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Metabolism-induced oxidative stress is a mediator of glucose toxicity
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Abstract

Oxidative stress has been widely considered as a key player in the adverse effects of hyperglycaemia to various tissues,
including neuronal cells. This study examined the participation of oxidative stress in injurious effects of high glucose on
HT22 cells along with the activity of proteasome, a proteolytic system responsible for degradation of oxidized proteins.
Although 10-fold glucose concentration caused non-significant viability changes, a significant reduction of cell proliferation
was found. Moreover, the cell morphology was also altered. These changes were followed by an enhancement of intracellular
ROS generation, however without any significant boost of the carbonyl group concentration in proteins. Correspondingly,
only a slight decline in the 20S proteasome activity was found in high-glucose-treated cells. On the other hand, substances
affecting glucose metabolism or antioxidants partially preserved the oxidative stress in high glucose treated cells. In
summary, these results highlight the role of metabolic oxidative stress in hyperglycaemia affecting neurons.
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Introduction effects of hyperglycaemia associated with impairment
of cognitive performance [11-13] and changes in
glutamate neurotransmission [14].

A high production rate of reactive oxygen species
(ROS) in chronic hyperglycaemia is one of the major
mediators of neuronal complications in diabetes mel-
litus [15,16]. Several markers of oxidative stress were

shown to be elevated in neurons during diabetes

Besides the retina, kidney and vascular tissue, neuronal
tissue is one of the major targets of diabetic complica-
tions caused by chronically elevated glucose level [1].
The peripheral neuropathies [2,3] represent the most
common diabetic complication triggered by the injur-
ious effect of hyperglycaemia on neuronal cells. How-
ever, broad evidence suggests that the central nervous

system is also susceptible to long-term complications
associated with diabetes [4,5]. Diabetic encephalopa-
thy is a pathology triggered by diabetes associated with
morphological and functional alterations in the brain
[6-10]. The central complications of hyperglycaemia
also include the potentiation of neuronal damage
following hypoxic/ischemic events, including stroke
[4]. In diabetic animals, deficits in cognitive perfor-
mance may be explained in part by the neurotoxic

[16,17]. The hippocampus is particularly sensitive to
oxidative stress induced by diabetes. Radioimmuno-
cytochemistry revealed that 4-hydroxynonenal (HNE)
protein conjugation, a marker of oxidative stress, is
increased in all sub-regions of the hippocampus of rats
suffering streptozotocin-induced diabetes [9]. Addi-
tionally, in the hippocampi of streptozotocin-treated
rats, not only a strong increase in ROS is observed but
also a persistent activation of NFxB [18]. Grillo et al.
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[19] demonstrated that increases in oxidative stress
observed in the hippocampus following hyperglycae-
mia may result from modulation of anti-oxidant
systems, such as superoxide dismutase. Multiple
biochemical pathways and mechanisms of action for
glucose toxicity have been suggested [1]. All these
pathways have in common the formation of reactive
oxygen species, which in excess and over time can
cause chronic oxidative stress. In addition, hypergly-
caemia was found to cause protein glycation, which in
turn might trigger oxidative stress that can contribute
to further protein modification by oxidation [20,21].
Interestingly, a significant increase in protein carbonyls
and HNE-protein conjugation of GLUT?3 was demon-
strated in hippocampi of diabetic animals [22].

In our study, we further highlighted the role of
metabolic-activation-induced free-radical production
and the contribution of non-enzymatic glycoxidation
to the overall oxidant production in high-glucose-
treated hippocampal neurons.

Materials and methods
Materials

Sigma provided anti-DNP antibodies (polyclonal
rabbit). Proteasome antibodies were purchased from
Biomol (Germany) (polyclonal specific for 20S
sub-units). Jackson ImmunoResearch (Germany)
supplied goat anti-mouse-FITC-labelled and goat
anti-rabbit-TRITC-labelled antibodies. Cosmo Bio
Co., Ltd (Japan) supplied anti AGE-antibodies.
(+)-8-methoxy-1,3,4,4a,5,9b-hexahydro-pyrido[4,3
-blindole-2-carboxylic acid ethyl ester (AO) was
synthesized at the Institute of Experimental Pharma-
cology SAS (Bratislava, Slovak Republic) [23,24]. All
other chemicals were purchased from Sigma, Merck
or Calbiochem (Germany).

Cell culture

HT22 cells (mouse hippocampal neurons) were
cultured at 37°C in a 5% CO, atmosphere using
uncoated T-75 Falcons or poly-L-lysine-coated Petri
dishes (for fluorescence microscopy). Commercial
high glucose DMEM cell medium, containing 10%
heat-inactivated foetal bovine calf serum (FBS), 1%
penicillin/streptomycin, 1% glutamine and additional
0.35% glucose was used as normal glucose (ING).
The high-glucose treated HT22 cells (HG) were
exposed to a 10-fold amount of glucose for 48 h.
To study the effect of glycolysis inhibitors, the cells
were treated with high deoxyglucose (HAG, 3.5%)
medium and the HG cells were co-incubated with
citrate (Cit, 3 mmol/L) and antioxidant, i.e. (+)-8-
methoxy-1,3,4,4a,5,9b-hexahydro-pyrido[4,3-b]indole-
2-carboxylic acid ethyl ester (AO, 0.1 mmol/L).
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Viability and cell number measurements

Ten microlitres of cell suspension were added to 190
pL of trypan blue solution in PBS (0.1%) and
allowed to stand for 2 min at room temperature
[25]. The cells were counted in two chambers of the
haematocytometer. The viability was calculated as:
number of stained cells x 100/total number of cells
counted = percentage of stained cells in the sample.
Colourimetric assay for the quantification of cell
death, based on measurement of the activity of lactate
dehydrogenase (LDH) released from the cytosol of
damaged cells into the supernatant, was also used to
assess glucose cytotoxicity by using a kit (LDH;
Roche Applied Science, Indianapolis).

Apoptosis/necrosis detection

The apoptotic changes were assessed by modified
ethidium bromide and acridine orange (EtBr/AO)
staining assay [26]. Briefly, the cells were grown in
6-cm collagen-coated dishes. EtBr/AO dye mix (100
pg/mL EtBr and 100 pg/mL AO, 20 uL.) was added to
each dish at the end of incubation in NG and HG and
the cells were viewed under an Olympus BX-60
transmission fluorescence microscope running stan-
dard software. Each image was collected with excita-
tion at 488 nm, emission at 520 nm (green). Early
and late apoptotic cells were detected by their bright
green or orange nucleus with condensed or fragmen-
ted chromatin, whereas necrotic cells were detected
by their intact red nuclei and live cells had a green
nucleus.

Proteasomal activity measurements

A volume of 10 pl cell lysate was added to the
incubation buffer (450 mM Tris base; 90 mM KCl;
15 mM Mg-acetate; 15 mM MgCl, and dithiothreitol
was added before the experiment to the concentration
of 3 mM). The fluorogenic peptide suc-LLVY-MCA
and ATP were added to the final concentration of 0.16
and 4.16 mM, respectively, to determine the ATP-
dependent proteasomal activity. For determination of
the ATP-independent proteasomal activity, 0.1 mg/ml
hexokinase and 15 mM 2-deoxy-D-glucose were
added instead of the ATP. The mixture was incubated
for 30 min at 37°C. The activity was measured by
cleavage of suc-LLVY-MCA. The release of the
fluorochrome is directly proportional to the amount
of proteolytic activity. The fluorescence was measured
in a fluorimeter at an excitation wavelength of 390 and
390 nm for emission, using free MCA as standard.
Since suc-LLVY-MCA is a substrate for a variety of
proteases, control lysates were treated with 20 pM
lactacystin, a potent proteasome inhibitor. The activ-
ities of the lactacystin-treated samples were subtracted
from the respective samples showing total activity to
calculate the specific proteasomal activity.
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Intracellular ROS production

Cellular oxidant production in HT22 cells was
determined by using a method described by Giardina
and Inan [27]. The cells were seeded in 96-well
plates to a density of 4 x 10%*well and incubated with
15 pM H,DCF-DA (dichlorofluorescein-diacetate)
in buffer for 60 min at 37°C. H,DCF-DA is a
membrane-permeable compound which is hydro-
lysed by intracellular esterases resulting in formation
of non-fluorescent H,DCF (dichlorofluorescin). This
compound, when oxidized by oxidants or free radi-
cals, forms the fluorescent DCF (dichlorofluores-
cein) [28]. After H,DCF-DA loading, the cells were
washed with buffer and incubated in NG or HG with
or without the inhibitors tested. The fluorescence of
DCF was measured in a micro-plate reader fluori-
meter at an excitation wavelength of 485 nm and an
emission wavelength of 528 nm.

Determination of protein oxidation

Protein carbonyl measurement was performed as
described by Buss et al. [29] for the assessment of
protein oxidation. Samples of cell lysates were ad-
justed to 1 mg/ml protein, derivatized with 2,4-
dinitrophenylhydrazine and adsorbed to Maxisorb
multiwell plates (NUNC, Roskilde, Denmark). Pro-
tein carbonyls were detected using an anti-DNP
primary antibody and an anti-rabbit-IgG peroxidase
linked secondary antibody. O-Phenyl diamine was
used to develop the plate and the absorbance was
determined using a multi-well plate reader and a
detection wavelength of 492 nm.

Immunofluorescence microscopy

Detection of protein carbonyls was performed as
described previously with slight modifications
[30,31]. The cells were seeded in poly-L-lysine-
coated Petri dishes (50 000 cells per 3-cm dish). At
the end of the incubation time in NG or HG the cells
were immediately fixed for 10 min at — 20°C using
ethanol:ether (1:1) in order to remove cellular lipids.
Afterwards, the cells were incubated for 16 h at 4°C
with DNPH (300 mg DNPH per 100 ml of 96%
ethanol, acidified using 1.5% of pure sulphuric acid).
The primary DNP-adduct specific antibody was
applied as the primary antibody, followed by labelling
with the TRITC-labelled secondary antibody. For
detection of proteasome distribution, a specific anti-
body against the 20S proteasome was used as the
primary antibody and FITC-labelled goat anti-mouse
as the secondary antibody. In parallel experiments an
anti-AGEs monoclonal antibody (Cosmo Bio Co
Ltd, Japan) was applied as the primary antibody in
PBS containing 1% of foetal calf serum for 90 min at
4°C in a dilution of 2.5 pg/mL for detection of the
distribution of advanced glycation end products

(AGESs) following the fixation procedure. Afterwards,
the cells were stained using the secondary antibody
(FITC-labelled goat anti-mouse, diluted 1:100 in
washing buffer) for 90 min at 4°C.

In all experiments, after extensive washing, the
cells were investigated by using fluorescence micro-
scopy. The nuclei were stained using DAPI. Samples
were analysed using an Olympus BX-60 fluorescence
microscope. Images were imported into Adobe
Photoshop CS3 and Corel Paint Shop Pro Photo
X2 for evaluation of the fluorescence intensity.

Statistical analysts

Each experiment was performed at least three times.
Results are expressed as means value + standard error
of the mean (SEM). Statistical analysis was per-
formed using unpaired Student’s z-test using X-Plot
v. 2.81 and statistical significance is expressed as * or
# p<0.05 vs NG or HG group, respectively.

Results and discussion

Several studies point to neuronal cell death involve-
ment in diabetes [32]. Contrary to these findings, we
did not observe any significant viability reduction in
cells exposed up to 10-fold glucose concentration
(Table I). The cells incubated with HG displayed
generally green intact nuclei with a very low incidence
of nuclear fragmentations, suggesting prevalence of
viable cells. Likewise, HG treated cells showed
negligibly elevated LDH activity (110.2+1.9%
of control) and unaffected trypan blue viability

Table I. Quantification of viability, proliferation and morpholo-
gical changes of HT22 cells exposed to high glucose.

NG HG

LDH activity (% of control)® 100+1.7 110.2+1.0%
Total cell number (*10%)¢ 3.77+0.66 1.29+0.01%
Trypan blue viability (%)° 96.6+1.5  97.3+2.3
MTT reduction (% of control)® 100+6.4 23.7+0.9%#
Cell cross-section area (pixel®)* 2794+61 7551 +5367%#
Perimeter (pixel)” 22144 395 4 13###
Nuclear cross-section area (pixelz)f 1074 +28 1669 +1 187#
Cytosolic cross-section area 1721440 5882 i417###

(pixel®)®
Nucleus/total cell area (%) 38.44+0.6 22.1 iO.S#

Protein content (mg/10° cells) 0.11+0.01  0.18+0.01%

aCell viability was assessed by LDH release, ‘the trypan blue
exclusion test and ‘MTT reduction assay. “Cell number was
measured by counting. Results are the means+SEM of at least
three independent determinations, *p <0.05 ##p <0.01; vs normal
glucose. The results of the cellular cross-section areas ¢ ®and mean
cellular perimeter "were calculated from the number of pixels in the
selected areas by the program Adobe Photoshop CS3. The values
are the mean+SEM of at least 100 cells stained with ethidium
bromide/acridine orange, *p <0.05 *#p <0.01; vs NG. Images of
the cells stained by ethidium bromide/acridine orange were
captured at 48 h after incubation in NG and HG conditions using
fluorescent microscope (200 xmagnification).
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(Table I). On the other hand, HG caused a remark-
able diminution of cell proliferation and a suppres-
sion of formazan production. This is supported by
the available data reporting a reduction of cell
proliferation in the hippocampus (associated with
disorders of cognitive abilities) of diabetic animals
[33].

As further clearly shown in the fluorescent images,
the high glucose led to a notable enlargement of the
cells, which was also verified by the area and
perimeter (Figure 1A, Table I). Thus, HG treated
cells showed 2.7-fold increase of the cellular cross-
section area compared to the cells exposed to normal
glucose medium. Furthermore, the nuclear part was
enlarged to a lesser extent compared to cytosol (Table
I). Interestingly, a number of reports demonstrated
morphologic abnormalities of neocortical and hy-
pothalamic neurons in clinical studies and animal
models of diabetes [34]. Concerning hippocampal
tissue, reduction of the number of apical branch
points as well as of the total length of apical dendrites
of CA3 pyramidal neurons was shown in experimen-
tal diabetes [8]. These changes were ascribed to
processes of adaptation to environmental demands
termed as ‘allostatic load’, created by STZ-induced
diabetes. In correspondence with our findings, an
increased cell area of hippocampal astrocytes was
reported in animal models of diabetes [35,36]. These
changes were associated with an increase in the
number of cells positive for GFAP (glial fibrillary
acidic protein), the most common manifestation of
glial hyperactivity closely related to an oxidative and
hyperosmotic environment. Additionally, the pre-
sence of the polyol pathway in animal nerve and
A

HT22 Cell Viability B
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lenses and of sorbitol involved in the development of
neuropathy may contribute to cell enlargement
through osmotic processes [37,38]. In diabetic con-
ditions, the accumulation of non-diffusible sorbitol
creates a hyperosmotic state leading to cell swelling
and increased permeability to cations, sodium and
potassium. With regard to these reports, the cell
swelling in our HG model suggests that the intracel-
lular solute concentration could be still higher than
that in the extracellular environment, thus diminish-
ing the probability of a hypertonic effect of the
medium in HG cells.

Furthermore, mitosis was apparently lacking in
cells with increased dimension in HG treated culture.
Interestingly, a limited proliferation has been found in
mesangial cells exposed to high glucose, followed by
cell cycle arrest in the G; phase and persistent and
progressive hypertrophy through the mechanism in-
volving cyclin-dependent kinase inhibitors [39]. Cel-
lular hypertrophy has been associated with stimulated
protein synthesis, increases in extracellular matrix
and cellular enlargement by additional osmotic
changes [40,41]. Moreover, HNE, a peroxidation
product of omega-6-polyunsaturated fatty acids asso-
ciated with hyperglycaemia-induced oxidative stress
[9,22], was shown to induce cell cycle arrest of
growing yeast [42]. Its activity as a growth regulating
factor was demonstrated also in other cellular models
[43-45].

Further, cell swelling was shown to act like an
anabolic signal in the liver with respect to protein and
carbohydrate metabolism [46].

AGEs were proposed to play an important role
in secondary diabetic complications caused by

AGE Formation in HT22 Cells

400

Total AGEs
#
Mean Fluorescence
Intensity
#
NG HG NG HG

Figure 1. Cell morphology and AGE-formation in HT22 cells treated with high glucose. Images of the cells stained by ethidium bromide/
acridine orange were captured at 48 h after incubation in NG or HG medium using fluorescent microscope (200x) (A). In the HT22 cells
incubated in NG or HG medium AGE-modified proteins were stained and a quantitative analysis of immunofluorescence pictures was
performed (B, 400x ). The measured ‘Mean fluorescence intensity’ is shown and the calculated ‘“Total AGEs’. The “Total AGEs’ taking into
account the increased cell volume. For calculation procedure see the main text. Results are the means +SEM of at least 30 immunostained

cells, #p <0.05 vs NG. (NG =normal glucose, HG =high glucose).
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hyperglycaemia [20,21,47]. As apparent from Figure
1B, a small but significant increase of AGEs immu-
nostaining intensity was observed in the cells exposed
to 48-h hyperglycaemic conditions (‘mean fluores-
cence intensity’). On taking into account the ‘dilu-
tion’ of the fluorescence signal by the dramatic
swelling of the cells, the enhanced formation of
AGEs is clearly much more pronounced (“Total
AGEs’). In general, rapid cell hypertrophy may be a
cause of drop of the intracellular concentration of
immunolabelled proteins resulting in reduction of the
fluorescence intensity per square/pixel. When apply-
ing the quantitative equation for fluorescence radiant
flux (¢) to the cellular compartment (1)
P=k*{*P,*2,3%c*[*¢, (1)
where %k is the equipment constant, ¢, is the
fluorescence flux of the excitation light, ¢ is the
absorption, { fluorescence quantum yield, [/ is
the length of solution layer and c¢ is the concentration
of the fluorophore, the molarity ratio for fluorophores
conjugated to antibodies bound to antigen in high
and normal glucose cells (nyg and nng, respectively)
can be expressed as follows (2):

(nyg/nng) * 100%

= Via/lua) * (g / Vra) * (Puc/ Pna) * (Ung/{ua)

=~ Areayg/Areayg * (dug/Pnc) * (Ung/lnc)

(2)
where indexes HG and NG stand for high and
normal glucose cells, V' is the cellular volume and
area is the dimension of cross-section area. If
considering ({ng/{ug) =1, there was an increase of
AGEs content by 383.1+49.7% of control in HG
treated cells (Figure 1B). However, the less concen-
trated optical environment in swollen cells may lower
the ratio {ng/{mg<1, thus accounting for the
relatively high SEM of the result.

Few data report on protein oxidation in hippocam-
pal tissue due to high glucose conditions. Parihar
et al. [48] showed a significant increase in protein
carbonyls in the hippocampus of streptozotocin
diabetic mice. Using immunofluorescence, only mod-
erate rises in protein carbonyls could be seen in the
nucleus (Figure 2A and B, PC/IF). Furthermore,
when using equation (2) for quantitative analysis of
immunofluorescence pictures (Figure 2B, “Total PC/
IF’), an increase of protein carbonyls could be
demonstrated in the nuclear and cytosolic compart-
ment. In analogy, in our high-glucose model, the
protein carbonyl amount per milligram of total
cellular proteins of HG cells, as measured by ELISA
(Figure 2B, PC/ELISA), was similar to that of control
cells (Figure 2C). The increased protein synthesis (as
proved by the rise of total proteins, Table I) could
however ‘dilute’ the accumulation of protein carbo-
nyls. Hence, we expressed the protein carbonyls per
protein content in normal glucose cells yielding the

increase of absolute mass of oxidized proteins to
190.6+9.92% in the cells exposed to HG (Figure
2B, ‘Total PC/ELISA’). Yet again, the discrepancy
with respect to the immunofluorescence result may
be associated with the variation of {yg/{ng values for
the individual cells. Also, as discussed previously, a
portion of protein carbonyls is arising from site-
specific protein oxidation and the results of ELISA
methods reflect largely soluble cytosolic proteins.

Apart from protein glycation, a range of biochem-
ical pathways and mechanisms of action for glucose
toxicity have been illustrated by Robertson and
Harmon [1] in pancreatic cells. All these pathways
have in common the formation of reactive oxygen
species that, in excess and over time, cause chronic
oxidative stress. As demonstrated by Nishikawa et al.
[49], the direct glucose toxicity in neurons is espe-
cially due to increased intracellular glucose oxidation,
resulting in enhanced ROS production [50,51]. In
both human and experimentally diabetic rats, oxida-
tive stress seems to play a central role in brain damage
[52,53]. In line with these reports, incubation with
high glucose caused a remarkable augmentation of
DCEF fluorescence intensity over time (Figure 2C).
This is even more pronounced if related to cell
swelling (Figure 2C, ‘“Total DCF?).

Since such an accumulation of modified proteins
might also be the consequence of low proteasomal
activity, a proteolytic system appears to be respon-
sible for the degradation of oxidatively modified
proteins. The proteasome is a multi-sub-unit, multi-
catalytic complex [54,55] and exists in two major
forms—20S and 26S. The 20S proteasome is the
catalytic core [56], whereas the 26S proteasome is
formed by complexing of the 20S core proteasome
with two 19S regulators, which have sub-units for
ATP hydrolysis and polyubiquitin recognition [55].
The 20S ‘core’ proteasome was shown to play a key
role in the degradation of oxidized proteins in ATP-
independent fashion [57-61]. As shown in Figure 3A,
the cells grown in HG did not display any significant
changes in 20S proteasomal activity. Since the cells
are increasing in size and protein content during HG
treatment, this small, not significant tendency to
decline in the proteasome activity might be much
more dramatic when proteasome expression is con-
cerned. The quantitative analysis of immunofluores-
cence pictures (when applying the intensity and
cellular dimension values to the fluorescence radiant
flux equations (1,2)) yielded a significant enrichment
of total proteasome in both the nuclear and cytosolic
compartment in HG-treated cells, demonstrating an
increase of proteasome expression in correspondence
with the increasing amount of proteins. In agreement
with our findings, upregulation of proteasomal activ-
ity was found to be an integral part of compensatory
response induced by ER stress [62], a condition
commonly triggered by hyperglycaemia [63,64].
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Figure 2. Oxidative protein modification and oxidant formation in HT22 cells after high glucose treatment. High glucose treated HT22
cells were immunostained for protein carbonyls, proteasome and DNA (DAPI) (A). Cells were cultured on glass bottom dishes; treatment
and staining were performed as described in Methods. (B) The formation of protein carbonyls was quantified by ELISA (PC/ELISA) or
quantitative immunostaining (PC/IF). The respective results are the means +SEM of at least three independent determinations or 30
immunostained cells, #p <0.05 #**#p <0.001; vs NG. As described in the legend to Figure 1 the measured ‘Mean PC’ level and the
calculated “Total PC’ level is shown. Immunofluorescent quantification was performed separately for the nucleus (‘Nuc’) and the cytosol
(‘Cyt’). Time-dependent oxidant production in high glucose treated HT22 cells is shown in (C) (left part). The right part of (C)
demonstrates the values after 48 h, again as measured ‘Mean fluorescence intensity’ and calculated “Total DCF’. For calculation procedure
see the main text and legend to Figure 1. Results are the means+ of at least three independent determinations, *p <0.05 #**#p <0.001;vs
NG (NG =normal glucose, HG =high glucose).

Furthermore, glycoxidative stress was shown to various oxidants. As outlined by Keller [66], the

to upregulate the nuclear proteasomal activity.
This upregulation was achieved by both increased
proteasomal activity and increased number of protea-
somes [65].

Our previous work demonstrated alterations of
intracellular distribution of oxidized proteins, protea-
some and proteins in HT22 cells following exposure

well-organized interplay between protein synthesis,
protein degradation and protein oxidation is likely to
prevent the development of lethal oxidative stress.
Accordingly, the increased turnover of proteins in
HT?22 cells, due to HG exposure associated with a
boost of protein synthesis and acceleration of protein
degradation, may be responsible for the non-lethal

A Proteasome Activity B Proteasome Expression
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Figure 3. Proteasome activity and expression in high glucose treated HT22 cells. The ATP-independent (20S proteasome) activity was
assessed by cleavage of the fluorogenic substrate suc-LLVY-AMC and quantification of free AMC by spectrofluorometric measurements
(A). Quantitative analysis of immunofluorescence of the HT22 cells stained for proteasome using polyclonal anti-proteasome antibody is
shown in (B). As stated above ‘Mean fluorescence intensity’ is the measured value, whereas “Total proteasome’ is a calculated value taking
into account cell swelling (see text). The analysis was performed for the nuclear (‘Nuc’) and cytosolic (‘Cyt’) region of cells. Results are the
means +SEM of at least three independent determinations or at least 30 immunostained cells, #p <0.05 vs NG.
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carbonyl concentration in proteins. Conversely, apart
from the increased protein synthesis, a decreased
protein degradation through a decline of the activity
of cathepsins B and L have been proposed to be a
cause of the renal protein mass increases observed in
diabetic renal hypertrophy and enlargement of the
mesangial cells exposed to HG [39,41]. This could
put emphasis on the proteasome as an early defense
system for the clearance of oxidized proteins, thus
preventing non-degradable material accumulation
with potentially lethal effects to the neuronal cells
exposed to hyperglycaemia.

Different pathways have been described within
glucose metabolism in pancreatic islets through
which high concentrations of glucose can lead to
the accumulation of reactive oxygen species [1]. This
includes the non-enzymatic glycoxidation pathways
and the metabolism of glucose leading to an en-
hanced energy production and mitochondrial activity.
In order to discriminate between these possibilities,
we used the non-metabolizable glucose analogue
2-deoxy-D-glucose, also able to react in non-enzy-
matic glycoxidation pathways, citrate as an inhibitor
of the early glucose metabolism via the phosphofruc-
tokinase and finally a potential antioxidant as a
control for the role of reactive species in the induced
metabolic changes (+ )-cis-8-methoxy- 1,3,4,4a,5,9b
-hexahydro-pyrido[4,3-b]indole-2-carboxylic acid et-
hyl ester. 2-deoxy-D-glucose (dG), a non-metaboliz-
able glucose analogue [67,68], was shown to protect
hippocampal neurons against excitotoxic injury [69]
in a manner associated with decreasing levels of
cellular oxidative stress. Correspondingly, citrate
(Cit), a Krebs cycle intermediate that inhibits the
activity phosphofructokinase [70], was shown to
protect neuronal cells under hypoxic conditions
through modulation of glucose metabolism [71].
Ultimately, we assessed the protective effects of

(+)-cis-8-methoxy-1,3,4,4a,5,9b-hexahydro-pyrido
[4,3-b]indole-2-carboxylic acid ethyl ester (AO)
[23,24], a derivative of the hexahydropyridoindole
drug stobadine, an efficient chain-breaking antiox-
idant [72], showing protective effects in a variety of
tissues in animal models of diabetes [73-75].
Interestingly, all three substances used reduced
significantly cell swelling as measured by cell peri-
meter and cell area (Figure 4A). The increase of
protein synthesis due to high glucose has been
described in various cellular models [76-78]. In
addition, in line with the proposed relationship
between cell swelling and stimulation of protein
synthesis [46], the cell area parameter appeared to
correlate to some extent with the protein content
increase in high glucose cells and HG cells treated
with AO and citrate. In addition, apart from the lack
of cell enlargement, the high-deoxyglucose (HAG)
treated cells did slightly shrink, which may point to
hypertonic effect of the fluid environment (3.5% dG).
Thus, this outcome underscores the role of increased
intracellular tonicity in swelling HG cells (probably,
due to enhanced accumulation of glucose metabolites
[37,38]), rather than a hypertonic effect of the
concentrated environment. Citrate and AO improved
the reduced cell proliferation and viability (Figure 4 B
and C). Citrate was established also as an aldose
reductase inhibitor (an uncompetitive inhibitor in the
forward reaction with respect to aldehyde reduction),
while it is a competitive inhibitor with respect to
alcohol in the backward reaction (oxidation of
alcohol)) [79]. On the other hand, HdG rather
reduced the cell number and had a more dramatic
effect on cell viability in comparison to HG treat-
ment, most likely due to the lack of energy in the cells
(Figure 4 B and C). Pre-treatment of rat hippocampal
cell cultures with 2-deoxy-D-glucose decreased the
vulnerability of neurons to excitotoxic and oxidative
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Figure 4. Effect of inhibitors on cell morphology and viability in HT22 cells treated with high glucose. Effects of glycolysis inhibitors on
cell morphology (A), proliferation (B) and viability (C) in control cells (NG) or HT22 cells incubated with high glucose (HG) or high
deoxyglucose (HAG). The results of the cellular cross-section areas and mean cellular perimeter (A) were calculated from the number of
pixels in the selected areas by the program Adobe Photoshop CS3. Viable cells were counted after trypan blue exclusion (B) and the MTT
test was further used as a viability test (C). (Cit =citrate, AO = (+)-8-methoxy-1,3,4,4a,5,9b-hexahydro-pyrido[4,3-b]indole-2-carboxylic
acid ethyl ester). The values are the means + SEM of least 100 cells stained with ethidium bromide/acridine orange (A) or three independent
determinations (B and C), #p <0.05 #p <0.01,"*#p <0.001 or *p <0.05 **p <0.01,"*p <0.001 vs NG or HG group, respectively.
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Figure 5. Effect of inhibitors on oxidative protein modification and oxidant formation in HT22 cells after high glucose treatment. Effects of
glycolysis inhibitors on oxidant production (A) and protein carbonyl formation (B) in control cells NG) or HT22 cells incubated with high
glucose (HG) or high deoxyglucose (HdG). Protein carbonyl content was measured by ELISA. Cit =citrate, AO =(+)-8-methoxy-
1,3,4,4a,5,9b-hexahydro-pyrido[4,3-b]indole-2-carboxylic acid ethyl ester. Results are the means +SEM of at least three independent
determinations, *p <0.05 or "p <0.05 " <0.001 vs NG or HG group, respectively.

insults [69]. On the contrary, glycolytic flux restric-
tion in HT22 cells was found to have a lethal effect
[80]. Moreover, the induction of oxidative stress was
documented during glucose starvation or hypogly-
caemia i wvivo or in cell culture models [81-83].
Nevertheless, hyperosmotic stress (assumably in-
duced in HAG cells) was reported to increase ROS
and protein carbonylation iz vitro and i vivo [84,85].
This was confirmed in our model showing high
H,DCF and high protein oxidation in cells incubated
in high-deoxyglucose (Figure 5 A and B). However,
citrate and AO suppressed the intracellular genera-
tion of ROS as measured by DCF fluorescence.
Interestingly, AO was not able to suppress protein
carbonyl formation. This could be an effect of non-
oxidative introduction of carbonyl groups into the
protein pool, simply by chemical modification with
glucose. This process will not be suppressed by an
antioxidant and, therefore, a reduction of DCF
fluorescence and high protein carbonyl levels can be
expected.

These results point to a role of the processes
downstream of the glucose entry and ingress to its
metabolism in the ROS production in neuronal tissue
exposed to hyperglycaemia [1]. Thus, our results
highlight the role of oxidative stress in the toxic effect
of glucose to neuronal cells in diabetes. High glucose,
through enhanced glucose metabolism followed by
over-production of ROS, can trigger harmful effects
to the neuronal cells. Our findings may have future
potential clinical consequences as they provide better
understanding of factors which may protect neurons
from injury caused by oxidative stress during hyper-
glycaemia.
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