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Hyperglycemia and Glucosamine-induced Mesangial Cell Cycle Arrest
and Hypertrophy: Common or Independent Mechanisms?

Elodie Masson*, Michel Lagarde, Nicolas Wiernsperger and Samer El Bawab
Diabetic Microangiopathy Research Unit, Merck-Santé/INSERM UMR 585, INSA-Lyon, Villeurbanne, France

Summary

The Hexosamine Pathway (HP) is one hypothesis proposed to
explain glucose toxicity and the alterations observed during the
course of diabetic microvascular complication development. Gluco-
samine is a precursor of UDP-N-Acetylglucosamine (UDP-
GlcNAc), the main product of the HP that has often been used to
mimic its activation. The transfer of a UDP-GIcNAc residue onto
proteins (O-GlcNAc modification) represents the final step of the
HP and is considered as a major mechanism by which this pathway
exerts its signalling effects. While it is well accepted that the HP
promotes extracellular matrix accumulation in the context of
diabetic nephropathy, its involvement in the perturbations of cell
cycle progression and hypertrophy of renal cells has been poorly
investigated. Nevertheless, in a growing number of studies, the HP
and O-GlcNAc modification are emerging as important regulators
of cell cycle progression. This review will focus on the role of
glucosamine and O-GlcNAc modification in cell cycle regulation in
the context of diabetic nephropathy. Special emphasis will be given
into the role of the HP as a potential mediator of the effects of high
glucose on the perturbations of renal cell growth.
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INTRODUCTION

The cell cycle of higher eukaryotic cells consists of a
succession of four phases: the G; phase, when the cell grows
and prepares to synthesize DNA by stimulating protein
synthesis; the S phase, when DNA synthesis takes place and
replicates the whole set of chromosomes; the G, phase, in
which the cell prepares for division; and the mitotic M phase,
in which the division of the original cell into two daughter cells
occurs. After division, the cells may reenter the G, phase and
keep cycling or remain quiescent in a stage called the G, phase.
Numerous proteins interact in critical ratios to determine the
passage from one phase to another and regulate the cell cycle
progression. Cyclins, whose protein levels fluctuate through-
out the cell cycle, interact with their partners, the cyclin
dependant kinases (CDK) to form a complex which subse-
quently phosphorylates downstream effectors involved in cell
cycle transition such as cell-cycle regulated transcription
factors, pRb (retinoblastoma protein) or p53. The formation
of these complexes is prevented by small proteins called cyclin
dependent kinase inhibitors (CDKI) such as p21Wafl/Cipl
and p27%iP!,

Cell growth, which is determined by the progression of each
cell through the cell cycle, is particularly affected during
diabetic nephropathy. Most renal cells, and particularly
mesangial cells, undergo growth perturbations, characterized
by cell cycle arrest at the Gy/G; phase and subsequent
hypertrophy (7). These cellular perturbations are accompanied
by a progressive accumulation of extracellular matrix (ECM)
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components and contribute to glomerulosclerosis and a
decline in renal function. Induction of the cyclin dependant
kinase inhibitors p21Va/CPl and p27%iP! is thought to play a
crucial role in mesangial cell cycle arrest and hypertrophy.
Increased expression of these two proteins has been observed
in glomeruli of diabetic db/db (2) and STZ mice (3).
Moreover, it has been shown that diabetic mice deficient for
p21Vatl/Gpl () or p27XIPT (5) genes are protected against the
development of glomerular hypertrophy. Several factors such
as high glucose levels, TGFf1, PDGF or angiotensin II have
been reported to induce the expression of these inhibitors and
cause cell cycle arrest and hypertrophy in renal mesangial cells
(I). However, the mechanisms accounting for the perturba-
tions of cell cycle progression induced by hyperglycemia are
not fully understood.

Numerous hypotheses have been proposed to explain the
toxic effects of hyperglycemia and cellular alterations char-
acteristic of diabetic microvascular complications, including
the Hexosamine Pathway (HP). Initially, Marshall et al.
reported the HP as a unique metabolic pathway that mediates
the glucose-induced desensitization of the insulin-sensitive
glucose transport system (6). In fact, after entering the cells,
glucose is rapidly phosphorylated and converted to fructose-6-
phosphate (F-6-P), which is mainly metabolized through the
glycolytic pathway. However, under chronic hyperglycemic
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conditions of a diabetic state, a greater part of F-6-P is diverted
by the action of glutamine: F-6-P amidotransferase (GFAT),
the first and rate-limiting enzyme of the hexosamine biosyn-
thetic pathway, and converted into glucosamine-6-phosphate
(GIcN-6-P). GIcN-6-P is then metabolized into various
hexosamine products, including the main product UDP-N-
Acetylglucosamine (UDP-GIcNAc) (7), as illustrated in Fig. 1.

The HP can exert its effects via two described mechanisms.
First, hexosamine biosynthesis products provide glycosidic
precursors for the synthesis of glycoproteins, glycolipids and
proteoglycans. Second, UDP-GIcNAc can be used to cova-
lently modify proteins and affect their functions, through a
single O-linked glycosylation, referred to as O-GIcNAc
modification or O-GlcNAcylation. These targeted proteins
play roles in the control of gene expression, cell growth and
division, enzyme activity, or structural integrity of the
cytoskeleton (8). Since its first discovery, the role of the HP
as a glucose sensor implicated in insulin resistance has been
supported by both in vivo and in vitro studies (9—15), but this
concept remains controversial (/6).

Additionally, several studies have demonstrated a role of
the HP in ECM protein accumulation, characteristic of
diabetic nephropathy and a major cause of the decline in
renal function. Thus, the expression of several proteins with
profibrotic activity and participating in ECM accumulation,
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Figure 1. Schematic representation of the Hexosamine Pathway and O-GIcNAc modification. DON, 6-diazo-5-oxo-L-
norleucine; Frc-6P, fructose 6-phosphate; GFAT, glucosamine: fructose-6-phosphate amidotransferase; Gle, glucose; Glc-6P,
glucose 6-phosphate; GIcN, glucosamine; GIcN-6P, glucosamine 6-phosphate; GIcNAc, N-acetylglucosamine; OGT, O-GlcNAc
transferase; PUGNAc, O-(2-acetamido-2-deoxy-D-glucopyranosylidene)amino-N-phenylcarbamate. Dashed arrow indicates

that multiple steps are involved in the conversion.
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e.g., TGFf, or PAI-1, as well as matrix proteins, such as
fibronectin, have been found to be increased in response to the
activation of HP (17— 20). Moreover, HP inhibition decreases
high glucose-induced TGFf expression and the consequent
ECM production in renal mesangial cells, which strongly
suggests that the HP is a mediator of high glucose effects on
ECM accumulation (79).

Finally, recent studies have demonstrated the role of
HP and O-GIcNAc modification in cell cycle progression.
Although the contribution of high glucose to the regulation of
cell proliferation and hypertrophy in the context of diabetic
nephropathy is well known, very few studies focused on
the involvement of the HP in these events. In fact, one
could speculate that the effects of high glucose on cell growth
and hypertrophy may actually be mediated, in part, by the HP
and glucosamine, as is the case for the much more well
documented ECM accumulation. In this brief review we will
discuss recent literature that may help answer this question.

CELL CYCLE EVENTS IN RESPONSE
TO HIGH GLUCOSE

Two major epidemiological studies (DCCT and UKPDS)
have clearly demonstrated that high glucose is a major cause
of diabetic complications, including nephropathy, since strict
control of the glycemia can delay their onset and progression.
It is thought that early glomerular and tubular hypertrophy is
critical to the subsequent development of renal histopatholo-
gical alterations of diabetic nephropathy but the mechanisms
that initiate the renal cell changes in response to hyperglyce-
mia are not completely characterized. Nevertheless, it is now
well known that glomerular mesangial cells, like most renal
cells, undergo a biphasic growth in response to high glucose
in vitro as well as in the diabetic environment in vivo (I). First,
these cells, which exhibit a very low proliferation rate under
normal conditions, actively enter the cell cycle to complete one
or two rounds of cell cycle progression. In a second phase,
cells are arrested in G| where they increase their size, protein
and mRNA content but do not duplicate and thus undergo
hypertrophy. A large body of literature indicates that the
cyclin-dependent kinase inhibitors p21Wal/CiPl and po7Kie!
play a crucial role in the high glucose-induced cell-cycle arrest
and resultant hypertrophy of mesangial cells. Increased
expression of both p21WV /P! (3) and p27%P! (21) has been
associated with mesangial cell hypertrophy in response to high
glucose in vitro. Moreover, Fan et al. reported that attenuation
of p21Wal/CiPl expression using antisense oligodeoxynucleo-
tides in mesangial cells caused a reduction of high glucose-
induced cellular hypertrophy (22). A study from Wolf et al.
also indicated that high glucose failed to induce cell cycle
arrest and hypertrophy in mesangial cells obtained from
p27%P! knockout mice compared to wild type (23).

Some evidence has suggested that TGFp is a mediator in
mesangial cell hypertrophy induced by high glucose, since the

addition of a neutralizing anti-TGFf antibody blunted these
effects (24). Moreover, TGFp has been implicated in the high
glucose-stimulated p27%P! expression (21).

Of note, cell cycle arrest at the G; phase and hypertrophy in
response to high glucose have also been shown in proximal
tubular cells. These cells are involved in diabetic nephropathy,
by contributing to tubulo-interstitial fibrosis (25).

CELL CYCLE EVENTS IN RESPONSE
TO GLUCOSAMINE

In Mesangial Cells

Increasing evidence suggests that glucosamine and the HP
may be causally involved in the development of diabetic
nephropathy, by promoting ECM protein accumulation.
However, the potential role of glucosamine and the HP in
the regulation of mesangial cell growth in response to high
glucose has been poorly studied.

In a recent study, we investigated the effect of HP acti-
vation on mesangial cell growth and hypertrophy (26).
Glucosamine is widely used to mimic HP activation by high
glucose because of its demonstrated ability to readily enter the
cells by the glucose transport system and selectively enter the
HP, bypassing the rate-limiting enzyme, GFAT (see Fig. 1).
First, we observed in time-course experiments that 0.5 mM
glucosamine treatment significantly decreased proliferation
and induced hypertrophy of mesangial cells as indicated by an
increase of the total protein/cell number ratio starting at 48 h.
Given that hypertrophy is marked by increased protein
content combined with absent cell division, we next investi-
gated the effect of glucosamine treatment on cell-cycle
progression. Flow cytometry analyses indicated that 0.5 mM
glucosamine caused an accumulation of mesangial cells at the
Gy/G, phase, thereby suggesting a blockade of the cell-cycle
progression at this phase. These effects are similar to those
observed in cells treated with high glucose or in diabetic
animal models (/). Finally, we studied the expression of two
CDKI, p21Wal/Cirl and p27%P! since these proteins have
been implicated in G/G; arrest and hypertrophy of cultured
mesangial cells following exposure to high ambient glucose
concentrations as well as in different diabetic animal models
(2-5, 21-23). Results indicated that p21V*/CPl expression
was approximately increased by 3-fold in response to gluco-
samine treatment, thereby suggesting that p21Va™/CPl may be
involved in the cell-cycle arrest observed in mesangial cells
exposed to glucosamine. In contrast, p27¥P! expression was
found to be diminished in response to glucosamine treat-
ment. While increased expression of p27%P! has been more
frequently reported in mesangial cells treated with high
glucose or in glomeruli of diabetic animals, decreased or
unchanged expression has also been shown (3). Because
glucosamine and high ambient glucose effects are similar,
one might speculate that the effects of high glucose on
mesangial cell growth and hypertrophy are, at least in part,
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mediated through a HP-induced p21V/“iP! pathway. Never-

theless, complementary experiments are needed to provide
unequivocal evidence that high glucose effects are actually
mediated by the HP.

In Other Cell Types

Hsieh et al. studied the effect of high glucose and glucosamine
on the hypertrophy of rat kidney proximal tubular cells (27).
The authors reported that both high glucose (25 mM) and
glucosamine (1 uM) treatment for 48 h induced cellular
hypertrophy as assessed by a shift in cell size measured by flow
cytometry and an increase in total protein synthesis and in
p27%P! expression. Furthermore, it was shown that azaserine, a
GFAT inhibitor, prevented the effects of high glucose but not
those of glucosamine, thereby suggesting that the hypertrophic
action of high glucose on proximal tubular cells is mediated via
an activation of the HP. However, these results must be inter-
preted with caution considering that azaserine is a glutamine
analog that can potentially inhibit all glutamine-requiring
enzymes. The use of this non-specific inhibitor of GFAT may
thus give misleading results regarding the HP.

Additional data obtained in different cell lines have also
supported a crucial role for glucosamine in the regulation of
cell growth and cell-cycle progression. For instance, Shen et al.
reported that treatment of Chinese hamster ovary cells with
10 mM glucosamine led to a decrease in cell proliferation, as
assessed by thymidine uptake, and a redistribution of the cells
from the S phase into the Go/G; phase (28). Tomida et al. also
reported an arrest in the cell-cycle at the G; phase in A2780
and HT-29 human cancer cells following glucosamine treat-
ment (29). Furthermore, their results indicated that this
blockade was mediated by changes in the expression of two
cell-cycle regulating proteins. The expression of cyclin D1 was
decreased and the expression of the CDKI p21™ was
increased and associated with the appearance of the hypopho-
sphorylated growth suppressing form of the retinoblastoma
protein (pRb). Nakamura et al. demonstrated that exposure of
a model of retinal neurons to high glucose or 1.5 mM
glucosamine attenuated the ability of insulin to rescue the
cells from apoptosis induced by serum deprivation. Addition-
ally, glucose effects were blocked by azaserine, suggesting that
high glucose may impair the protective effects of insulin, at
least in part, via excessive flux through the HP (30).

Together, these observations suggest that the effects of high
glucose on modulation of cell cycle events could in fact be
mediated through activation of the HP.

POTENTIAL MECHANISMS OF ACTION
OF GLUCOSAMINE ON CELL CYCLE

O-GIcNAc Modification: The Underlying Mechanism

The HP connects a nutrient-sensing system to a sig-
naling pathway by providing glucosamine-6 phosphate
(GIcN-6-P), the key precursor of UDP-N-Acetylglucosamine

(UDP-GIcNAc), the substrate for O-GlcNAc modification.
Indeed, O-GlcNAcylation results from the addition of a single
UDP-GIcNAc residue on cytosolic and nuclear proteins. This
dynamic post-translational modification is rapidly responsive
to hormones, nutrients, and cellular stress. It is reciprocal with
phosphorylation on some well-studied proteins and is thought
to play an analogous role to this modification in cellular
regulation (37). It is under the control of two enzymes: the
O-GIcNAc transferase (OGT) which adds a GlcNAc residue
and O-GIcNAcase which removes it (see Fig. 1). O-GIcNAc
modification alters protein-protein interactions, intracellular
localization, protein turnover and activity (32). The list of
proteins targeted by O-GlcNAcylation is ever growing and
includes key intracellular proteins such as transcription
factors, cytoskeletal proteins, tumor suppressor and onco-
genes, nuclear and cytosolic proteins and enzymes (8).
Accumulating data suggest that global O-GlcNAc protein
modification is regulated in a cell-cycle dependent manner and
that any disruption of this cycling results in major cell-cycle
defects. In this connection, a recent study by Slawson et al.
showed that global O-GIcNAc levels decreased during the M
phase. In addition, raising the global levels of O-GIcNAc
proteins in multiple cell lines using the O-GlcNAcase inhibitor
PUGNAC, caused growth delay linked to a blockade of G,/M
progression (33). While excessive O-GIcNAc modification
alters cell-cycle progression, intact O-GlcNAcylation is never-
theless necessary for proper cell cycle function. Thus, in
the same study, the authors also reported that lowering
O-GIcNACc levels with DON, an inhibitor of GFAT, resulted
in defective G; phase progression. However, non-specific
effects of this inhibitor, which is a glutamine analog like
azaserine, shouldn’t be ruled out. The essential role of
O-GIcNAc is supported by the findings of O’Donnell et al.
which demonstrated that OGT deletion in fibroblasts caused
growth arrest (34). Boehmelt et al. reported a decrease in
proliferation in mouse embryonic fibroblasts with decreased
UDP-GIcNACc levels as a result of a deficiency of glucosamine-
6-phosphate acetyltransferase, an enzyme of the HP (35). The
same authors showed that a mutation in this gene is lethal at
embryonic day 7.5. These results are also in agreement with
the loss of embryonic stem cell viability observed by Shafi
et al. following the deletion of the OGT gene (36).
O-GlcNAc modification could be the underlying mechan-
ism explaining cell-cycle progression defects induced by HP
activation, through an alteration of protein function, enzyme
activity or gene expression by targeting transcription factors.
For instance, transcriptional activation of Spl, a ubiquitous
transcription factor, has been reported several times to be
induced (37, 38), or inhibited (39) by O-GlcNAcylation. Other
transcription factors have also been shown to be modified by
O-GlIcNAc including cAMP response element-binding protein
(CREB) (40) and pancreatic duodenal homeobox (PDX-1)
(41). Moreover, O-GlcNAcylation has also been described to
target several important participants or regulators of the cell
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cycle such as RNA polymerase II, the tumor suppressor p53,
pRb, cytoskeletal proteins (8) and IRS (42). O-GIcNAc
modification of some proteins is highly transient and can
affect their proteasomal degradation (43) and/or modulate
their phosphorylation status, two key processes in the
regulation of cyclic level and activity of various proteins
implicated in the cell-cycle progression. Consistent with this
idea, overexpression of both O-GlcNAcase and OGT has been
described to disrupt periodic cyclin expression and mitotic
phosphorylation, particularly of pRb. Furthermore, over-
expression of O-GlcNAcase induces changes in the cellular
morphology with excessive condensation of the DNA and
dramatic perturbations in the o-tubulin network (33).

Ganglioside Pathway

Glucosamine-6-phosphate can be converted to N-Acetyl-
neuraminic acid and N-Acetylgalactosamine, two precursors of
ganglioside biosynthesis. Gangliosides are membrane glyco-
sphingolipids that have been described to play major roles in
the regulation of cell proliferation. Therefore, the effects of
glucosamine and the HP may involve other mechanisms, such
as altered ganglioside synthesis. Using renal mesangial cells, we
showed that cell cycle arrest at Go/G; phase, hypertrophy and
increased p21Vafl/CiPl expression in response to glucosamine
treatment are associated with significant modifications of the
pattern of gangliosides. Thus, we observed a massive increase
in the levels of two ganglioside species, GM2 (Monosialogan-
glioside 2) and GM1 (Monosialoganglioside 1) (26). Using
radioactively-labelled glucosamine, we showed that exogenous
glucosamine or its metabolites are incorporated into the
ganglioside biosynthesis pathway. Thus, activation of the
HP appears to be responsible for these ganglioside pattern
changes by providing a high level of precursors for ganglio-
side biosynthesis. However, other indirect mechanisms should
not be excluded. Indeed, the promoter of several ganglioside
biosynthetic enzymes and in particular, GM2 synthase,
contains a putative binding site for Spl, whose activity is
regulated by O-GIcNAc modification as discussed above (44).

We further investigated the possibility that GM2 and GM 1
could be involved in mediating the glucosamine effects on
mesangial cell growth and observed that addition of exogen-
ous GM2 and GMI caused cell cycle arrest at the Go/G;
phase, hypertrophy and an increase of p21V*/“iP! expression.
These results suggest that glucosamine and gangliosides inhibit
mesangial cell proliferation, apparently through similar
mechanisms and that GM2 and GM1 could mediate, at least
partly, the glucosamine effects. In concurrence with our findi-
ngs, Lee et al. reported a decrease in cell proliferation and
hypertrophy of human mesangial cells in response to exoge-
nous gangliosides (45). Moreover this hypothesis is supported
by published data indicating that gangliosides are able to
modulate cell-cycle progression. For instance, Nakatsuji et al.
showed that ganglioside GM3 (Monosialoganglioside 3)
induced cell-cycle arrest of astrocytes, in part through an

increase of p27%iP! expression (46). Overexpression of the
GD3 (Disialoganglioside 3) synthase gene has also been shown
to cause a G cell cycle arrest in vascular smooth muscle cells
via increased p21W*/CiP! expression and decreased expression
of cyclin E and cyclin-dependent kinase 2 (47).

TGFB

Finally, it has been demonstrated in renal mesangial cells
that glucosamine treatment and HP activation induced
TGFf1 expression and subsequent ECM protein synthesis
(19, 20). In addition, TGFf appears to be implicated in high
glucose-induced mesangial cell cycle arrest and hypertrophy as
discussed above. Thus, these data raise the possibility that
glucosamine could be involved in high glucose-induced cell
growth arrest and hypertrophy via induction of TGFf.

Potential Toxic Action of Glucosamine

When using glucosamine as an experimental reagent, one
should not forget that it is a ‘pharmacological’ agent that can
have significant adverse effects. These effects, which are
dependent on the dose, duration of treatment and model
considered, could mask or mimic specific effects and should be
considered in the interpretation of the results.

Hsieh et al. demonstrated that treatment of renal proximal
tubular cells for 24 h with glucosamine concentrations from
10~% to 10~* M stimulated angiotensin II and renin mRNA
expression, similarly to the results obtained with high glucose.
In contrast, they observed that higher glucosamine concentra-
tions inhibited angiotensin II and renin mRNA expression.
Moreover, they showed that these higher glucosamine
concentrations increased cell death from 5 to 12%, which
suggested that glucosamine, at these concentrations, may be
toxic to renal proximal tubular cells (27).

In our recent study, we performed cell cycle analyses of
renal mesangial cells treated with increasing glucosamine
concentrations (26). Our results indicated that 0.5 mM gluco-
samine induced an accumulation of cells at the Go/G, phase,
similar to the effects that have already been observed in res-
ponse to high glucose concentrations in other studies. In
contrast, treatment of cells with 5 mM glucosamine resulted
in a cell cycle blockade at the G,/M phase. A dose-response
study revealed that glucosamine concentrations lower than
1 mM arrest mesangial cell cycle at the Go/G phase, whereas
higher glucosamine concentrations (2—5 mM) induce G,/M
phase arrest. This suggests that different pathways are induced
in mesangial cells depending on glucosamine concentration.

Observations from Marshall et al. could explain some of
the discrepancies observed between different glucosamine
concentrations or with high glucose levels. Indeed the authors
showed that treatment of adipocytes with a high glucosamine
concentration (2 mM) caused, in addition to an UDP-GIcNAc
increase, a rapid and massive accumulation of the hexosamine
intermediate product GlcN-6-P that was accompanied by ATP
depletion. In contrast, these effects were not observed in
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response to low glucosamine (0.25 mM) or to high glucose
concentrations (20 mM), which both markedly elevated UDP-
GIcNAc without increasing GIcN-6-P or depleting ATP levels
(48). ATP depletion is a toxic adverse effect of glucosamine
that could account for some of the observations made in
response to glucosamine treatment, particularly at high
concentrations.

CONCLUDING REMARKS AND PERSPECTIVES

The Hexosamine Pathway and O-GlcNAc modification are
emerging fields and their involvement is being reported in more
and more diverse processes. While phosphorylation has been a
well-known mechanism that regulates cell cycle progression, it
is now evident from a growing number of studies that
activation of the HP and O-GIcNAc modification play an
important role in the regulation of the cell cycle. In addition,
recent data reported in this review suggest that this pathway
could also mediate the cell cycle arrest and hypertrophy
induced by high glucose, particularly in mesangial cells, where
it has been shown to mediate ECM production. However, this
hypothesis needs to be confirmed by complementary experi-
ments. Indeed, the validity of using glucosamine to investigate
the role of the HP has been questioned, especially on the basis
of observations suggesting that glucosamine and high glucose
act via different mechanisms to induce insulin resistance (/6).
Glucosamine is a very useful tool to study the HP by mimicking
its activation because of its ability to be easily taken up by the
cells and selectively enter the HP bypassing the rate-limiting
enzyme GFAT. Nevertheless, this pharmacological agent may
have toxic effects, such as ATP depletion, depending on the
dose and treatment time. Moreover, the compounds commonly
used to inhibit the HP, DON and azaserine, are non-specific
inhibitors of GFAT. Thus, gene overexpression and deletion
experiments should be preferred to get more reliable data on
the biological roles of the HP in various cells and tissues. In
addition, transgenic animal models would provide very helpful
tools to sustain the pathophysiological role of this pathway
in vivo. In fact, targeted overexpression of GFAT or OGT in
mice provided strong evidence on the role of this pathway in
insulin resistance (11, 14, 49, 50). Such studies are still needed
to fully support the implication of the HP in the development
of diabetic nephropathy and to understand its implications in
cell cycle progression defects. Alternatively, down-regulation
of the enzymes of the HP would also be required. Since com-
plete depletion of some of these genes (OGT and GIcN6P acetyl-
transferase) results in embryonic lethality (35, 36), conditional
knock-out or knock-down approaches may be needed.

Determining the contribution of the HP and O-GIlcNAc
modification in the dysregulation of cell cycle progression
observed in response to hyperglycemia during the course
of diabetic microvascular complications is very challenging.
Since cell cycle arrest and hypertrophy of renal mesan-
gial cells, among other cells, are causal factors leading to

glomerulosclerosis and renal failure, the understanding of the
underlying molecular processes is essential for the develop-
ment of novel therapeutic strategies. The HP may emerge as a
potential target to therapeutically influence the cell cycle and
to prevent diabetic nephropathy.
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