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Nonenzymatic glycation results in the formation of advanced glycation end products
(AGEs) through a nonenzymatic multistep reaction of reducing sugars with proteins.
AGEs have been suspected to be involved in the pathogenesis of several chronic
clinical neurodegenerative complications including Alzheimer’s disease, which is
characterized with the activation of microglial cells in neuritic plaques. To find out
the consequence of this activation on microglial cells, we treated the cultured
microglial cells with different glycation levels of Bovine Serum Albumin (BSA) which
were prepared in vitro. Extent of glycation of protein has been characterized during
16 weeks of incubation with glucose. Treatment of microglial cells with various levels
of glycated albumin induced nitric oxide (NO) production and consequently cell
death. We also tried to find out the mode of death in AGE-activated microglial cells.
Altogether, our results suggest that AGE treatment causes microglia to undergo
NO-mediated apoptotic and necrotic cell death in short term and long term, respec-
tively. NO production is a consequence of iNOS expression in a JNK dependent
RAGE signalling after activation of RAGE by AGE-BSA.
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The high level of blood sugar in diabetic patients (hyper-
glycemia) increases the rate of nonenzymatic glycation
of proteins (1), which also occurs in normal individuals
but at very lower rate (2). Nonenzymatic glycation is a
process by which reducing sugars react with free amino
groups in proteins through a series of reactions known
as the Millard reaction. In this process, a Schiff base is
formed between an amine group of a residue (e.g. Lys or
Arg) in the protein and the carbonyl group of a reducing
sugar. This step is followed by Amadori rearrangement
to give dicarbonyl compounds or the early glycation
products. The next step includes the formation of numer-
ous intermediary products among which some are very
reactive. Most recently the formation of molten globule-
like state has been reported during progression of
glycation reaction in vitro (3). The final step consists of
crosslink formation between products in which hetero-
geneous structures called advanced glycation end pro-
ducts (AGE) are formed (4). There is increasing evidence
that AGEs contribute to development of Alzheimer’s
disease (AD) and some other neuropathies in diabetics
(5-8). Accordingly, many studies have demonstrated that
the incidence and severity of AD are increased in
individuals subjected with diabetes (8, 9). AGE-proteins
are recognized by receptor of AGE (RAGE) on microglial
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cells and this binding induces microglial activation via
RAGE-signalling pathway (10). AGE-proteins can cause
apoptotic cell death in some cell types (11, 12), and they
may also induce microglial apoptosis (13, 14). Microglial
apoptosis, has been implicated in several inflammatory
disorders of the central nervous system (CNS) including
AD (15, 16), and multiple sclerosis (MS) (17). The rela-
tionship between AGE-protein induced activation and
apoptosis of microglial cells, however, has not yet been
clearly elucidated.

In this study, we propose that treatment of AGE-
proteins on microglial cells induces microglial cell death
in a RAGE -involved process. Microglial cells were
treated with different glycation levels of Bovine Serum
Albumin (BSA) (early glycated BSA to advance glycated
BSA) which were prepared in vitro. A significant corre-
lation between extent of glycation and the level of
activation of microglial cells was observed. Furthermore,
here we report that the levels of nitric oxide (NO)
production correlates with cell death in accordance with
the level of glycation. NO production is a consequence of
iNOS expression in a JNK dependent RAGE signalling
after activation of RAGE by AGE-BSA.

MATERIALS AND METHODS

Materials—Newborn rats (Wistar strain) were
obtained from animal house of the university. The
Dulbecco’s Modified Eagle medium (DMEM) and fetal
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calf serum (FCS) from Gibco Life Technology, antibodies
specific for the iNOS and tubulin from Abcam
(Cambridge Science Park, UK), Specific JNK inhibitor
SP600125 from Alexis Biochemical and NaNOs; from
Merck were purchased. Annexin V/propidium iodide (PI)
staining Vybrant™ apoptosis assay kit was from
Molecular Probes, Inc. Other chemicals used in this
study were obtained from Sigma Chemical Company
(St Louis, MO).

Cloning of sRAGE—The following primers were
designed based on nucleotide sequence of human RAGE
(Accession No. AB036432) and were used to clone
SRAGE: forward (5-TAA GAA TTC GCT CAA AAC
ATC ACA GCC CG-3) and reverse primers (5-TAA
CTC GAG TCA TTC GAT GCT GAT GCT GAC-3).
sRAGE was cloned between EcoRI and Xhol sites in
pcDNAS.1vector containing Ig k-chain leader sequence as
a secretory signal.

Preparation of Glycated BSA—Glycated BSA was
prepared and characterized as described previously
(7, 18, 19). In brief, BSA (0.75mM) was reacted with
D-glucose (50 mM) in 0.1 M phosphate buffer (pH 7.4) by
incubation under sterile conditions at 37°C in the dark.
To prevent bacterial contamination, 0.02% (w/v) NaNj
was added to the solution and it was filtered through low
protein binding filter (Millex.® -GV 0.22.um filter unit,
Millipore). After 0, 4, 8, 12 and 16 weeks, aliquots were
taken from BSA-Glucose solution and were extensively
dialyzed against autoclaved PBS at 4°C to remove
unreacted glucose. The extent of glycation of BSA after
each period of incubation was determined by measuring
AGE associated fluorescence property as described else-
where (20). Exciting at 370nm, AGE-related auto-
fluorescence of samples (0.15mg/ml) was monitored in
emission wavelength range of 400-500nm. The spectra
were corrected with appropriate protein and buffer
blanks.

The amount of glycation was estimated using the
2,4 6-trinitrobenzenesulfonic acid (TNBS) assay (21).
TNBS reacts specifically with free lysines and NH,
terminal amino acid residues to form trinitrophenyl
derivatives. The relative reduction of absorbance of
glycated BSA compared with unmodified BSA is a
linear function of the concentration of trinitrophenyl
derivatives. Briefly 200pul of samples (in which BSA
concentration was 1 mg/ml) was mixed with 200 pl of 4%
NaHCOj3, pH 8.4 and 200ul of 5% TNBS in DMF. The
mixture was incubated for 30 min at 52°C. Samples were
cooled and optical density measured at 340nm. The
degree of glycation was calculated from the reduction
of absorbance compared with unmodified BSA, and free
amine content calculated using p-Glycine as a standard.

Isolation and Culture of Microglial Cells—Primary
cultures of microglia from neocortex of newborn rats
(Wistar strain) were prepared from mixed glial cultures
according to the procedure of Giulian and Baker with
some modifications (22). Briefly, meninges were removed
and brain cortex tissue was minced in nutrient medium.
Then cells were dissociated by triturating with fire-
polished Pasteur pipettes to obtain a cell suspension. The
cell suspension was plated at density of 5 x 10* cells/cm?
into 25cm? tissue culture flask (Nunc) in Dulbecco’s
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Modified Eagle’s Medium (DMEM), and 10% FCS at
37°C with 5% COg. Cells were fed every 4 days with
a half change of the medium. After 2 weeks, cultures
contained glial cells including rounded microglial cells
mostly localized on the top of the astrocyte monolayer.
The loosely adherent microglial cells were recovered
by rigorously agitated for 30 min in an orbital shaker
at 150r.p.m. and 37°C (23). After centrifugation at
1,000 r.p.m. for 5 min, cells were cultured on 24 multiwell
plates (Nunc) in DMEM supplemented with 10% FCS.
After 15min non-adherent cells were discarded and
attached cells, mostly microglial, were harvested and
plated at a final density of 1 x 10° cells/ml on 24 multi-
well plates (Nunc) like previous step.

Cell Treatment—Before treatment, cells were sub-
cultured on 24 multiwell plates at a density of
1x10%cells/ml in 10% FCS supplemented DMEM
medium for 48h, to enter the ramified phase in a semi-
confluent culture. The culture medium replaced with
medium in which composes of 10% BSA at different
range of weeks (0, 4, 8, 12 and 16), instead of the 10%
FCS. Also two experimental groups; with and without
L-NG-monomethyl-L-arginine (L.-NMMA) were prepared.
Then treated cells incubated for 6, 12, 24h and MTT
assay method was performed to evaluate the viability
of cells (24). In brief, the medium was replaced with
3-[4,5-dimethylthiazole-2-yl]-2,5-phenyltetrazolium bro-
mide (MTT, 0.5mg/ml) and incubated at 37°C for 4h.
After centrifugation at 1,000g, 100 ul supernatant were
carefully removed and 100pul DMSO was added to
solubilize formazan crystals. The absorbance was mea-
sured at 540nm using an EIA Multiscan MS microplate
reader. At the same time, the microglial cells without
treatment were analysed as control. To ensure the
reproducibility of the results each assay was repeated
three times.

Assessment of NO Synthesis—The production of NO by
microglia was assessed through measuring nitrite in the
supernatant of cultured cells. In brief, 100 ul of super-
natant from each treatment was transferred to a 96-well
flat-bottom microtiter plate and well mixed with equal
volume of Griess reagent composed of 50 ul of sulfanil-
amide solution (1%) and 50ul of 0.1% N-(1-NaphtyD-
ethylen-diamindihydrochloride (NEDA) solution, both in
2% phosphoric acid at room temperature for 10 min. The
absorbance values at 550 nm were measured on an EIA
Multiscan MS microplate reader. Fresh culture medium
served as blank and NaNO, in a concentration range
from 0 to 50mM was used to construct standard curve
(25). To assess the effect of NO production on microglial
cells, they were treated with glycated BSA samples in
the absence or presence of 200 pg/ul L-NMMA.

Characterization of the Mode of Death for Treated
Microglia—The patterns of apoptosis and necrosis after
cell treatment were assessed using acridine orange-
ethidium bromide differential staining. A cell suspension
of microglial cells (100 ul) which were under treatment
for 6, 12 and 24h, mixed with 10pul of acridine orange
(I mg/-ethidium bromide (250mg/l) solution and cells
were analysed using a fluorescence microscope with
470nm filter (Zeiss, Axioplan 2). For each sample, at
least 200 cells were counted in different high-power
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fields and the percentage of apoptotic and necrotic cells
was calculated. While viable cells excluded ethidium
bromide, acridine orange is intercalated into DNA,
permitting assessment for nuclear chromatin condensa-
tion, margination and aggregation. Nuclei with chroma-
tin aggregates were designated apoptotic. As cells were
being counted, they were categorized into one of four
groups: viable cell with uniform green fluorescent nuclei
(V); Eerly apoptotic cells, which were viable but with
condensed chromatin (EA); apoptotic cells, which were
nonviable with an apoptotic nucleus (A); and necrotic
cells, which were nonviable but contained a normal
nucleus (N) (26-28). To ensure that significant under- or
over-estimation of cell death was not occurring, the
percentage of apoptotic and necrotic cells were deter-
mined by analyzing phosphatidylserine (PtdSer) exter-
nalization and membrane integrity by double staining
with Annexin V and PI using flow cytometry as previ-
ously described (29, 30) with a commercially available
staining kit. Briefly, cells were harvested after the incu-
bation and washed with cold PBS following with centri-
fugation at 900g for 10 min. The pellet was resuspended
in annexin binding buffer to prepare a cell density of
1 x 10° cell/ml. Then 5pl of Alexa Fluor 488 Annexin V
and 1pl of the 100pug/ml PI solutions were added to
100 pl of cell suspension and incubated for 15 min. After
incubation, 400 ul of annexin binding buffer was added
and samples were kept on ice in dark. The treated cells
were analysed by flow cytometry (Partec PAS-DAKO);
measuring the fluorescence emission at 530 nm (e.g. FL1)
and 600nm (e.g. FL2). PI is impermeable to live cells
and apoptotic cells, but stains necrotic cells with red
fluorescence, binding tightly to the nucleic acids in the
cell. After staining, apoptotic cells show green fluore-
scence, dead cells show red and green fluorescence and
living cells show little or no fluorescence.

Treatment of Microglial Cells with sRAGE and JNK
Inhibitor—To investigate the relation between AGE
induced activation of microglial cells and production of
NO, microglial cells were treated with AGE-BSA in the
presence or absence of SRAGE. sRAGE is a soluble form
of RAGE which acts as a decoy receptor and has been
shown to prevent AGR-RAGE interaction and inhibit
RAGE signalling (31-33). sRAGE was expressed in
293T HEK cells and administered to microglial cells in
conditioned DMEM medium. For this reason, 293T HEK
cells were transfected with SRAGE vector. Conditioned
DMEM medium containing secreted sRAGE was col-
lected after 3 days, and used for the microglial cell
culture. The conditioned medium of 293T cells which had
not been transfected, were used as a control. Microglial
cells cultured in conditioned medium were treated with
different glycation levels of BSA (AGE-BSA: 0, 4, 8, 12,
16) in the presence and absence of SRAGE for 24 h. Cell
lysates were used for western blotting using anti-iNOS
antibody (Abcam 1:1,000). To investigate if JNK is
involved in RAGE signalling, AGE-induced microglia
were treated with 20uM SP600125, an inhibitor of
JNK in dimethyl sulfoxide (DMSO), and after 24 h their
lysates were used for western blotting. Comparable
amount of protein were loaded for both of control
and test samples, which has been documented using
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anti-tubulin antibody. The densities of ~130kDa bands
(for iNOS and tubulin, respectively) were determined
using ImagedJ software (released by NIH).

RESULTS

Preparation and Characterization of Glycated BSA—
Autofluorescence is classically used to estimate the level
of AGE formation (19). Fluorescence properties of the
BSA molecules incubated with glucose were assessed
to estimate AGE formation. Fluorescence studies over
a 16-weeks incubation of BSA with glucose revealed an
increase in the fluorescence intensity at 370/440nm
(Aex/Aem). No increase in the intensity of autofluorescence
was observed for control BSA solutions without glucose.
Figure 1A shows fluorescence emission spectra in the
range of 400-550nm which have been presented in an
ascending order of incubation time. The fluorescence
intensity at maximum emission wavelength against
weeks of incubation (inset to Fig. 1A) presents saturable
nature and therefore site specificity of glycation of BSA.
Succeeding spectra also show bathochromic effect along
with the incubation weeks at almost 20 nm. These results
reveal that our preparations contained a range of
glycated BSA from low to high glycated BSA.

The amount of glycated amines was estimated by the
TNBS assay. TNBS reacts specifically with free lysines.
The relative reduction in absorbance of glycated BSA
compared with unmodified BSA is a linear function of
the concentration of trinitrophenyl derivatives. The free
amine content decreased significantly from 8.84 to
4.6 mM after treatment with glucose during 16 weeks
(Fig. 1B). Therefore, modification ratios of the lysine
residues are deduced at 0% (corresponding to 8.84 mM
free amine content), 20-30% (corresponding to 6—7mM
free amine content) and 40-50% (corresponding to
4-5mM free amine content) for unmodified (control)
BSA, early glycated BSA and advance glycated BSA,
respectively.

Cell Viability—The total amount of cell death
increased with the increment of the glycation level as
assessed by MTT assay (Fig. 2). The viability of treated
cells with AGE-BSA: 4 (BSA which is glycated for
4 weeks) was about 55% while cells treated with AGE—
BSA: 16 (BSA which is glycated for 16 weeks) showed a
massive cell death with cell viability reduced up to about
15%. The total amount of death for those cells treated in
the presence of L.-NMMA was significantly less than that
induced to die by equivalent samples in the absence of
L-NMMA. The inhibition of NO production in microglia
was accompanied by a 2-fold increase in the number of
viable cells. Cells treated with control; non-glycated BSA
or AGE-BSA: 0, lived normally. For all treatments the
cell viability decreased with longer treatment periods.
To exclude the possible involvement of ROS generated
from Amadori adducts microglial cells have also been
treated with reduced glycated BSA. There were no
significant differences in viability of treated cells with
AGE-BSA: 16 and reduced-AGE-BSA: 16 (Supplemen-
tary Fig. S1).

Assessment of the NO Synthesis—Microglial cells were
obtained as 95% pure culture and were treated with the
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Fig. 1. (A) Glycation time effect on AGE related fluore-
scence: spectrums were obtained in the wavelength
range of 400-500nm after excitation at 370 nm. Protein
concentration was used at 150 pg/ml. Inset to figure presents
fluorescence intensity at maximum emission wavelength against
weeks of incubation. During the same incubation time, auto-
fluorescence intensity for control samples remained almost
without change. Each spectrum belongs to a BSA solutions
which was exposed for glycation for 0, 4, 6, 8, 12 and 16 weeks
(AGE-BSA: 0, AGE-BSA: 4, etc.), respectively. (B) The amount
of glycation was estimated using TNBS assay. The concentration
of free amines (millimoles/liter) was calculated based on optical
density of samples at 340nm. The treadlines for the change in
the concentration of free amines is shown. The dashed line and
open circles indicate the control samples in the absence of
glucose, and the continuous line and black circles indicate the
free amines in samples incubated with glucose.
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Fig. 2. The effect of glycation level on cell viability; the
effect of NOS inhibitor, .-NMMA has been presented. Cells
at 1 x 10%/well in 24-well plates were treated with control or the
indicated AGE-BSA for 6h (open square), 12h (cross hatched
square) and 24 h (closed square), in the absence (—) or presence
of L-NMMA (+). Percentage of cell viability was determined by
MTT assay. [means +SEM for three replications; *P <0.01 com-
pared to treatment with unglycated BSA (week 0), **P <0.01
compared to treatments in the absence of L-NMMA].
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Fig. 3. Effect glycation level of BSA on production of NO
in microglial cell culture: cells at 1 x 10%well in 24-well
plates were treated with AGE-BSA at different levels of
glycation for 6h (closed squares), 12h (cross hatched
square) and 24h (open squares), in the absence (—) or
presence of L-NMMA (+). Culture media was removed and
secreted NO was determined by measuring nitrite accumulation
in the medium using Griess reagent. [means+SEM for three
replications; *P <0.01 compared to treatment with unglycated
BSA (week 0), **P <0.01 compared to treatments in the absence
of L-NMMA].

glycated BSA samples in the absence or presence
of L-NMMA. Treated cells secreted NO, in response
to treatment with glycated proteins. NO production
increased as a function of glycation extent which was
controlled through incubation time (in weeks). In addi-
tion, the concentration of secreted NO increased with
lengthened cell treatment period (Fig. 3). In the absence
of L-NMMA, glycated BSA samples in the range of
AGE-BSA: 0 to AGE-BSA: 16, induced the production of
substantial amounts of NO, but lower amounts of NO
were produced from equivalent samples in the presence
of L-NMMA. The inhibition of inducible NO synthase
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Fig. 4. Distribution of viable (filled square), apoptotic
(cross hatched square) and necrotic (open square) rat
microglia treated with AGE-BSA: 16 for 6, 12 and 24h in
the absence (—) and presence (+) of L-NMMA was assessed
using acridine orange-ethidium bromide differential

(iNOS) by 200pg/ul L-NMMA resulted in about 75%
reduction in NO synthesis. The NO production in those
cells treated with control (AGE-BSA: 0) was negligible.
No significant differences in NO synthesis were observed
between cells treated with AGE-BSA: 16 and reduced-
AGE-BSA: 16 (Supplementary Fig. S2).

Acridine  Orange-ethidium  Bromide  Differential
Staining—Acridine orange is a cell-permeable dye that
is being intercalated in DNA and results in a green
colour appearance. Ethidium bromide enters cells with
disrupted membrane integrity bind to RNA and double-
stranded DNA to result in an orange appearance.
Thus, differential uptake and binding of these dyes can
determine early and late stages of apoptosis and necrosis
(28, 34). The photomicrographs of the acridine orange-
ethidium bromide differential staining of the microglia
after treatment with highly glycated BSA (AGE-BSA:
16) in the presence and absence of NOS inhibitor;
L-NMMA for three different lengths of time (Supplemen-
tary Fig. S3) were analysed. The percentage of apoptotic,
necrotic and viable cells after treatment with three levels
of protein glycation; nonglycated- (AGE-BSA: 0), moder-
ately-glycated- (AGE-BSA: 8) and highly-glycated-BSA
(AGE-BSA: 16) for 6, 12 and 24 h are presented in Fig. 4.
As expected, increase in percentage of apoptotic cells was
observed with progression in inductive protein glycation.
In agreement with NO production (Fig. 3), apoptosis
induction was significantly lower for the cells which were
not treated in comparison with treated cells. Experi-
ments were performed three times and each point repre-
sents the mean of three assays. Reduction of AGE-BSA
with 1mM NaCNBH; did not have significant effect on
the ability of AGE-BSA to induce apoptosis in microglial
cells (Supplementary Figs S4 and S5).

Annexin V PI Staining—The PtdSer is normally local-
ized in the inner leaflet but undergoes transbilayer
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staining method. Cells were under treatment with appropriate
AGE-BSA which were mixed with acridine orange-ethidium
bromide solution and were analyzed using a fluorescence micro-
scope with filter for 470 nm. (For details see MATERIAL AND
METHODS).

movement during apoptosis and becomes exposed on the
cell surface (35, 36). Using Annexin V PI staining, it is
possible to determine the index of cell apoptosis. Repre-
sentative results of flowcytometry analysis for treatment
of microglial cells with glycated BSA for 6 and 24h
are shown in Fig. 5. These data show that incubation
of microglial cells with glycated BSA can decrease the
viable population while the percentages of both apoptotic
cells (PI —ve/Alexa +ve, lower right quadrant) and
necrotic cells (PI +ve/Alexa +ve, upper right quadrant)
were significantly increased by treatment with AGE-
BSA samples. Furthermore, our complementary tests
indicate that blocking NO production via administration
of the arginine analog, .-NMMA, decreases the level of
apoptosis in AGE-BSA treated samples (data are not
shown). Prolonged treatment of the cells with the same
level of glycated proteins from 6 to 24h apparently
resulted in decrease of the apoptotic cell percentage from
43.14 to 10.42 and concurrently increased necrotic cell
percentage form 38.8 to 77.3. These observations show
that microglial death quantified by Anexin V binding
method correlates with the data from acridine orange/
ethidium bromide labelling.

Effect of AGE-BSA on iNOS Expression—To investi-
gate if raise in NO production after treatment with AGEs
is due to change in the expression level of iINOS, the
expression of iNOS in microglial cells after treatment
with AGE-BSA was analysed by western blot. Microglial
cells were treated with different glycation levels of BSA in
the presence or absence of SRAGE. The expression level
of iNOS in microglial cells was increased, by increase in
the glycation level of BSA (Fig. 6A). However, no signif-
icant change was observed in the presence of sRAGE
(Fig. 6B). This result indicates that increase in the level of
iNOS and subsequently NO is mainly due to activation
of RAGE signalling after treatment with AGEs.
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Fig. 5. Dot-plots of PI versus Annexin V staining followed
by flowcytometry analyses for microglia at density of
1 x 10° cell/ml, based on AGE-induced externalization of
phosphatidylserin. Controls are microglial cells without treat-
ment; AGE-BSA: 0 represents microglial cells treated with

JNK links AGE/RAGE to iNOS—It has been shown
that Cdc42 and Racl are activated by RAGE which in
turn results in activation of JNK (c-Jun NHs-terminal
kinase) signalling (37-41). JNK translocates to the
nucleus where it can regulate the activity of multiple

Anexin

non-glycated BSA for 6 or 24h; AGE-BSA: 8 represents
microglial cells treated with 8-weeks glycated BSA for 6 or 24h
and so on for others. The percentage of apoptotic and necrotic
cells are presented and quantified in lower right and upper right
quadrants, respectively.

transcription factors which may involve in regulation
of iNOS expression. To investigate if JNK can mediate
AGE/RAGE signalling to iNOS expression, AGE-induced
microglia were treated with JNK inhibitor, SP600125.
Pharmacological inactivation of JNK resulted in
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Fig. 6. Western blot of iNOS protein expression in micro-
glial cells. Microglial cells were incubated with different
glycated level of BSA in the absence (A) or the presence (B) of
SRAGE for 24h. To investigate if JNK is involved in pathway
which link AGE/RAGE to iNOS expression, AGE-induced micro-
glia were treated with DMSO (control) or 20 uM SP600125 (SP)

a reduction of iNOS level in AGE-stimulated microglia to
those detected in their respective controls (Fig. 6C),
suggesting that JNK activity is required for AGE/RAGE
to up-regulate iNOS expression in microglia.

DISCUSSION

Under hyperglycemic conditions in diabetes, protein
glycation and AGE formation increase. It has been
shown that these AGE-proteins involve in development
of many neuropathies, and patients with higher AGE-
proteins are under higher risk of AD (5-8, 42). However,
it is unclear to date how the development of AD is
related to glycated proteins. One of the primary cells
which are damaged and lost in early stages of AD are
microglial cells (15, 43-45). It has been shown that in AD
patient microglial cells first undergo an induction and
activation process and then are eliminated by apoptosis
(15, 16). To find the link between glycated proteins
and AD, we investigated the effect of glycated BSA on
apoptosis of microglial cells. We treated microglial cells
with different levels of in vitro prepared glycated BSA
(from low to high glycated products; most probably
corresponding with early to advance glycated products)
at mild concentration of glycating sugar. These products
were evaluated through their AGE-related autofluore-
scence and determination of free amine content (Fig. 1).
A significant increase in activation and death of micro-
glial cells was observed along with the increase in the
glycation level of BSA (Fig. 2). This treatment also trig-
gered the production of NO in microglia upon increasing
the expression level of iNOS (Figs 3 and 6). It has been
proposed that NO can cause apoptosis in microglial cells,
probably due to oxidative stress and DNA damage and
also release of cytochrome ¢, from the mitochondrial
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(an inhibitor of JNK) (C). The expression of iNOS in microglial
cell lysates was analysed by western blot using anti-iNOS
antibody. An anti-tubulin antibody was used to confirm that
comparable amounts of protein were loaded. The intensity of
protein bands was determined by NIH Imaged software, and has
appended by the figure.

intermembrane space into the cytoplasm and conse-
quently caspase activation (46). However, higher
amounts of NO lead to necrotic cell death after making
extreme cellular damage such as disrupting ion gradi-
ents, swelling the cell, rupturing the plasma membrane
and NADH and ATP depletion (46-49). Therefore we
investigated in parallel the effects of AGE-BSA on
activation of microglial cells, NO secretion and the
mode of cell death. When the viability and NO produc-
tion were evaluated at different time points after AGE—
BSA treatment, it was revealed that NO production is
followed by cell death. A significant NO production was
observed to be occurred after AGE-BSA treatment for
exceeded incubation time from 12h, while no significant
decrease in cell viability was observed before this period.
The release of NO accompanied by transformation of
the microglial cells from rest to activated state and
proceeded to cell death which occurred later. Highly
glycated BSA induced more NO secretion (Fig. 3), and
this was correlated with a significant increase in cell
mortality. The observation that .-NMMA increases the
viability of microglial cells (Fig. 2), suggests that a
NO-mediated mechanism is involved in microglial cell
death.

We next sought to determine whether the decrease in
viability of microglial cells is due to apoptosis or other
modes of cell death. The predominant mode of the
microglial cell death after short-term treatment with
AGEs was investigated to be apoptosis while in a long-
term exposure, microglial cells start to undergo necrosis
(Figs 4 and 5), most probably due to NO-inhibition of
cytochrome ¢ oxidase and NADH-Ubiquinone oxidor-
reductase in respiratory chain (50). However, evidence
suggests that the two modes of cell death may not be as
distinct as once thought and that apoptosis may, in some
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systems, be followed by necrosis (51, 52). The maximal
PtdSer externalization was corroborated by morpholog-
ical changes in nuclei at around 12h after AGE
administration which was followed by cell necrosis at
around 24 h.

The percentage of microglial apoptosis increases with
the increase in the glycation level and NO production.
Furthermore, inhibition of iNOS by L-NMMA signifi-
cantly blocked apoptosis of activated microglial cells,
indicating that production of NO is responsible for
apoptosis of the activated microglial cells. These results
further support the role of NO in AGE-induced apoptosis
of microglial cells. Several studies have been shown that
NO induces apoptosis in microglia (53) and other cell
types such as vascular smooth muscle cells (VSMCs) (54),
macrophages (55), pancreatic islet (56), thymocytes (57)
and neurons (58). Although it has been reported that low
concentrations of NO exert an anti-apoptotic action in
endothelial cells (59-61), hepatocytes (62) and thropho-
blasts (63), there are reports dealing with apoptotic effect
of lower against higher amounts of NO on microglia (64).
Therefore, it seems that the consequence of NO exposure
on cells depends on cell type and the level of NO
exposure.

Molecular mechanism which underlies the NO prod-
uction after treatment with AGE-BSA is not fully
understood yet. There is a report showing that Ras-
MEK/ERK-NF-kB signalling pathway is involved in
up-regulion of iNOS in microglial cells after activation
of RAGE by AGE-Albumin. (65). However, we have indi-
cations that RAGE signalling via JNK pathway is
involved in this process. We found that at concentrations
which are likely to be attained in the brain extracellular
compartment, AGEs up-regulates the expression of the
iNOS in microglia (Fig. 6A) and the interaction of
AGE-BSA with RAGE is necessary for up-regulation of
iNOS and subsequently NO production (Fig. 6B). More-
over, results shown in Fig 6C indicate that induction
of iNOS expression by AGE/RAGE in microglia, most
probably is a JNK-dependent process. In the absence of
JNK activity, the iNOS expression remains at the level
comparable with non-induced (treated with AGE: 0) or
competed binding (treated with sRAGE), even if micro-
glial cells are highly stimulated with AGEs (Fig. 6C). The
small GTPases, Cdc42 and Racl, seem to play role in this
pathway by activating JNK (37). JNK translocates to the
nucleus where it can regulate the activity of multiple
transcription factors which may involve in regulation
of iNOS expression. Collectively, the data provided here
put together with the results obtained by other groups
(37, 41, 64) suggest that JNK activation by Cdc42/Racl is
involved in up-regulation of iNOS in microglia through
RAGE activation by AGE proteins (Fig. 7).

Altogether, our studies strongly suggest that AGE
treatment causes microglia to undergo NO-mediated
apoptosis in short-term exposure of cells and necrosis
in longer exposure of cells to NO. The increase in NO
production is a result of increase in expression level
of iNOS, as a result of activation of JNK signalling.
However, still it needs to investigate the pathologic mode
of microglial cell death in vivo and diabetic patients’
tissue.

M.R. Khazaei et al.

Fig. 7. Schematic representation of the proposed mecha-
nism of AGE/RAGE-dependent up-regulation of iNOS
expression in microglial cells. AGE-proteins bind to RAGE
and activate it. The Cdc42/Racl pathway presented to be acti-
vated by AGE/RAGE which leads to JNK activation. Activated
JNK translocates into the nucleus and activates transcription
factors like Jun which stimulates iNOS expression.

Supplementary data are available at JB Online.
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