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Advanced Glycosylation End Products -
Induce Nitric Oxide Synthase Expression
in C6 Glioma Cells: Involvement of

p38 MAP Kinase Dependent Mechanisms
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Abstract -

Induction of iNOS is important in
amyloid plagues formation. Given accumula-
tion of AGEs in the brain is linked to
Alzheimer’s disease, we investigated whether
INOS protein expression is induced by AGEs
and whether Ras-MAPK pathway is involved
in the AGEs-induced iNOS expression in C6
glioma cells. AGEs caused a dose- and time-
dependent increase of nitrite accumulation in
C6 glioma cells. The AGEs-stimulated NO
production from C6 glioma cells was
inhibited by actinomycin D, by cyclo-
heximide and by the NO synthase inhibitor, 1-
NAME, suggesting the increase of AGEs-
induced nitrite release is due to iINOS up-
regulation.  Consistently, treatment of C6
ghoma cells with AGEs stimulated the
inducible nitric oxide synthase (INOS) protein
expression. AGEs-stimulated NO production
was inhibited by pretreatment of C6 glioma
cells with anti-AGEs antibodies (1:100).
Pretreatment with genestein (the protein
tyrosine kinase inhbitor), or FPT 11 inhibitor
(the Ras-faresyl transferase inhibitor), or
SB203580 (the p38 MAPK inhibitor), prior
to the AGEs addition to C6 glioma cells
results in partial suppression of AGEs-
induced iNOS expression and nitrite release
from C6 glioma cells. AGEs activate p38
MAP kinase in C6 glioma cells and the effect
was blocked by genesteine (20uM), FPT-II
inhibitor (20uM) and SB203580 (10uM).
Taken together, our data suggest that p38
MAP kinase is involved in AGEs induced
iINOS expression and NO production in C6
glioma cells.
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Advanced glycosylation end products
(AGEs) are fluorescent substances formed by
nonenzymatic "Maillard reaction”. Several
lines of evidence indicate that AGEs
contribute to the pathogeneses of diabetic
complications and aging (Brownlee, 1991).
Accumulation of AGEs in the brain is the
biochemical basis of many neuropathological
features of Alzheimer’s disease including
extensive protein cross linking (Smith et al.,
1996, Munch et al., 1997a). Toxic action of
advanced glycation end products has also
been demonstrated in gingiva (Schimidt et al.,
1996), in human penis (Seftel et al., 1997),
and in murine macrophages (Rojas et al.,
1996; Ramirez et al., 1997),

Nitric oxide is a diffusible gas that
generated enzymatically from L-arginine and
molecular oxygen by NO synthase. To date,
at least three different types of nitric oxide
synthase have been characterized. The
endothelial type, eNOS, and the neuronal
type, nNOS, are constitutively expressed
whereas the inducible type, iNOS is induced
by a variety of signals in many cell lines
(Knowles and Moncada. 1994). Nitric oxide
plays important roles in both physiological
and pathological conditions. Over production
of nitric oxide in the brain is the biochemical
basis of many neuropathological features,
oxidative stress (Li and Dickson, 1997) and
neuronal cell death (Zimmerman et al., 1995;
Horie et al., 1997). Microglial cell derived
NO could contribute to oligodendrocyte
degeneration and neuronal cell death. In
Alzheimer’s disease, neurons are subjected to
the deleterious cytotoxic effects of activated
microglia (Munch et al., 1997b).

In the present study, we demonstrated
that AGEs may increase nitrite accumulation
and iNOS expression. The mechanism of the
signal transduction cascade involved in the
induction of iNOS in response to AGEs was
mediated through tyrosin kinase, Ras and
p38MAPK in C6 glioma cells.
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Exposure of C6 glioma cells to AGEs
stimulates nitrite production in dose and time
dependent manners (Fig. 1). The EC50 of
AGEs-stimulated nitrite  production was
about 30 ug/ml, with the maximum at about

_ 1000 pg/ml of AGEs at 24 h. The nitrite

accumulation was apparent at 6hrs and
increase there after. The maximum response
was at 2dhrs. AGEs-stimulated NO release
from C6 glioma cells can be blocked by
AGEs-specific antibody (Fig. 2A), by pre-
treatment of /-NAME (Fig. 2B), actinomycin
D (Fig. 2C), and by cycloheximide (Fig 2D)
suggesting the AGEs-specificity transcription
and de novo protein synthesis are required for
the AGEs-stimulated NO accumulation in C6
glioma cells. AGEs-induced NO production
is accompanied by the increased expression
of the 130-kDa iNOS expression but not the
a-tubulin in C6 glioma cells.

To investigating whether the induction
of iNOS is mediated through the Ras-MAPK
signaling pathway, the protein tyrosine kinase
inhbitor, genestein, the Ras-farnesyl trans-
ferase inhibitor, FPT II inhibitor, or the p38
MAPK inhibitor, SB203580 were used to
pretreated the cells and the AGEs-stimulated
nitrite accumulation was investigated. Table
[ shows that genestein; FPT-II inhibitor and
SB203580 all attenuated the AGEs-
stimulated NO release. Thus, the protein
tyrosine kinase-Ras-p38 MAPK signaling
pathway seems to be involved in the AGEs-
stimulated NO release.

The data in Tab.1 suggested that the p38
MAPK activated pathway might contribute to
the signaling mechanism for AGEs-induced
iNOS expression in C6 glioma cells. This
notion was further supported by the facts that
p38 MAPK activity was stimulated by BSA-
AGEs in C6 glioma cells. As shown in Fig,
4A, addition of BSA-AGEs to C6 glioma
cells stimulated p38 MAPK activity as
determined by immuno-complex kinase assay
using ATF-2 as substrate. The p38 MAPK
was transiently activated within 15 minutes,
maximum at sbout 1 hr and decrease these
after. Western blot analysis using anti-p38
MAPK indicated that the total protein



expression of p38 MAPK was unaffected by
BSA-AGEs induction (Fig. 4B). The activa-
tion of p38 MAPK by BSA-AGEs was
inhibited by SB203580, genestein and FPT-II
inhibitor (Fig. 5,6). These data confirm that
activation of p38 MAPK plays a crucial role
which promotes iNOS expression and nitrite
accumulation in C6 glioma cells.
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In the present study, we demonstrated
that AGEs increase nitrite production and
INOS expression in C6 glioma cells. Given
iNOS  upregulation was ‘observed in
astrocytes  surrounding amyloid plagues
(Wallace et al., 1997) and peroxynitrite
damage to neurons have been observed in
AD’s brain (Smith et al, 1997), iNOS
induction may play an important role in the
pathogeneses of  Alzheimer’s disease.
Further, we presented evidence that the
AGEs-stimulated iNOS expression was
mediated through as protein-tyrosine kinase-
Ras-p38 MAPK pathway. Understanding the
signal transduction pathway that ultimately
leads to a deleterious effect in the central
nervous system is important from a
therapeutic standpoint.

In rat pulmonary artery smooth muscle
cells, activation of the receptor of AGEs
triggers a p2l Ras-dependent mitogen-
activated protein kinase pathway. Our results
support the notion that AGEs-stimulated
INOS expression is tyrosine phosphorylation
and Ras-dependent mitogen-activated protein
kinase signaling pathway.

Three parallel protein phosphory-lation
cascades in mammalian cells have been
described. The extracellular signal regulated
kinase (ERK) pathway,the p38 MAPK and
SAPK/INK pathway. Because MAP kinase
kinase, ERK-1/ERK-2, p38 MAPK or
SAPK/INK pathways may be activated by
the upstream protein tyrosine kinase and Ras,
it would be interesting to determine the
potential involvement of these kinases in the
induction of iNOS by AGEs in C6 glioma
cells. In this context, our results showed that
AGEs-stimulated nitrite production was

inhibited by SB203580; the specific inhibitor
of p38 MAPK, suggesting p38 MAPK
pathway was involved. In line with this
observation, we demonstrated that AGEs-
activates p38 MAPK activity and this effect
were inhibited by genestein, FPT-II inhibitor
and SB203580. The murine iNOS promoter
contains 24 transcriptional factor binding
sites, including those for NF-kB, AP-I,
CREB, and the ets family of transcription
factors. Some of these transcription factors
are regulated by p38 MAPK. Possibly
regulation of the transcription initiation by
p38 MAPK mediates AGEs-stimulated iNOS
expression.

In conclusion, AGEs-stimulate iNOS
expression is mediated through activation of
p38 MAP kinase pathway. Although the
detail signaling mechanisms remain unclear,
distinct signaling pathways appear to be
involved. Further work is required to
elucidate whether other pathways are
involved in mediating the AGEs-mediated
inflammation, which subsequently results in
neuronal damage.

EARY Y

Bierhaus A., Chevion S., Chevion M., et al.
(1997) Advanced glycation end product-
induced activation of NF-kappa B is
suppressed by alpha-lipoic acid in cultured
endothelial cells. Diabetes 46: 1481-1490.

Bierthaus A., Illmer T, Kasper M., et al.
(1997) Advanced glycation end products
(AGE)-mediated induction of tissue factor in
cultured endothelial cells is dependent on

RAGE. Circulation 96: 2262-2271.

Brownlee, M. (1991) Glycosylation products
as toxic mediators of diabetic complications.
Annu. Rev. Med. , 42 : 159-166

Du Yan §., Zhu H., Fu J.,Yan S.F., Roher A.,
et.al,(1997) Amyloid-beta peptide receptor
for AGEs interaction elicits neuronal
expression of macrophage - colony stimula-
ting factor : a proinflammatory pathway in



Alzheimer’s disease. Proc. Natl. Acad. Sci.

(USA) 94: 5296-5301

Gross 8.8, and Wolin M.S. (1995)
Nitric oxide: pathophysiological mechansims,
Annu. Rev. Physiol. 57: 737-769.

Horie K., Miyata T., Yasuda T., Takeda A.,
etal, (1997) Immunohistochemical localiza-
tion of advanced glycation end products,
pentosidine, and carboxymethyl-lysine in
lipofuschin pigments of Alzheimer’s disease
and aged neurons. Biochem. Biophys. Res.
Commun. 236:327-332.

Knowles R. G., and Moncada S. (1994)
Nitric oxide synthases in mammals.
Biochem. J.298: 249-258.

Lowenstein, C., J., Alley, E.W., Raval, P., et.
Al,. (1993)  Macrophage nitric oxide
synthase gene: two upstream regions mediate
induction by interferon-y and bacterila
lipopolysaccharide. Proc. Natl. Acad. Sci.
USA 90:9730-

Masaki H., Okano Y., Sakurai H. (1997)
Generation of active oxygen species from
AGE under ultraviolet light A (UVA)

irradiation.Biochem. Biophys. Res. Commun.
235 :306-310.

Munch G., Thome J., Foley P., Schinzel R.,
Riederer P. (1997) Advanced glycation
endproducts in ageing and Alzheimer’s

disease. Brain Research - Brain Res. Rev. 23:
134-143.

Seftel A.D., Vaziril N.D., Ni Z., Ramjouei K.,
Fogarty J., Hampel N, Polak J., Wang R.Z.,
Ferguson K., Block C., and Haas C. (1997)
Advanced glycation end products in human
penis: elevation in diabetic tissue, site of
deposition and possible effect through iNOS
or eNOS. Urology 50:1016-1026.

Schimidt A.M., Weidman E., Lalla E., Tan
S.D., Hori O, Cao R.,, Brett J.G.,, and
Lamster T.B. (1996) Advanced glycation
endproducts (AGEs) induced oxidant stress
in the gingiva: a potential mechanism
underlysing accelerated periodontal disease
associated with diabetes. J. Periodontal Res.
31: 508-515.

Smith ML.A., Siedlak S.L., Richey P.L.,
Nagaraj R.H., Elhammer A., Perry G. (1996)
Quantitative solubilization and analysis of
insoluble paired helical filaments from
Alzheimer disease. Brain Res. 717: 99-108.

Zimmerman G.A., Meistrell M 3rd. Bloom
0., Cockroft K.M., Bianchi M., Risucci D.,
Broome J., Farmer P., Cerami A., Vlassara H
et al, (1995) Neurotoxicity of advanced
glycation endproducts during focal stroke and
neuroprotective effects of aminoguanidine.

Proc. Natl. Acd. Sci. (USA) 92: 3744-3748.

Table 1. Effects of tyrosine kinase inhibitor, genestein, the Ras inhibitor, FPT II inhibitor and
p38 MAPK inhibitor, SB203580 on AGEs-induced NO release from C6 glioma cells. C6
glioma cells were pretreated with genestein (20 uM), FPT 11 (20 uM), or SB203580 (10 puM)
for 30 min. before the addition of 300 pg/ml BSA-AGEs and incubated for 24 h. The medium
was removed and analyzed for nitrite accumulation. Data represents means £ S.E.M. of three
independent experiments done in triplicate. *, p<0.05 as compare with those of AGEs alone.

N.A. + genestein | + FPTII inh. + SB203580
(20 M) (20 uM) (10 M)
Basal 7.10 0.07 | 7.48% 0.08 7.74% 0.15 7.82+ 045
+ AGEs (300 pg/ml) | 12.50% 0.71| 830 0.16* | 7.69F 0 19** 9.03+ 0.32%
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Fig.1. Concentration and time dependent
increase of nitrite accumulation caused by
BSA-AGEs in C6 glioma cells.
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Fig. 2. AGEs stimulated nitrite production
from C6 glioma cells can be inhibited by
anti-AGEs antibody I-NAME, actinomyein,
and cyclohexemide.
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Fig.3. Concentratlon and time dependent
increase of iNOS expression caused by
BSA-AGE:s in C6 glioma cells.

Fig.4. AGES activate p38 MAP kmase in
C6 glioma cells. C6 glioma cells were
incubated with 300ug/ml BSA-AGEs for
various time periods. Cells were lysed and
determined by immuno-complex kinase
assay with ATF-2 as substrate.
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activity was inhibited by SB203580 in C6
glioma cells.
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Flg 6 AGEs stimulated p38 MAP kinase
activity was inhibited by genestein, and FPT
II inhibitor in C6 glioma cells.



