blot analysis

At the end of the treatment period, cells were washed and col-
lected in Ripa lysis buffer (10 mM PBS, 1% Nonidet P40,
0.5 % sodium deoxycholate, 0.1 % SDS and 10 ul/ml protease
inhibitors). To remove the insoluble materials, lysates were cen-
trifuged at 10000 g for 5 min. Samples (20 g of lysate) were
then boiled for 5 min, loaded on to a SDS/12 % polyacrylamide
gel, electrophoresed and transferred on to a PVDF membrane.
The membranes were blocked with 5% (w/v) milk in PBST
(PBS containing 0.05 % Tween) and blotted with monoclonal
antibodies (p21, 1 pug/ml; p27, 1:2000) in the blocking solution.
After extensive washing, the membranes were blotted with
secondary anti-mouse antibody at a dilution of 1:2000. The signal
was visualized by enhanced chemiluminescence.

Statistical analysis

Results are expressed as means + S.E.M. The Wilcoxon signed-
rank test was used to define the significance of the difference
between groups. P <0.05 was considered to be statistically
significant.

RESULTS

GlcN decreases mesangial cell proliferation and induces
hypertrophy

The effect of GIcN on RMC proliferation and hypertrophy was
investigated in the present study. GlcN was used to mimic HP
activation because of its demonstrated ability to enter selectively
the biosynthetic HP and to bypass the rate-limiting enzyme GFAT
[25]. To this end, mesangial cells were treated with either 0.5
or 5 mM GIcN, collected and the cell number and total protein
content were measured. As shown in Figure 1, time-course ex-
periments revealed that GIcN potently decreases proliferation.
The effect of GIcN was evident starting from 48 h and, at the end
of the treatment period, the number of cells in RMC treated with
0.5 and 5 mM glucosamine was only 41 and 12 % of control cells
respectively (Figure 1A). This adverse effect on cell proliferation
was also measurable by a decrease in the total protein content
(Figure 1B). In addition, since the total protein/cell number ratio
is a well-established measurement of cellular hypertrophy, this
parameter was used to determine whether the alteration of cell
growth was accompanied by cell hypertrophy. As shown in Fig-
ure 1(C), GlcN indeed induced an increase in the protein/cell num-
ber ratio. At the end of the treatment period, the protein/cell
number ratio increased by 1.6- and 2-fold for cells treated with
0.5 and 5 mM GIcN respectively. An increase in cell size, which
is characteristic of cellular hypertrophy, was also obvious by
microscopy, as illustrated in Figure 1(D). These observations
indicate that GlcN triggers a decrease in proliferation as well as
hypertrophy of mesangial cells. Since these effects were evident
at 0.5 mM GIcN and to avoid potential cytotoxicity with the
relatively high concentration of 5 mM, the following experiments

were performed using 0.5 mM GIlcN. Moreover, since the GlcN
effects were evident at 48 h, the subsequent experiments were
performed at this time of treatment, thus avoiding contact inhi-
bition at confluence (4 days).

GlcN arrests cell-cycle progression

Results of our previous experiments showed that GIcN treatment
blocks very early stage cell proliferation and may thus contribute
to cellular hypertrophy. Therefore the mechanisms responsible
for cell-growth inhibition in response to GlcN were investigated
next. Cell-cycle analysis by flow cytometry was performed on
control cells and cells treated with either 0.5 or 5 mM GlcN. The
results, summarized in Table 1, indicate that 0.5 mM GIcN in-
creased the proportion of cells in the G,/G, phase of the cell
cycle compared with control cells. This suggests that 0.5 mM
GIcN blocks cell-cycle progression of RMC by inhibiting the G,—
S transition phase, arresting cells at G,/G, phase. Surprisingly,
treatment of cells with a higher GIcN concentration (5 mM)
resulted in cell-cycle blockade at the G,/M phase. To investigate
further this discrepancy, a dose—response study was performed.
As shown in Figure 2, GIcN concentrations <1 mM arrested
cells in Gy/G, phase, whereas higher concentrations of GlcN (2—
5 mM) induced G,/M phase arrest. These observations suggest
that, at high GlcN concentrations (> 1 mM), additional pathways
are involved.

GIcN increases p21Waf/Cin1 gxpression

P21W/Cpl and p27%P' are CDKIs known to inhibit the G,—S
phase transition. Moreover, it has been shown that p21™+/<P! and
p27%®! proteins are involved in growth arrest at the G,—S phase
transition and hypertrophy of RMC in response to high glucose
concentrations [2]. Therefore the expression of p21™/CP! and
p27%®! proteins was measured. As shown in Figure 3, p21 /¢!
expression in cells treated with GIcN was approx. 3-fold higher
than in control cells. These results are consistent with the cell-
cycle arrest shown by flow-cytometric analysis. In contrast, how-
ever, p27%P! expression was decreased by GIcN treatment.
These results suggest that, unlike the effects of high ambient
glucose concentrations on RMC, GlcN-induced cell-cycle arrest
is probably p21%¥*/S?!_dependent.

GlcN increases Gyo and Gy levels

The HP has been implicated in the regulation of numerous enzyme
and protein activities and, as a consequence, may regulate several
pathways. Moreover, because the HP provides intermediates
for the synthesis of glycoconjugates such as glycolipids, GIcN
treatment could affect the ganglioside pattern of mesangial cells.
To investigate this possibility, the ganglioside pattern was ana-
lysed by HPTLC in control cells and cells treated with either
0.5 or 5mM GIcN for 48 h. Under control conditions, the main
gangliosides observed in RMC were Gy; (70 % of all ganglio-
sides detected), Gpi, (24 %) and Gp; (5 %). When cells were
treated with GIcN, important modifications of the ganglioside
profile were observed (Figure 4A). Thus the levels of ganglio-
sides Gy, and Gy, hardly detectable in control cells, were strongly
increased to reach approx. 1.5 and 0.4 ng/mg of protein, which
corresponded to 20 and 5 % of all gangliosides detected respect-
ively (Figure 4B). Similar results were obtained by autoradio-
graphy after galactose labelling (results not shown). Gy; and
Gp,, levels were only slightly affected, whereas Gp; could not
be detected in the GlcN-treated cells. These results suggest a
shift into a-series ganglioside biosynthesis in response to GIcN.
To investigate further whether HP affects ganglioside biosyn-
thesis, control cells were labelled with exogenous radioactive
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Mesangial cells were exposed to 0.5 or 5mM GlcN for 4 days. On each day, the cells were collected, cell number was counted and total protein content was measured. Growth curves corresponding
to cell number (expressed in 10° cells) (A) and total protein content (expressed in 4..q) (B) are shown. The total protein/cell number ratio is presented in (C), expressed in 4g of protein/10° cells.
Results are the means + S.E.M. for four independent experiments. (D) Microscopy phase images of cells under control conditions or cells treated with GIcN. *P < 0.05 versus control.

GlcN and gangliosides were extracted and analysed for radio-
activity content. Results show that indeed GIcN or its meta-
bolites incorporate into the ganglioside biosynthesis pathway
(Figure 4C). Next, cells were treated for 48 h with 2 mM GIcN at
a specific activity of 0.5 mCi/ml. Ganglioside analysis revealed
radioactive Gy, Gy, Gy and Gpy, (Figure 4C). These results
support the hypothesis of a connection between the HP and
ganglioside biosynthesis pathways.

Gy and Gy gangliosides induce mesangial cell hypertrophy

Gangliosides are known to play a role in a variety of important
cellular functions including proliferation and differentiation.
Since Gy, and Gy; were massively increased concomitantly to
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RMC hypertrophy in response to GIcN, we examined further
the possibility of involvement of gangliosides in mediating the
GIcN effects. Protein/cell number ratio was measured in control
cells and in cells treated with exogenous gangliosides. Results
presented in Figure 5 show that exogenous addition of Gy, and
Gy decreases mesangial cell proliferation as measured by cell
number counting and it increases the protein/cell number ratio by
approx. 30 %, suggesting that RMC undergo hypertrophy in res-
ponse to Gy, and Gy treatment. Gy, Gps, Gp, and lacto-
sylceramide, a non-sialylated precursor of gangliosides, were also
tested. Gy, Gp; and Gp,, induced mesangial cell hypertrophy
similar to Gy, and Gy, whereas lactosylceramide had no effect
(results not shown). These results suggest that sialic acid is a part
of the active structure.
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Table1 GlcN and gangliosides Gy, and Gy block the cell-cycle progression
of mesangial cells

RMC were treated with GIcN (0.5 or 5 mM) or cultured in the presence of Gy or Gy (60 M) for
48 h. Cells were then collected and analysed by flow cytometry as described in the Experimental
section. Results are expressed as percentage of cells in each phase of the cell cycle: Go/Gy, S
and Go/M. Values are the means + S.E.M. for five independent experiments.

Go/Gy phase S phase Go/M phase
Control 58+2 22+1 19+1
GleN
0.5mM 1+1 13+1 16+1
5mM 54+1 1541 29+2
G 79+2 9+1 12+1
G 79+1 8+1 12+1
100 B G2/M
os
90 g GO/Gl
80
2w n
60 |
50
0\, S N N
0 .5 1 2 5
GleN (mM)

Figure 2 Dose-dependent effects of GIcN on cell-cycle arrest

RMC were treated with increasing concentrations of GIcN for 48 h. Cells were then collected
and analysed by flow cytometry as described in the Materials and methods section. Results are
expressed as percentage of cells in Go/Gy, S and Go/M phases.

Gz and Gy gangliosides block cell-cycle progression
by increasing p21Waf1/Cir! gxpression

Since Gy, and Gy, induced RMC hypertrophy as observed for
GIcN, we next investigated whether similar mechanisms were
involved. First, the cell cycle of cells treated with exogenous
Gy, and Gy, was analysed by flow cytometry. As shown in
Table 1, gangliosides induced an accumulation of cells in the
G,/G, phase, suggesting a blockade in cell-cycle progression at
the G,=S transition. Next, p21™*1/<P! and p27%*! expressions were
measured. Results indicate that p21Y*/P! expression tended to
increase in response to Gy, and Gy, treatment, whereas p27%i!
expression decreased (Figure 3). Altogether, these results suggest
that GlcN and exogenous gangliosides (Gy, and Gy, ) inhibit RMC
proliferation probably through similar mechanisms, by increasing
p21Wail/Ciet expression and blocking cells at the Go/G, phase. They
also suggest that gangliosides Gy, and Gy, are, at least partly,
mediators of the GlcN effects.

DISCUSSION

Several lines of evidence indicate that the flux through the HP
may be causally involved in the development of DN. Activation
of the HP has been implicated in signalling pathways that lead
to an overproduction of matrix proteins [25], a major cause of
glomerular enlargement in the early stages of DN. For example,

[}

control 0.5 GM2 GMI

GleM (mM)

fold change
b

0+ I -
control (L5 5 GMI GM2
GleN (mM)

[B-actin e

GM2 GMI

control 0.5 5

GleN (mM)

0%}

fold change

0.6 .

04

0.2

control (L5 5 GM1 GM2
GleN (mM)

Figure 3 GlcN, Gy, and Gy, increase p21%af/Cirt gxpression

RMC were exposed to GIcN (0.5 and 5 mM), Gy (60 #M) and Gy (60 M) for 48 h. Cells were
then lysed and equal amounts of protein were immunoblotted with monoclonal anti-p21Waft/Ciet
(A) or anti-p27€®" (B) antibodies. Membranes were immunoblotted with anti-8-actin to control
for equal protein loading and transfer. Representative immunoblots and quantification obtained
by densitometric analysis of the bands are shown. Results were corrected to B-actin signal and
are expressed as fold change compared with control. Results are the means + S.E.M. for four
independent experiments.

GIcN, in particular, has been shown to increase the production
of the known matrix-stimulating growth factor, TGFS [26-28].
However, the potential role of the HP in growth perturbation and
hypertrophy of mesangial cells has been poorly studied. Therefore
these hypotheses have been investigated in the present study.
Treatment of RMC with GIcN potently inhibited cell growth
and induced hypertrophy as assessed by the protein/cell number
ratio, in a time-dependent manner. Hypertrophy is the conse-
quence of an increase in protein content combined with the
absence of cell division. Therefore the effect of GIcN treatment
on cell-cycle progression of RMC was investigated next. Flow-
cytometric analyses indicated that a low concentration of GIcN
(0.5 mM) arrested RMC cycle progression at the G,/G, phase.
On the other hand, 5 mM GIcN caused an accumulation of cells
at the G,/M phase, suggesting that high concentrations block
mesangial cell cycle at the G,/M transition. These observations
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Figure 4 Effect of GlcN on ganglioside profile

(A, B) RMC were treated with GIcN (0.5 and 5 mM) for 48 h and then collected. Gangliosides
were extracted, purified and then analysed by HPTLC and resorcinol staining. Representative
HPTLC (A) and densitometric quantification (B) are shown. Results are expressed as pg of
gangliosides/mg of protein and are the means + S.E.M. for four independent experiments each
performed in duplicate. Under control conditions, ganglioside quantities were 4.62 +0.37,
1.65+0.11 and 0.30 4 0.05 pg/mg of protein for Gy, Gpia and Gps respectively. ND, not
detectable. *P < 0.05 versus control. (C) RMC were labelled for 48 h in the presence of
0.2 uCi/ml [™CIGIcN for control cells and 2mM GlcN at a specific activity of 0.5 mCi/ml
for treated cells. At the end of incubation, cells were washed extensively and gangliosides
were extracted, purified and separated by HPTLC as described in the Experimental section.
Radioactivity associated with gangliosides was then analysed by autoradiography of the HPTLC
plates.

clearly show that low and high concentrations of GIcN exert
different actions on RMC. These differences could be explained
by taking into account the recent observations of Marshall et al.
[29] in adipocytes. Indeed, these authors showed that a high
concentration of GlcN (2 mM) causes massive accumulation of
the hexosamine intermediate product GlcN 6-phosphate, which
was accompanied by ATP depletion. In contrast, these effects were
not observed in response to low concentrations of GIcN (0.25 mM)
or to high glucose concentrations (20 mM). In RMC treated with
GIcN, we found that ATP depletion or, alternatively, high GIcN
concentrations, through other unknown mechanisms, could result
ultimately in DNA damage, leading to growth arrest of cells during
G,/M. Thus treatment of RMC with a low GIcN concentration
(0.5 mM) is probably more relevant physiologically.

To gain better insight into the mechanisms responsible for
the cell-cycle arrest caused by GIcN, the expression of the
CDKIs p21™f1/Ct and p27%F! was studied. Our studies focused
on p21W/Crl and p27%P! since these proteins are known to be
involved in the G,/G,-phase growth arrest of mesangial cells in
different diabetic animal models as well as of cultured mesangial
cells exposed to high ambient glucose concentrations [2]. Results
indicated that p21™/“P! expression was increased by approx.
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Figure 5 Gy, and Gy gangliosides induce mesangial cell hypertrophy

RMC were cultured in the presence of Gy or Gy (60 1M) for 48 h. Control conditions were
complete medium with a mixture of BSA and 10 mM Hepes (pH 7.4). Cells were then harvested
and counted using a haemocytometer and total protein content was measured. Cell number
(expressed for 10° cells) (A) and total protein content (expressed in 1.q) (B) are presented. The
total protein/cell number ratio used to assess hypertrophy is expressed in g of protein/10°
cells (C). Results are the means + S.E.M. for 4-6 independent experiments. *P < 0.05 versus
control.

3-fold by GIcN treatment when compared with control levels,
suggesting that p21W/CP! js involved in blocking cell-cycle
progression observed in RMC exposed to GIcN. In contrast,
p27%P! expression was found to be rather diminished in response
to GIcN treatment. A decreased or unchanged p27%*' expression
has also been observed in glomeruli of diabetic animal models
[3,30] and in RMC treated with high glucose concentrations
[3]. Thus the effect of GIcN on RMC cell-cycle arrest is most
probably p21Y1/CPl_dependent. In addition, p21%*/“?! has been
described as a pivotal regulator of hypertrophy. Fan and Weiss
[31] showed that exogenous attenuation of p21%+/“?! ysing anti-
sense oligonucleotides decreased the hypertrophy of mesangial
cells induced by hyperglycaemia and insulin growth factor-1.
Moreover, in vivo, p21V*1/CP! knockout diabetic mice did not
develop glomerular hypertrophy [32]. These observations suggest
that the increased p21Wf/CP! expression might also be involved
in the mechanisms leading to hypertrophy of RMC in response to
GlcN. Since the effects of GIcN on RMC are similar to those
of high ambient glucose concentrations, one might speculate
that the effects of high glucose concentrations on RMC growth
and hypertrophy are, at least partly, mediated by a HP-induced
p21Wal/Ciel pathway.
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On the other hand, gangliosides are glycosphingolipids that
have been involved in the regulation of proliferation of various
cell types. Furthermore, it has been shown that when GIcN is
added to cells, even at low concentrations, a marked increase of
UDP-GIcNAc levels is observed [7,29]. This glycosidic precursor
can be incorporated into ganglioside structures such as Gy, and
Gy, after isomerization to UDP-GalNAc. Therefore we investi-
gated whether the ganglioside pattern was affected in RMC sub-
mitted to GIcN treatment. Analyses revealed a modification of
the ganglioside pattern with a massive increase in the levels
of gangliosides Gy, and Gy,. These results suggest that GIcN
increases Gy, and Gy, levels through mass action by providing
high amounts of precursors such as UDP-GalNAc. Radiolabelling
experiments with ["*C]GIcN also supported a connection between
the HP and ganglioside biosynthesis pathways. However, other
mechanisms regulating ganglioside biosynthesis in response to
GlcN should not be excluded. For example, Gy, synthase presents
putative binding sites for Sp1, a transcription factor whose activity
is up-regulated by GIcN [33].

Next, we assessed whether Gy, and Gy, were involved in the
hypertrophy and cell-cycle arrest of RMC in response to GIcN.
Exogenous application of Gy, and Gy resulted in an increase
in the protein/cell number ratio. Furthermore, cell-cycle analysis
of RMC treated with G,;, and G,;; showed an accumulation of
cells at the Go/G, phase and it was associated with an increase
in the p21™/CP! expression. Thus use of exogenous Gy, or Gy,
reproduced the effects of 0.5 mM GIcN on RMC hypertrophy and
cell-cycle arrest. Few studies implicated gangliosides in cell-cycle
arrest. Nakatsuji and Miller [34] showed that ganglioside Gy
induces cell-cycle arrest and apoptosis of astrocytes partly through
the CDKI p27%®'. QOur results further suggest that gangliosides
might also contribute to mechanisms leading to cell hypertrophy.
However, since gangliosides showed similar effects on p27%P!
expression, results of the present study cannot rule out a role
of p27%P! decrease in cell-cycle arrest induced by GlcN and
gangliosides.

In conclusion, our results show that 0.5 mM GIcN induces
cell-cycle arrest at the Go/G, phase and hypertrophy of RMC.
Moreover, our results suggest that gangliosides Gy, and Gy, are
involved in mediating GIcN effects in RMC. Observations of the
present study raise a new hypothesis on the potential involve-
ment of the HP in the development of DN and add new mech-
anisms of action of the HP such as modulation of ganglioside
levels in cells. Interestingly, gangliosides have recently been im-
plicated in insulin resistance [35,36] and, as discussed earlier, HP
has been shown to induce insulin resistance in vitro and in vivo.
It would be of interest to investigate whether gangliosides are
involved in the HP-induced insulin resistance.
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