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Neurons in the hippocampal CA1 region, but not the
dentate gyrus, are susceptible to oxidative stress in rats
with streptozotocin-induced type 1 diabetes
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In this study, we investigated the effects of streptozotocin-induced type 1 diabetes on antioxi-
dant-like protein-1 immunoreactivity, protein carbonyl levels, and malondialdehyde formation, a
marker for lipid peroxidation, in the hippocampus. For this study, streptozotocin (75 mg/kg) was
intraperitoneally injected into adult rats to induce type 1 diabetes. The three experimental pa-
rameters were determined at 2, 3, 4 weeks after streptozotocin treatment. Fasting blood glucose
levels significantly increased by 20.7-21.9 mM after streptozotocin treatment. The number of
antioxidant-like protein-1 immunoreactive neurons significantly decreased in the hippocampal
CAL region, but not the dentate gyrus, 3 weeks after streptozotocin treatment compared to the
control group. Malondialdehyde and protein carbonyl levels, which are modified by oxidative
stress, significantly increased with a peak at 3 weeks after malondialdehyde treatment, and then
decreased 4 weeks after malondialdehyde treatment. These results suggest that neurons in the
hippocampal CA1 region, but not the dentate gyrus, are susceptible to oxidative stress 3 weeks
after malondialdehyde treatment.
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Introduction

Diabetes is the most prevalent metabolic disorder in humans
and affects approximately 8.3% of the adult population world-
wide (Shi and Hu, 2014). Diabetes is characterized by high
blood glucose levels over a prolonged period. This hyperglyce-
mia produces many clinical symptoms because of the resultant
damage to various organs, including the brain. In the brain,
diabetes reduces the ability of neurons to adapt to oxidative
and metabolic stress (Kapogiannis and Mattson, 2011). In ad-
dition, diabetes can cause stroke and worsen episodic memory
impairment (Messier, 2005) and synaptic plasticity deficits.
Increasing evidence shows that oxidative stress is an important
pathway through which several diseases, including diabetes,
exert their deleterious effects (Rains and Jain, 2011).

There is a growing body of evidence demonstrating that
the glycation toxicity caused by hyperglycemia elicits the
generation of excess reactive oxygen species (ROS) and nitric
oxide in neurons. Brain tissue is highly susceptible to ROS

because it has a high rate of oxidative metabolic activity,
high concentration of polyunsaturated fatty acids in mem-
brane lipids, and low antioxidant capacity (Fukudome et
al., 2008; Nishikawa et al., 2000). Once a radical is formed,
propagation can lead to increasing levels of damage. The
highly reactive hydroxyl radical, in turn, can cause lipid per-
oxidation and DNA damage (Robb-Gaspers and Connor,
1997). In diabetic patients, oxidative and nitrosative stress
is increased, which can damage cellular proteins, lipids, and
DNA, thereby inhibiting their normal functions and disturb-
ing homeostasis within the neurons, ultimately resulting in
cell death (Paradies et al., 2011).

Antioxidant-like protein-1 (AOP-1) was first identified as
a molecule exhibiting a sequence similar to that of mouse
MERS (Tsuji et al., 1995). AOP-1 has two conserved catalytic
cysteine residues with 93.3% homology to the C22 subunit
of Salmonella typhimurium alkyl hydroperoxide reduc-
tase (Chae et al., 1994; Tsuji et al., 1995), a mitochondrial
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Figure 1 Fasting blood glucose levels in control and streptozotocin
(STZ)-treated rats.

Fasting blood glucose level was increased in rats after STZ treatment.
Differences among the means were analyzed statistically by one-way
analysis of variance followed by Bonferroni’s post-hoc analysis (n = 15
per group; *P < 0.05, vs. control group). The bars indicate the standard
error of the mean (SEM). STZ-2W, STZ-3W and STZ-4W mean 2, 3,
and 4 weeks after STZ treatment, respectively.
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antioxidant protein. AOP-1 can scavenge ROS with thi-
oredoxin-dependent peroxidase and is expressed in mito-
chondria (Shih et al., 2001) and in the cytoplasm (Feng et
al., 2007). In addition, there is growing evidence that AOP-
1 is associated with various biological processes such as cell
proliferation, differentiation, apoptosis, and gene expression
(Fujii and Ikeda, 2002).

However, there have been no comprehensive studies on
the effects of streptozotocin (STZ)-induced type 1 diabetes
on AOP-1 expression and oxidative stress-induced protein
modification. Therefore, in the present study, we investigated
the spatial and temporal changes of AOP-1 expression and
oxidative stress-induced protein modification in the hippo-
campus of rats with STZ-induced type 1 diabetes.

Materials and Methods

Experimental animals

7-week-old male Wistar rats, weighing 190-200 g, were
purchased from Orient Bio, Inc. (Seongnam, South Ko-
rea). They were housed at 23°C with 60% humidity and a
12-hour light-dark cycle, with free access to food and tap
water. Animal handling and care conformed to guidelines
established to comply with current international laws and
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Figure 2 Antioxidant-like protein-1 (AOP-1) immunoreactivity in the
hippocampal CAL1 region of control and streptozotocin (STZ)-treated
rats.

AOP-1 immunoreactivity was decreased in rats after STZ treatment.
(A-D) Photomicrographs of immunohistochemistry for AOP-1 immu-
noreactivity in the hippocampal CAl region of controls (A) and rats
treated with STZ for 2 (B), 3 (C) and 4 weeks (D). AOP-1 immunore-
activity is found in non-pyramidal cells of the CA1 region. SO: Stratum
oriens; SP: stratum pyramidale; SR: stratum radiatum. Scale bar: 100
pm. (E) Number of AOP-1-immunoreactive cells per section from each
group. Differences between groups were analyzed statistically by one-
way analysis of variance followed by Bonferroni’s post-hoc analysis (n =
5 per group; *P < 0.05, vs. control group). The bars indicate the stan-
dard error of the mean (SEM). STZ-2W, STZ-3W, and STZ-4W mean
treatment with STZ for 2, 3 and 4 weeks, respectively.

policies (NIH Guide for the Care and Use of Laboratory
Animals, NIH Publication No. 85-23, 1985, revised 1996),
and were approved by the Institutional Animal Care and Use
Committee (IACUC) of Seoul National University. All of the
experiments and procedures were designed to minimize the
number of animals used and the suffering caused.

Induction of type 1 diabetes and experimental design

The rats were randomly and evenly divided into control and
STZ groups. STZ (Sigma-Aldrich, St. Louis, MO, USA) was
dissolved in 0.1 M sodium citrate buffer (pH 4.3). Following
1 week of acclimation to the vivarium, diabetes was induced
by a single intraperitoneal injection of 75 mg/kg of STZ. For
the control group, sodium citrate buffer was administered
intraperitoneally in the same volume used for STZ. After 72
hours, fasting blood glucose levels were monitored and rats
with blood glucose levels of > 8.00 mM in the STZ group
were utilized for the study and divided into three time point
subgroups with fifteen rats in each subgroup.

Evaluation of blood glucose levels and tissue processing
Blood was sampled by a “tail nick” at 9-11 a.m. using a 27
G needle before sacrifice, and glucose in blood was analyzed
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Figure 3 Antioxidant-like protein-1 (AOP-1) immunoreactivity in the
hippocampal CA3 region of control and streptozotocin (STZ)-treated rats.
AOP-1 immunoreactivity was decreased in rats after STZ treatment. (A—
D) Photomicrographs of immunohistochemistry for AOP-1 immunore-
activity in the hippocampal CA1 region of controls (A) and rats treated
with STZ for 2 (B), 3 (C) and 4 weeks (D). AOP-1 immunoreactivity is
found in non-pyramidal cells of the CA3 region. SO: Stratum oriens; SP:
stratum pyramidale; SR: stratum radiatum. Scale bar: 100 pm. (E) Number
of AOP-1-immunoreactive cells per section from each group. Differences
between groups were analyzed statistically by one-way analysis of variance
followed by Bonferroni’s post-hoc analysis (n = 5 per group; *P < 0.05, vs.
control group; #P < 0.05, vs. STZ-2W group). The bars indicate the stan-
dard error of the mean (SEM). STZ-2W, STZ-3W, and STZ-4W mean treat-
Control STZ-2W STZ-3W STZ-4W ment with STZ for 2, 3 and 4 weeks, respectively.

Figure 4 Changes in antioxidant-like protein-1 (AOP-1)
immunoreactivity in the hippocampal dentate gyrus of rats after strep
tozotocin (STZ) treatment.
No obvious change in AOP-1 immunoreactivity was observed in rats after
STZ treatment. (A—D) Photomicrographs of immunohistochemistry for AOP-
1 immunoreactivity in the hippocampal dentate gyrus in controls (A) and rats
treated with STZ for 2 (B), 3 (C) and 4 weeks (D). AOP-1 immunoreactivity
is found in interneurons in the polymorphic layer (PoL) of the dentate gyrus.
ML: Molecular layer; GCL: granule cell layer. Scale bar: 100 pm. (E) Number
of AOP-1-immunoreactive cells per section of each group. Differences between
groups were analyzed statistically by one-way analysis of variance followed by
Bonferroni’s post-hoc analysis (n = 5 per group). There are no significant dif-
ferences in the number of AOP-1 immunoreactive cells between groups. The
Control STZ-2W STZ-3W STZ-4W bars indicate the standard error of the mean (SEM). STZ-2W, STZ-3W, STZ-
4W mean treatment with STZ for 2, 3 and 4 weeks, respectively.
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Figure 5 Malondialdehyde (MDA) level (A) and protein carbonyl level modified by oxidative stress (B) in the hippocampi of control rats

and rats that received streptozotocin (STZ) treatment for 2, 3 and 4 weeks (STZ-2W, STZ-3W, STZ-4W, respectively).

Both of these two indices were increased in rats after STZ treatment. Differences between groups were analyzed statistically by one-way analysis of
variance followed by Bonferroni’s post-hoc analysis (1 = 5 per group; *P < 0.05, vs. control group; #P < 0.05, vs. STZ-2W group; TP < 0.05, vs. STZ-
3W group). The bars indicate the standard error of the mean (SEM).

453



Lee SG, et al. / Neural Regeneration Research. 2015;10(3):451-456.

by using an Accu-chek glucometer (Roche, Mannheim,
Germany). For immunohistochemical analysis, control and
STZ-treated rats at 2, 3 and 4 weeks after STZ treatment (n =
5 per group) were anesthetized by intraperitoneal injection
of 30 mg/kg Zoletil 50" (Virbac, Carros, France) and tran-
scardially perfused with 0.1 M phosphate-buffered saline
(PBS, pH 7.4) followed by 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4. The whole brains were removed
and post-fixed in the same fixative for 6 hours. Brain tissues
were cryoprotected by infiltration with 30% sucrose over-
night. Brains were serially sectioned (30 pm) in the coronal
plane using a cryostat (Leica, Wetzlar, Germany). Sections
were collected in 6-well plates containing PBS for further
processing.

Detection of AOP-1 immunoreactivity

To obtain accurate immunohistochemical data, the free-
floating sections were carefully processed under the same
conditions. Tissue sections were selected between —3.00 and
—4.08 mm posterior to the bregma with reference to the rat
brain atlas (Paxinos and Watson, 2007) for each rat. Ten
sections, 90 um apart from each other, were sequentially
treated with 0.3% hydrogen peroxide (H,0,) in PBS for 30
minutes and 10% normal goat serum in 0.05 M PBS for 30
minutes. They were then incubated with mouse anti-AOP-1
(1:1,000; Sigma) overnight at room temperature and subse-
quently treated with biotinylated goat anti-mouse IgG and a
streptavidin-peroxidase complex (1:200; Vector, Burlingame,
CA, USA). Sections were then visualized by reaction with
3,3'-diaminobenzidine tetrachloride (Sigma) in 0.1 M Tris-
HCI buffer (pH 7.2) and mounted on gelatin-coated slides.
Sections were mounted in Canada Balsam (Kanto, Tokyo,
Japan) following dehydration.

The number of AOP-1-immunoreactive cells in each sec-
tion of the hippocampal CA1l, 3 region and dentate gyrus
was counted using an image analysis system (Optimas 6.5,
CyberMetrics, Scottsdale, AZ, USA) equipped with a com-
puter-based CCD camera. The cell counts from all sections
of all rats were averaged.

Indirect measures of oxidative stress

To elucidate the effects of STZ on protein modification, the
carbonylation of proteins by oxidative stress was determined
in control and STZ-treated rats at 2, 3 and 4 weeks after
STZ treatment (1 = 5 in each group) by the Levine method
(Levine et al., 1990). The color intensity of the supernatant
was measured using a spectrophotometer (Agilent, Sata
Clara, CA, USA) at 370 nm against 2 M HCI. Carbonyl con-
tent was calculated by using the molar extinction coefficient
(21 x 10’ L/molscm), and results were expressed as nmol/mg
protein.

The effects of STZ on lipid peroxidation levels in control
and STZ-treated rats at 2, 3 and 4 weeks after STZ treatment
(n =5 in each group) were assessed by measuring malond-
ialdehyde (MDA) formation by using the Bioxytech MDA-
586 kit (Oxis Research, Portland, OR, USA). Briefly, bilateral
hippocampi were dissected out using a surgical blade and
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homogenized in 20 mM PBS (pH 7.4) containing 5 mM bu-
tylated hydroxytoluene. After centrifugation of the homoge-
nates at 3,000 X g for 10 minutes at 4°C, the supernatant was
collected. For each reaction, 10 pL of probucol and 640 pL of
diluted R1 reagent (1:3 of methanol:N-methyl-2-phenylin-
dole) were added and mixed with 150 pL of 12 N HCL. Each
reaction was incubated at 45°C for 60 minutes and centri-
fuged at 10,000 x g for 10 minutes. The supernatant was
collected and MDA formation was determined by measuring
the absorbance at 586 nm. MDA data were normalized to the
protein concentration.

Statistical analysis

The data shown here are expressed as the mean £ SEM
and were analyzed by using GraphPad Prizm 5.0 software
(GraphPad Software Inc., La Jolla, CA, USA) and differences
between groups were statistically analyzed by one-way analy-
sis of variance followed by Bonferroni’s post-hoc analysis.

Results

Changes in blood glucose levels

In the control group, the mean fasting blood glucose level
was 5.85 mM. The blood glucose level significantly increased
to 20.70, 21.8, and 21.9 mM at 2, 3, and 4 weeks after STZ
treatment, respectively, compared to that in the control
group (P < 0.05). The blood glucose levels did not show any
significant changes between STZ-treated groups (Figure 1).

Changes in AOP-1 immunoreactivity

In the CALl region in all groups, AOP-1 immunoreactivity
was mainly detected in non-pyramidal cells (Figure 2A—
D). Two weeks after STZ treatment, the number of AOP-1
immunoreactive neurons significantly decreased to 24.4% of
that in the control group (Figure 2B, E). Three to four weeks
after STZ treatment, the number of AOP-1 immunoreactive
neurons detected in the CA1l region was similar to that at 2
weeks after STZ treatment (Figure 2C-E).

In the CA3 region in the control group, AOP-1 immuno-
reactivity was observed in the non-pyramidal cells (Figure
3A). Two weeks after STZ treatment, the number of AOP-
1 immunoreactive neurons significantly decreased to 78.3%
of that in the control group (Figure 3B and E). Three to four
weeks after STZ treatment, the number AOP-1 immunoreac-
tive neurons significantly decreased to 41.4% and 39.4% of
that in the control group, respectively (Figure 3C-E).

In the dentate gyrus of the control group, AOP-1 immu-
noreactivity was detected in the interneurons in the poly-
morphic layer (Figure 4A). Two weeks after STZ treatment,
the number of AOP-1 immunoreactive neurons decreased,
although a significant difference was not observed between
groups (Figures 4B and E). Three to four weeks after STZ
treatment, the number of AOP-1 immunoreactive neurons
in the dentate gyrus was similar to that in the control group
(Figure 4C-E).

Changes in MDA and protein carbonyl levels
In the control group, the MDA and protein carbonyl levels in
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the hippocampal homogenates were 25.4 and 1.82 nmol/mg
protein. MDA and protein carbonyl levels increased 2 weeks
after STZ treatment; however, there were no significant dif-
ferences between the groups. Three weeks after STZ treat-
ment, MDA and protein carbonyl levels had significantly
increased by 1.98 and 2.20 fold compared to those in the
control group, respectively. Four weeks after STZ treatment,
MDA and protein carbonyl levels had significantly decreased
compared to 3 weeks after STZ treatment. However, MDA
levels were significantly higher 4 weeks after STZ treatment
compared to those in the control group (Figure 5).

Discussion

The STZ-induced rat model of type 1 diabetes has been used
extensively in pathophysiological studies of diabetes (Gispen
and Biessels, 2000). STZ treatment induces spatial learning
impairment in rats (Biessels et al., 1998; Kamal et al., 2000)
and moderate cognitive impairment in both humans (Des-
rocher and Rovet, 2004) and animal models of type 1 dia-
betes (Biessels et al., 1996). In the present study, we induced
type 1 diabetes with 75 mg/kg STZ in rats because adminis-
tration of 75 mg/kg STZ influences the Km values and Vmax
of tryptophan-5-hydroxylase in the brain (Herrera et al.,
2005). Reactive oxygen species, which are formed during ox-
idative stress, induce cellular and molecular abnormalities in
the hippocampus of STZ-treated rats. In addition, the accu-
mulation of ROS causes an imbalance between their produc-
tion and removal by the antioxidant system, which finally
leads to an increase in DNA oxidation and lipid peroxidation
in neurons.

We first measured blood glucose levels 3 days after STZ
treatment and excluded rats showing low fasting blood glu-
cose levels lower than 8.00 mM because some of these rats
did not show any significant increase in blood glucose levels
after STZ treatment. At 2—4 weeks after STZ treatment, the
blood glucose levels were higher than 20 mM. We used these
rats for AOP-1 immunohistochemistry and for biochemical
analysis. AOP-1 immunoreactivity was predominantly ob-
served in the non-pyramidal cells of the CAl, 3 regions or
neurons of the dentate gyrus. This result is consistent with
our previous study where AOP-1 was primarily found in
non-pyramidal cells through double immunofluorescent
labeling for AOP-1 and glutamic acid decarboxylase 67 or
parvalbumin, which are markers for GABAergic neurons
(Hwang et al., 2005). The number of AOP-1 immunoreac-
tive neurons decreased in the hippocampal CA1l, 3 regions,
but not in the dentate gyrus, 2—4 weeks after STZ treatment.
These spatial and temporal changes of AOP-1 suggest that
AOP-1 immunoreactive neurons in the hippocampal CAl
region are relatively vulnerable to STZ damage, whereas
AOP-1 immunoreactive neurons in the dentate gyrus are
relatively resistant to STZ damage. This result was supported
by previous studies showing that terminal deoxynucleoti-
dyl transferase dUTP nick end labeling (TUNEL)-positive
neurons are predominantly found in the hippocampal CA1
region in 8-month-old rats with spontaneous type 1 diabetes
(Li et al., 2002), whereas TUNEL-positive cells and cleaved

capase-3 levels are detected at similar levels in the dentate
gyrus between controls and the rats treated with STZ for 4
weeks (Guo et al.,, 2014). In addition, STZ treatment pro-
duces chromatin aggregates and clumps within the nucleus
and swollen mitochondria in the pyramidal cells of the hip-
pocampal CA1 region (Ye et al., 2011). In contrast, no apop-
totic changes occur in neurons of the dentate gyrus within 4
weeks after STZ treatment (Guo et al., 2014).

Next, we observed the lipid peroxidation and protein
carbonyl modification induced by ROS in the hippocam-
pal homogenates. MDA and protein carbonyl levels were
significantly increased 3 weeks after STZ treatment; this
result is closely related to the reduced number of AOP-1
immunoreactive neurons observed 3 weeks after STZ treat-
ment. Furthermore, this result is consistent with our previ-
ous study demonstrating that lipid peroxidation based on
4-hydroxy-2-nonenal immunoreactivity was significantly
increased 3 weeks after STZ treatment (Yi et al., 2011). Sim-
ilarly, diabetic patients also show high levels of lipid perox-
idation (Bonnefont-Rousselot et al., 2000; Robertson, 2004).
The hyperglycemia induced by STZ causes increased produc-
tion of ROS resulting in protein glycosylation and glucose
auto-oxidation (Bonnefont-Rousselot et al., 2000; Robertson,
2004). It has been reported that MDA levels are significantly
increased 4 weeks after STZ treatment (Samarghandian et al.,
2013; De Morais et al., 2014). However, in the present study,
we observed a significant reduction in MDA and protein car-
bonyl levels 4 weeks after STZ treatment, although the MDA
levels in this group were still significantly higher than those in
the control group. This difference may be associated with the
dosage of STZ used in the study. In the present study, we used
a higher dose of STZ (75 mg/kg), whereas previous studies
used 50—-60 mg/kg STZ. This discrepancy may have resulted
in differences in the peak time of lipid peroxidation after STZ
treatment in hippocampal homogenates.

Neurons are particularly susceptible to oxidative stress
because they utilize large amounts of oxygen and glucose
and possess large amounts of polyunsaturated fatty acids
and transition metal ions, but are relatively deficient with
regard to antioxidant defense systems (Halliwell and Gutter-
idge, 1990). Lipid peroxidation of the neuronal membrane
results in cellular dysfunction by disturbing ionic gradient
receptors and transport functions (Nohl, 1993; Franco et al.,
2006). The increase in lipid peroxidation and protein car-
bonyls modification by ROS may be closely associated with
neuronal death in the hippocampal CA1 region 4 weeks after
STZ treatment (Li et al., 2002; Ye et al., 2011). STZ treatment
significantly increases the hippocampal densities of can-
nabinoid 1 receptor protein and of specific cannabinoid 1
receptor binding sites in the nerve terminals and total mem-
brane at 30 days after STZ treatment, whereas cannabinoid
1 receptor mRNA expression is decreased by 25% (Duarte
et al., 2007). The cannabinoid 1 receptor is predominantly
expressed in the central nervous system and aggravates ag-
ing-related brain damage (Bilkei-Gorzo, 2012).

In conclusion, STZ significantly increases the lipid per-
oxidation and protein carbonyl modification through in-
creased ROS generation 3 weeks after STZ treatment. In

455



Lee SG, et al. / Neural Regeneration Research. 2015;10(3):451-456.

addition, STZ treatment significantly reduces the number of
AOP-1-immunoreactive neurons in the hippocampal CAl
region but not the dentate gyrus. Changes in AOP-1 immu-
noreactivity, lipid peroxidation, and protein carbonyl modi-
fication 3 weeks after STZ treatment may be associated with
selective neuronal damage in the hippocampal CA1 region.
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