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Abstract

This study was undertaken to evaluate the effects of streptozotocin (STZ)-induced
hyperglycemia and insulin-induced hypoglycemia in cortical and hippocampal
mitochondria bioenergetics and oxidative status. For that purpose we used, citrate
(vehicle)-treated Wistar rats, STZ-treated rats [i.p., 50mg/kg body weight] and STZ-
treated rats injected with insulin [s.c., dose adjusted to blood glucose levels] 1h prior to
sacrifice to induce an acute episode of hypoglycemia. Several parameters were
analyzed: respiratory chain, phosphorylation system, thiobarbituric acid reactive
substances (TBARS) levels, hydrogen peroxideOgH production rate, and non-
enzymatic and enzymatic antioxidant defeng&srtical mitochondria from insulin-
induced hypoglycemic rats present a significant decrease in the ADP/O index, a
significant increase in the repolarization lag phase and a decrease in GSH/GSSG ratio
when compared with STZ and control mitochondria. Both STZ-induced diabetes and
insulin-induced hypoglycemia promote a significant increase in TBARS levels and a
decrease in glutathione disulfide reductase activity. Diabetic cortical mitochondria
present a significant decrease in glutathione peroxidase (GPx) activity compared to
control mitochondria. In turn, insulin-induced hypoglycemia induced a significant
increase in GPx and manganese superoxide dismutase (MnSOD) activities. In
hippocampal mitochondria, insulin-induced hypoglycemia increases the respiratory
control ratio whereas both situations, hyper- and hypoglycemia, potentife H
production and decrease the activity of MnSOD. These results suggest that the poor
glycemic control that occurs in type 1 diabetic patients undergoing insulin therapy may

have detrimental effects in brain areas involved in learning and memory.

Keywords: Cortex; Hippocampus; Hyperglycemia; Insulin-induced hypoglycemia;
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1. Introduction

Diabetes mellitus is an endocrine disorder of carbohydrate metabolism resulting
from inadequate insulin release (type 1 diabetes) or insulin insensitivity (type 2
diabetes) [1]. Type 1 diabetes represents a significant health concern, given that it
begins early in life and leads to long-term complications including cardiovascular, renal
and central nervous system (CNS) complications [2]. Management of type 1 diabetes
requires special and continued insulin administration, blood glucose monitoring and
meal planning [2]. Nevertheless, patients with type 1 diabetes experience daily
fluctuations in blood glucose levels, ranging from low (hypoglycemia) to high
(hyperglycemia) blood glucose levels [3].

In normal situations, glucose is the brain’s main fuel and therefore because the
brain is dependent on a continuous delivery of glucose, it cannot survive more than a
few minutes of glucose deprivation [3hsulin therapy brings the risk of hypoglycemic
brain injury that is the main obstacle occurring in insulin-dependent diabetic patients.
Hypoglycemia, depending on its severity, can cause irritability, impaired concentration,
neurological deficits, seizures, coma and, ultimately, neuronal death [4]. Hypoglycemic
neuronal death is most prominent in neurons from specific brain regions such as in the
hippocampus and superficial layers of the cortex and striatum [5-7], which may lead to
deficits in memory and learning [8]. A previous epidemiological study reported that
cognitive function in type 1 diabetic patients is generally well-maintained even at
elevated blood glucose levels but during hypoglycemia significant decrements in
several areas of cognition occur, namely those involved in associative learning skills
[9]. Indeed, type 1 diabetic patients present impairments in memory, learning and
cognition [10]. Moreover, data show that memory and learning processes are already

affected after 20 days of diabetes [11] and that after 10 weeks of STZ-induced diabetes,



diabetic rats present an impaired performance in the Morris water maze test, which
evaluate hippocampal-dependent learning [12].

Mitochondrial oxidative phosphorylation (OXPHOS) generates the energy
necessary to fuel cellular function whereas the dysfunction of mitochondria leads to
reduced ATP production, impaired calcium buffering and the formation of reactive
oxygen species (ROS) [13,14]. Mitochondria are both sources and targets of ROS
actions. Situations in which occurs a free radical overload will result in the damage of
proteins, DNA and membrane phospholipids. The impairment of mitochondrial function
together with increased oxidative stress has been implicated in the pathogenesis of a
wide range of diseases including diabetes. Growing evidence show increased levels of
lipid peroxidation and a decrease in antioxidant defenses in brain mitochondria from
STZ-induced diabetic rats [15-17]. It was also shown that mitochondrial permeability
transition pore opening and increased capacity to generate ROS are involved in the
hypoglycemic-induced cell death [18,19,20].

In light of those findings, and due to the scarcity of information concerning
mitochondrial bioenergetics and oxidative status in hyper- and/or insulin-induced
hypoglycemic conditions, this study was undertaken to investigate how cortical and
hippocampal mitochondria are affected by STZ-induced diabetes, a model of type 1
diabetes, and insulin-induced acute hypoglycemia. We evaluated respiratory parameters
[states 3 and 4 of respiration, respiratory control ratio (RCR), and ADP/O index],
phosphorylation system [transmembrane potentiAl¥n{), repolarization level,
repolarization lag phase], thiobarbituric acid reactive substance (TBARS) leyéis, H
production rate, non-enzymatic (GSH/GSSG ratio) and enzymatic antioxidant
[glutathione peroxidase (GPx), glutathione disulfide reductase (GR) and manganese

superoxide dismutase (MnSOD)] defenses.



2. Materials and Methods

Chemicals- STZ was obtained from Sigma (Portugal). Insulin (Actrapid Penfill)
was obtained from Novo Nordisk A/S (Denmark). All the other chemicals were of the

highest grade of purity commercially available.

Animals treatment - Male Wistar rats (3-month-old) were housed in our animal
colony (Laboratory Research Center, Faculty of Medicine, University of Coimbra) and
were maintained under controlled light (12 h day/night cycle) and humidity with free
access to water and powdered rodent chow (except in the fasting period). Rats were
deprived of food overnight and were randomly divided in two groups. One group
received an i.p. injection of STZ (50 mg/kg body weight) freshly dissolved in citrate
100 mM, pH 4.5. The volume administered was always 0.5ml/200g animal body
weight. The control group received an i.p. injection with an equal volume of citrate
(vehicle). In the following 24 hours, animals were orally fed with glycosylated serum in
order to avoid hypoglycemia resulting from the massive destructioproells and
release of intracellular insulin associated with STZ treatment [15]. Three days after STZ
administration, the tail vein blood glucose levels were measured in all animals and those
presenting levels above 250 mg/dl were considered diabetic. After one month of the
induction of diabetes, the STZ-diabetic rats were randomly divided in two groups and
one group received a s.c. injection of insulin (adjusted to blood glucose ke3£ld;) /
>300 mg/dl) 1h prior to sacrifice to induce an acute episode of hypoglycemia. Animal
handling and sacrifice followed the procedures approved by the Federation of European

Laboratory Animal Science Associations (FELASA).



Determination of blood glucose and glycated hemoglobin levels Blood
glucose concentration was determined from the tail vein using a commercial glucometer
(Glucometer-Elite, Bayer, Portugal). Hemoglobin A1C (HbAlc) levels were determined
using Systems SYNCHRON CX4 (Beckman). This utilizes two cartridges, Hb and Alc
to determine Alc concentration as a percentage of total Hb. The hemoglobin is
measured by a colorimetric method and the Alc concentration by a turbidimetric

immunoinhibition method.

Preparation of mitochondrial fraction - Briefly, after animal decapitation,
hippocampus and cortex were rapidly separated and homogenized in 10 ml of
homogenization medium (0.32 M sucrose, 10 mM HEPES, and 0.5 mM EGTA-K
7.4). The homogenate was centrifuged at 747 g (Sorvall Evolution RC Ultra Centrifuge)
for 10 min and the supernatant was again centrifuged at 11952 g for 10 min. The pellet
was resuspended in 10 ml of washing medium (0.32 M sucrose, 10 mM HEPES, pH
7.4) and centrifuged at 11952 g for 10 min. The final pellet was resuspendedih 200
of washing medium and mitochondrial protein was determined by the biuret method

calibrated with BSA [21].

Mitochondrial respiration measurements- Oxygen consumption of the brain
mitochondria was registered polarographically with a Clark oxygen electrode [22]
connected to a suitable recorder in a thermostated water-jacketed closed chamber with
magnetic stirring. The reactions were carried out at 30 °C in 1 ml of standard respiratory
medium (100 mM sucrose, 100 mM KCI, 2 mM g0y, 5 mM Hepes and 10 pM
EGTA; pH 7.4) with 0.8 mg of protein. Cortical and hippocampal mitochondria (0.8

mg/ml) were energized with 5 mM succinate (substrate of complex Il) in the presence of



2 UM rotenone. State 3 of respiration were initiated with ADP (155 nmol/mg protein).
Respiratory control ratios (RCR = state 3/state 4), respiratory states, and ADP/O ratios

were determined according to Chance and Williams [23].

Mitochondrial membrane potential measurements- The transmembrane
potential (AY¥,) was monitored by evaluating transmembrane distribution of the
lipophilic cation TPP (tetraphenylphosphonium) with a TR&lective electrode
prepared according to Kanaebal. [24] using an Ag/AgCl-saturated electrode (Tacussel,
model MI 402) as reference. TPBptake has been measured from the decreased TPP
concentration in the medium sensed by the electrode. The potential difference between
the selective electrode and the reference electrode was measured with an electrometer
and recorded continuously in a Linear 1200 recorder. The voltage response of the TPP
electrode to log[TPR was linear with a slope of 59 + 1, in a good agreement with the
Nernst equation. Reactions were carried out in a chamber with magnetic stirring in 1ml
of the standard medium (100 mM sucrose, 100 mM KCI, 2 mMRQ4, 5 mM Hepes
and 10 uM EGTA,; pH 7.4) containing 3 pM TPFhis TPP concentration was chosen
in order to achieve high sensitivity in measurements and to avoid possible toxic effects
on mitochondria [25]. TheA¥,, was estimated by the equation¥,, (mV) = 59
log(v/V) - 59 log(10¥°%1) as indicated by Kamet al. [24] and Muratsuguet al. [26].

v, V, andAE stand for mitochondrial volume, volume of the incutratmedium and
deflection of the electrode potential from the baseline, respectively. This equation was
derived assuming that TPRlistribution between the mitochondria and the medium
follows the Nernst equation, and that the law of mass conservation is applicable. A
matrix volume of 1.1 pl/mg protein was assumed. No correction was made for the

“passive” binding contribution of TPPto the mitochondrial membranes, because the



purpose of the experiments was to show relative changes in potentials rather than
absolute values. As a consequence, we can anticipate a slight overestimaii#p on
values. However, the overestimation is only significanA'#t, values below 90 mV,
therefore, far from our measurements. Cortical and hippocampal mitochondria (0.8
mg/ml) were energized with 5 mM succinate in the presencau Potenone in order

to activate the mitochondrial electron transport chain. After a steady-state distribution of

TPP had been reached (ca. 1 min of recordin, fluctuations were recorded.

Measurement of thiobarbituric acid reactive substances (TBARS) levels
TBARS levels were determined by using the thiobarbituric acid assay (TBA), according
to a modified procedure described by Ernster and Nordenbrand [27]. The amount of
TBARS formed was calculated using a molar coefficient of 1.56M0 cm* and

expressed as nmol TBARS/mg protein.

Measurement of hydrogen peroxide (HO,) production rate - H,O, levels
were measured fluorimetrically using a modification of the method described by Barja
[28]. Briefly, cortical and hippocampal mitochondria (0.2 mg) were incubated at 37°C
with 10 mM succinate in 1.5 ml of phosphate buffer, pH 7.4, containing 0.1 mM EGTA,
5 mM KH,PQy, 3 mM MgCh, 145 mM KCI, 30 mM Hepes, 0.1 mM homovalinic acid
and 6 U/ml horseradish peroxidase. After 15 min, the reaction was stopped with 0.5 ml
cold stop solution (0.1 M glycine, 25 mM EDTA-NaOH, pH 12). Fluorescence was
determined at 312 nm excitation and 420 nm emission wavelengths. ;Uadedels
were calculated using a standard curve gdHand expressed as pmol/mg protein/15

min.



Measurement of glutathione (GSH) and glutathione disulfide (GSSG) levels
- GSH and GSSG levels were determined with fluorescence detection after reaction of
the supernatant containings®OW/NaH,PO,-EDTA or HsPOy/NaOH, respectively, of
the deproteinized homogenates solution with ophthalaldehyde (OPT), pH 8.0, according
to Hissin and Hilf [29]. In brief, freshly isolated cortical and hippocampal mitochondria
(1 mg) resuspended in 1.5 ml phosphate buffer (100 mM;R@L 5 mM EDTA, pH
8.0) and 50Qul H3PO, 4.5% were rapidly centrifuged at 50 000 rpm (Beckman, TL-100
Ultracentrifuge) for 30 min. For GSH determination, 10@f supernatant was added to
1.8 ml phosphate buffer and 1QDOPT. After thorough mixing and incubation at room
temperature for 15 min, the solution was transferred to a quartz cuvette and the
fluorescence was measured at 420 nm and 350 nm emission and excitation wavelength,
respectively. For GSSG determination, 2B®f the supernatant were added to 100
of N-ethylmaleymide and incubated at room temperature for 30 min. After the
incubation 14Qul of the mixture were added to 1.76 ml NaOH (100 mM) d&ugénd
100 ul OPT. After mixing and incubation at room temperatiorel5 min, the solution
was transferred to a quartz cuvette and the fluorescence was measured at 420 nm and
350 nm emission and excitation wavelength, respectively. The GSH and GSSG levels
were determined from comparisons with a linear GSH or GSSG standard curve,

respectively.

Measurement of glutathione peroxidase (GPx) activity - GPx activity was
determined spectrophotometrically at 340 nm by following the method of Flohé and
Gunzler [30]. Briefly, the activity of GPx was measured upon a 5 min incubation, in the
dark, of 0.1 mg of each sample with 0.5 mM phosphate buffer (0.25 pP®&410.25 M

K:HPO, and 0.5 mM EDTA, pH 7.0), 0.5 mM EDTA, 1 mM GSH and 2.4 U/ml



glutathione reductase. The quantification occurred after the addition of 0.2 mM NADPH
and 1.2 mM tert-butyl hydroperoxide, at 30°C with continuous magnetic stirring, for 5
min, in a Jasco V560 UV/VIS Spectrophotometer. The measurements were made
against blanks prepared in the absence of NADPH. GPx activity was determined using

the molar extinction coefficient 6220 Mem* and expressed as nmol/min/mg protein.

Measurement of glutathione disulfide reductase (GR) activity - For the
activity of GR, 0.1 mg of each sample were incubated for 1 min with 0.2 mM phosphate
buffer (containing 0.2 M KHPO, and 2 mM EDTA, pH 7.0) and 2 mM NADPH. The
measurements were made at 340 nm and initiated with the addition of 20 mM GSSG, at
30°C, with continuous magnetic stirring, for 4 min, against blanks prepared in the
absence of GSSG, using a Jasco V560 UV/VIS Spectrophotometer [31]. GR activity
was determined using the molar extinction coefficient 6220citi* and expressed as

nmol/min/mg protein.

Measurement of manganese superoxide dismutase (MnSOD) activity -
MnSOD activity was determined spectrophotometrically, at 550 nm [32]. After the
incubation of 0.1 mg of protein with 0.07 mM of phosphate buffer (50 mNMRQO, and
100 uM EDTA, pH 7.8), 0.025 mM hypoxanthine, 0.025 Triton180, 0.1 mM
nitrobluetetrazolium (NBT) and 1.33 mM KCN, the reaction was started with the
addition of 0.025 U/ml xanthine oxidase, and the reaction was allowed to continue for 3
minutes at 25°C, with continuous magnetic stirring. The measurements were performed
in a Jasco V560 UV/VIS Spectrophotometer, against a blank, prepared in the absence of
hypoxanthine. The activity of MnSOD was calculated using a standard curve, prepared

with different concentrations of superoxide dismutase.

10



Statistical analysis- Data were analyzed using SPSS 16.0 for Windows. Results
are presented as mean = SEM of the indicated number of experiments. Statistical
significance between groups was defined using the Mann-Whitney U-test. A p-

value<0.05 was considered significant.

11



3. Results

Characterization of the experimental animals

STZ rats present significantly higher values of glycemia and glycated hemoglobin

(HbA;1c) and a significant decrease in body weight when compared with control rats

(Table 1), confirming the diabetic state of STZ animals. As expected, insulin-induced

hypoglycemic decreased significantly blood glucose levels when compared with STZ
and control rats and the glycated hemoglobin values are similar to those of STZ rats

(Table 1).

Effects of diabetes and insulin-induced hypoglycemia in the respiratory chain and
phosphorylation system of cortical and hippocampal mitochondria

A¥y, is fundamental for the phenomenon of OXPHOS, which results in the conversion
of ADP to ATP via ATPsynthase. Mitochondrial respiratory chain pumpsuti of the
mitochondrial matrix across the inner mitochondrial membrane. Thegradient
originates an electrochemical potentialp) resulting in a pH ApH) and a voltage
gradient A¥,) across the inner membrane. Insulin-induced hypoglycemia promoted a
significant decrease in ADP/O index (a marker of the mitochondrial ability to couple
oxygen consumption to ADP phosphorylation during state 3 of respiration) (Fig.1) and
an increase in repolarization lag phase (time necessary for ADP phosphorylation) (Table
2) in cortical mitochondria when compared with STZ-induced diabetic and control rats.
No statistical differences were observed in the other parameters evaluated in cortical
mitochondria (Figs. 1 and 2 and Table 2). In hippocampal mitochondria insulin-induced
hypoglycemia significantly increased RCR (ratio between states 3 and 4 of respiration)
when compared with control and STZ rats (Fig.3). However, no statistical differences

were found in the phosphorylation system parametal;,, repolarization level

12



(capacity of the mitochondria to recove¥,, after ADP phosphorylation) and

repolarization lag phase (Table 3).

Effects of diabetes and insulin-induced hypoglycemia in the susceptibility of
cortical and hippocampal mitochondria to oxidative stress and damage

Lipid peroxidation is a marker of oxidative damage. Figs.4A and 4B show that cortical
and hippocampal mitochondria from the three groups of rats do not have significant
alterations in TBARS levels in the absence of the pro-oxidant pair ABP(Basal
conditions). In the presence of ADP?E€PX), cortical mitochondria of STZ and
insulin-induced hypoglycemic rats present a significant increase in TBARS levels when
compared with control cortical mitochondria (Fig.4A). However, no significant
alterations were observed in hippocampal mitochondria in the presence of ADP/Fe
(Px) (Fig.4B).

The production of kD, by mitochondria gives an indication of the pro-oxidant state of
mitochondria. Fig.5B shows that hippocampal mitochondria from STZ and insulin-
induced hypoglycemic rats present a significant increase,{, idroduction when
compared with control mitochondria. Additionally, hippocampal mitochondria from
insulin-induced hypoglycemic animals produce significantly higher levels 65 H
when compared with STZ hippocampal mitochondria (Fig.5B). HoweveQ, H
production remained statistical unchanged in cortical mitochondria isolated from the

three groups of experimental animals (Fig.5A).

Effects of diabetes and insulin-induced hypoglycemia in the antioxidant defenses of

cortical and hippocampal mitochondria

13



Mitochondria possess a multi-leveled ROS defense network that includes non-
enzymatic antioxidants like GSH and antioxidant enzymes such as GPx, GR and
MnSOD. Fig.6A shows that insulin-induced hypoglycemic cortical mitochondria
present a significant decrease in GSH/GSSG ratio when compared to diabetic and
control situations. In hippocampal mitochondria no statistical changes in the
GSH/GSSG ratio were detected (Fig.6B).

GPx activity is significantly decreased in cortical mitochondria isolated from STZ
diabetic rats when compared with control mitochondria (Fig.7A). However, insulin-
induced hypoglycemia increased the activity of this enzyme when compared with
diabetic mitochondria (Fig.7A). No differences were observed in hippocampal
mitochondria from all experimental groups, although it is visible a slight decrease in the
activity of this enzyme in diabetic and insulin-induced hypoglycemic situations
(Fig.7B). STZ-induced diabetes and insulin-induced hypoglycemia significantly
decreased GR activity in cortical mitochondria (Fig.8A) but had no significant effects in
hippocampal mitochondria (Fig.8B). MnSOD activity increased significantly in insulin-
induced hypoglycemic cortical mitochondria (Fig.9A) but decreased significantly in
hippocampal mitochondria from STZ and insulin-induced hypoglycemic rats when
compared with control animals (Fig.9B). No significant alterations were observed in the
citrate synthase activity of mitochondria isolated from the different groups of

experimental animals (data not shown).

14



4. Discussion

This study shows that STZ-induced diabetes and/or insulin-induced
hypoglycemia affects differently hippocampal and cortical mitochondria bioenergetics
and oxidative status suggesting that these brain areas have specific differences in
mitochondrial function and defense mechanisms. These differences may underlay the
different susceptibilities of distinct brain areas to metabolic insults.

Characterization of STZ animals was made by measuring blood glucose and
HbA,. levels and body weight. Diabetic rats presented a significant increase in glucose
and HbA  levels and a significant decrease in body weight when compared with control
rats (Table 1). This is in agreement with biochemical characteristics of type 1 diabetic
patients [33]. Insulin therapy despite being used to ameliorate diabetes-induced
complications is also associated with hypoglycemic episodes [34h Wivo studies
intended to evaluate hypoglycemia effects, it is necessary to adequate the insulin dosage
to the purpose of the study. When the goal of the work is to evaluate an acute episode of
hypoglycemia, insulin dosage used often leads to blood glucose levels of about 30-50
mg/dl [35,36]. Accordingly, we adjusted the levels of insulin administered to diabetic
animals in order to achieve blood glucose levels around 33 mg/dl (Table 1).

Brain requires a continuous glucose delivery [37] and, consequently, episodes of
hypoglycemia, chronically elevated or fluctuating glucose levels, may compromise
brain structure or the proper functioning of specific pathways or regions in the brain
leading to cognitive decline [3]. Neuronal processes are critically dependent on
mitochondrial function. This is reflected by the high oxygen demand of CNS that
consumes 20% of all inspired oxygen although it accounts only for 2% of total body
weight [38]. In addition, OXPHOS provides 90% of the ATP required for the normal

functioning of neurons [14]. Previous data from our laboratory show that 4 weeks of
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STZ-induced diabetes do not affect the OXPHOS capacity neither the respiratory chain
of total brain mitochondria [39]. Accordingly, the present study shows that cortical
mitochondria isolated from STZ diabetic rats do not show differences in the OXPHOS
(Table 2) or in the respiratory chain parameters (Figs.1 and 2).

Insulin is an important neuromodulator, being involved in several
neurobiological processes such as energy homeostasis and cognition [40]. It has been
previously shown that insulin exerts neuroprotection against oxidative stress and
modulates synaptosomglaminobutyric acid and glutamate transport under oxidizi
and/or diabetic conditions [41,42]. A previous study from our laboratory showed that
total brain mitochondria from STZ-diabetic rats treated with insulin are more resistant
to the deleterious effects promoted by the amyloidogenic peptifie-48 [15].
Although insulin does not affect basal mitochondria function, it prevents the decline in
OXPHOS efficiency and avoids the increase in oxidative stress promote@byA
[15]. In the present study we used insulin to induce an acute episode of hypoglycemia.

Under those conditions a significant decrease in ADP/O index (Figs.1 and 2) and an

increase in lag phase (Table 2) were observed indicating that insulin-induced

hypoglycemic cortical mitochondria consume more oxygen and spend more time to

phosphorylate the amount of ADP present in the medilinhas been previously

demonstrated that when hypoglycemia is prolonged from 30 to 60 min, the number of
irreversible damaged cells increase substantially [43]. Furthermore, a significant
decrease in ADP/O index was observed in brain mitochondria exposed to 60 min of
severe hypoglycemia [44].

The OXPHOS system is a major source of free radicals includis@, H
hydroxyl (HO), and superoxide anion §0. ROS, besides being important signaling

molecules involved in synaptic transmission and acting as second messengers in several
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signaling pathways, are key players in neuronal death. Mitochondrial ROS production
has been suggested to be involved in the aging process and in the pathogenesis of
neurodegenerative disorders and diabetes [13,45]. Excessive ROS production, which
could be caused by hyperglycemia [46] and/or hypoglycemia [47], is associated with
decreased activity of antioxidant systems [48]. The antioxidant defense system is
comprised by antioxidant enzymes that catalyses the cellular detoxification of reactive
species. MnSOD is an intracellular enzyme that dismutafém® HO,, which can be
converted to KO through the action of catalase or GPx in the presence of GSH. GR
ensures the replenishment of GSH, one of the most important cellular antioxidant.
Indeed, data show that hypoglycemia and diabetes lead to a decrease in glutathione
content and MnSOD and catalase activities and to an increase in lipid peroxidation in
several brain areas [49]. Accordingly, we observed that cortical mitochondria isolated
from insulin-induced hypoglycemic and STZ-induced diabetic rats present a significant
increase in TBARS levels in the presence of the pro-oxidant pair ABP(IFg.4A).

This increase in lipid peroxidation could be an indicator of the degree of oxidative stress
during insulin-induced hypoglycemia and/or STZ-induced diabetes [49]. In STZ-
induced diabetes we found a significant decrease in GPx (Fig.7A) and GR (Fig.8A)
activities when compared with control mitochondria. These decreases correlate with the
GSH/GSSG ratio, which remained statistically unchanged (Fig.6A). Also, Baydas and
colleagues [50] reported an increase in lipid peroxidation levels in hippocampus, cortex
and cerebellum of STZ-induced diabetic rats while the GSH levels suffer no significant
alterations. Previous data from our laboratory show that the maintenance of GSH
content in total brain mitochondria isolated from STZ rats could be correlated with the
preservation ofA¥,, [15], sinceA¥,, contributes for keeping matrix NADPH/NADP

pool in the reduced form, which in turn helps to maintain the matrix glutathione in the
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reduced state [14]. Similarly, we found no differences in the OXPHOS of cortical
mitochondria from STZ diabetic rats (Table 2). Moreover, although cortical
mitochondria from STZ diabetic rats are more prone to lipid peroxidation, the high
levels of GSH help to maintain,B, production levels unchanged (Fig.5A) maybe in an
attempt to keep normal mitochondrial function.

GSH/GSSG ratio decreased significantly in the insulin-induced hypoglycemic
cortical mitochondria compared with STZ and control mitochondria (Fig.6A). GSH is
an antioxidant that protects mitochondria from lipid peroxidation and when depleted
causes brain mitochondria enlargement and degeneration [51]. In agreement, we also
found a significant decrease in GR activity compared with control rats (Fig.8A) and an
increase in GPx activity compared with STZ-induced diabetic animals (Fig.7A). The
increase in GPx activity (Fig.7A) may indicate an adaptive mechanism developed
during the insulin-induced hypoglycemic insult to counteract the overproduction of
H.O, promoted by the increased activity of MnSOD (Fig.9A). AccordinglyDH
production levels remained statistically unchanged (Fig.5A). Therefore, during the
insulin-induced hypoglycemic insult, due to the attempt to counterbalance the increased
production of HO,, the GSH pool was depleted and, since the cells are unable to
replace the GHS pool they become more vulnerable to the metabolic insult.

In hippocampal mitochondria we observed a significant decrease in MnSOD
activity (Fig.9B) under hyperglycemic and insulin-induced hypoglycemic situations.
This may cause an accumulation of Qotentiating the formation of other radicals
disturbing the cellular redox status. The role of MnSQOD is critical in protecting neurons
from free-radical damage. In the matrix, MNSOD activity should be in balance with the
activity of H,O, detoxifying enzymes. Matrix GSH redox cycle in coordination with

MnSOD mediated scavenging of,Qis crucial for preventing excessive,®}
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accumulation [52]. However, the hyper- and insulin-induced hypoglycemic conditions
also lead to a significant increase inQd production levels (Fig.5B) and a non-
statistically significant decrease in GPx activity (Fig.7B). Similar results were obtained
by Aragno and co-workers [53] that reported an increase® ldvels and a decrease

in GPx and catalase activities in the hippocampus of STZ-diabetic rads.itHthe
presence of reduced transition metals, such 4§ Ean be converted to toxic HO
through Fenton and/or Haber Weiss reactions [14]. The lack of correlation between
MnSOD (Fig.9B), GPx (Fig.7B) and B, production levels (Fig.5B) may suggest that
H,O, production in hippocampus does not result (only) from the dismutation of
mitochondrial @". Since our preparation consisted in a mitochondrial crude preparation
the HO, can also be originated from an extra-mitochondrial source [54]. Hino and
colleagues [55] evaluated the effects of insulin-induced hypoglycemia in hippocampal
cells and glucose-deprived medium in cultured neurons and they found a significant
increase in GSSG levels in both experimental situations. However, we found no
differences in the GSH/GSSG ratio in hippocampal mitochondria (Fig.6B) that could be
correlated with TBARS levels (Fig.4A). We should take into account our experiments
were performed in mitochondrial crude preparations while the above-mentioned studies
were performed in cells. Also, although not statistically significant, we observed a slight

increase of GR activity (Fig.8B). Therefore, and compared to cortical mitochondria,

both hyperglycemia and insulin-induced hypoglycemia promote distinct effects in the

oxidative status of hippocampal mitochondria: a decrease in MnSOD activity and an

increase in b, levels associated with the maintenance of the GSH/GSSG ratio and

GPx and GR activities.

The literature shows that glucose deprivation in hippocampal neurons and

cultured cerebellar granule neurons exacerbates the production of ROS, which is
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accompanied by an increase in“Ceoncentration and decreaseA#,, [56,57]. In this

study we found no differences in the OXPHOS (Table 3) but, interestingly, we found a
significant increase in RCR in insulin-induced hypoglycemic hippocampal
mitochondria (Fig.3). The rate of,8, production usually depends on th&, that, in

turn, depends on the coupling and metabolic state of mitochondria [58]. Furthermore,
evidence show that the maximum rate ofOK production in heart mitochondria
requires a higliA\W,, and respiring, coupled mitochondria [59]. Moreover, Starkov and
co-workers [60] proposed that the rates eDiproduction in the rat brain mitochondria
could not be directly related to relative rates of states 3 or 4 of respiration.

It has been described that different brain regions have distinct vulnerabilities to
oxidative stress and that the cortex possess lower basal level of antioxidant enzymes and
therefore, is more prone to oxidative damage [61]. A previous study showed that
cortical areas and hippocampus of 20 weeks old Wistar rats possess different levels of
cooper (Cu), iron (Fe) and zinc (Zn), trace elements known to be involved in
neurological degenerative disorders, which are higher in cortex compared to the
hippocampus [62]. In fact, studies show that hyperglycemia differently affects cortical
and hippocampal morphology and biochemistry [63]. Additionally, Xu and colleagues
[64] demonstrated that cortical neurons and astrocytes are more vulnerable to oxygen-
glucose deprivation than cells from striatum and hippocampus. Bree and co-workers
[65] demonstrated that diabetes uniquely increases the cortex susceptibility to
hypoglycemic damage. The differences in cortical and hippocampal mitochondrial
bioenergetics and antioxidant defenses observed in the present study may explain the

different susceptibilities found in different brain areas.

5. Conclusions
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The cerebral cortex and the hippocampus are the seat of our highest forms of
intelligence. Although both situations of hyperglycemia and insulin-induced
hypoglycemia lead to an increase in ROS levels associated with a decrease in
antioxidant defenses in cortical and hippocampal mitochondria, we observed that both
brain areas behave differently in response to a metabolic insult. Furthermore, we show
that an acute episode of hypoglycemia induced by insulin potentiates the effects of STZ-
induced diabetes having detrimental effects in cortical mitochondria bioenergetics and
making the antioxidant defenses unable of overcome the increased oxidative stress.
Therefore, the poor glycemic control that occurs in diabetic patients undergoing insulin
therapy may have a negative impact in brain mitochondria, namely those of the cortex,

predisposing the brain to degenerative events and cognitive impairment.

21



6. Acknowledgements

Susana Cardoso has a PhD fellowship from the Portuguese Foundation for Science and
Technology (SFRH/BD/43968/2008).
We thank Drs. Paula Mota and Sandra Amaral for helping with animal handling; and

Drs. Renato Xavier Santos, Sénia Correia and Cristina Carvalho for their assistance.

22



. References

. S.A. Wrighten, G.G. Piroli, C.A. Grillo, L.P. Reagan, A look inside the diabetic
brain: Contributors to diabetes-induced brain aging, Biochim. Biophys. Acta
1792 (2009) 444-453.

. D.Daneman, Type 1 diabetésncet. 367 (2006), 847-858.

. A.M. Wessels, P. Scheltens, F. Barkhof, R.J. Heldgperglycaemia as a
determinant of cognitive decline in patients with type 1 diabdies, J.
Pharmacol. 585 (2008) 88-96.

. R.J. McCrimmon, B.MFrier, Hypoglycaemia, the most feared complication of
insulin therapyDiabetes Metab. 20 (1994) 503-512.

. T. Wieloch, B. Engelsen, E. Westerberg, R. Alle@sons of the glutamatergic
cortico-striatal projections in the rat ameliorate hypoglycemic brain damage in
the striatumNeurosci. Lett. 58 (1985) 25-30.

. B. Engelsen, E. Westerberg, F. Fonnum, T. Wiel&dfect of insulin-induced
hypoglycemia on the concentrations of glutamate and related amino acids and
energy metabolites in the intact and decorticated rat neostridtiseurochem.

47 (1986) 1634-1641.

. R.N. Auer,Hypoglycemic brain damagé&prensic. Sci. Int. 146 (2004) 105-110.

. S.W. Suh, K. Aoyama, Y. Matsumori, J. Liu, R.A. Swans®&yruvate
administered after severe hypoglycemia reduces neuronal death and cognitive
impairmentDiabetes 54 (2005) 1452-1458.

. M.T. Draelos, A.M. Jacobson, K. Weinger, B. Widom, C.M. Ryan, D.M.
Finkelstein, D.C.Simonson, Cognitive function in patients with insulin-
dependent diabetes mellitus during hyperglycemia and hypoglycé&mia,J.

Med. 98 (1995) 135-144.

23



10.C.M. Ryan, T.M.Williams, Effects of insulin-dependent diabetes on learning
and memory efficiency in adults, Clin. Exp. Neuropsychol. 15 (1993) 685-
700.

11.E.O. Alvarez, J. Beauquis, Y. Revsin, A.M. Banzan, P. Roig, A.F. De Nicola, F.
Saravia, Cognitive dysfunction and hippocampal changes in experimental type 1
diabetesBehav. Brain Res. 198 (2009) 224-230.

12.W.H. Gispen, G.JBiessels, Cognition and synaptic plasticity in diabetes
mellitus, Trends Neurosci. 23 (2000) 542-549.

13.M.F. Beal,Mitochondria take center stage in aging and neurodegeneration, Ann.
Neurol. 58 (2005) 495-505.

14.P.I. Moreira, M.S. Santos, R. Sei¢ca, C.R. OliveiBrain mitochondrial
dysfunction as a link between Alzheimer's disease and dialetdsurol. Sci.

257 (2007) 206-214.

15.P.1. Moreira, M.S. Santos, C. Sena, R. Sei¢ca, C.R. Oliveira, Insulin protects
against amyloidp-peptide toxicity in brain mitochondria of diabetic s;at
Neurobiol. Dis. 18 (2005) 628-637.

16.R. Mastrocola, F. Restivo, I. Vercellinatto, O. Danni, E. Brignardello, M.
Aragno, G. Boccuzzi, Oxidative and nitrosative stress in brain mitochondria of
diabetic rats). Endocrinol. 187 (2005) 37-44.

17.A. Nakhaee, M. Bokaeian, A. Akbarzadeh, M. Hashe®adium Tungstate
Attenuate Oxidative Stress in Brain Tissue of Streptozotocin-Induced Diabetic
Rats,Biol. Trace Elem. Res. In press; 20009.

18.M. Ferrand-Drake, H. Friberg, T. Wielod!ijtochondrial permeability transition
induced DNA-fragmentation in the rat hippocampus following hypoglycemia,

Neuroscience 90 (1999) 1325-1338.

24



19.J.R. Ballesteros, O.P. Mishra, J.E. McGowan, Alterations in cerebral
mitochondria during acute hypoglycemiagl. Neonate 84 (2003) 159-163.

20.J.E. McGowan, L. Chen, D. Gao, M. Trush, C. Wecreased mitochondrial
reactive oxygen species production in newborn brain during hypoglycemia,
Neurosci. Lett. 399 (2006) 111-114.

21.A.G. Gornall, C.J. Bardawill, M.M. David, Determination of serum proteins by
means of the biuret reaction, J. Biol. Chem. 177 (1949) 751-766.

22.R.E. Estabrook, Mitochondrial respiratory control and the polarographic
measurement of ADP/O ratios, Methods Enzymol. 10 (1967) 41- 47.

23.B. Chance, G.R. Williamg& he respiratory chain and oxidative phosphorylation,
Adv. Enzymol. Relat. Subj. Biochem. 17 (1956) 65-134.

24.N. Kamo, M. Muratsugu, R. Hongoh, Y. Kobatakdembrane potential of
mitochondria measured with an electrode sensitive to tetraphenyl phosphonium
and relationship between proton electrochemical potential and phosphorylation

potential in steady staté, Membr. Biol. 49 (1979) 105-121.

25.B.D. Jensen, T.R. Gunter, The use of tertaphenylphosphonium®)(TtBP
measure membrane potentials in mitochondria: membrane binding and
respiratory effects, Biophys. J. 45 (1984) 92.

26.M. Muratsugu, N. Kamo, K. Kurihara, Y. Kobatake, Selective electrode for
dibenzyl dimethyl ammonium cation as indicator of the membrane potential in

biological systemsBiochim. Biophys. Acta 464 (1977) 613-619.

27.L. Ernster, K. Nordenbrand, Microsomal lipid peroxidation, Methods Enzymol.

10 (1967) 574-580.

25



28.G. Barja, Mitochondrial oxygen radical generation and leak: sites of production
in states 4 and 3, organ specificity, and relation to aging and longévity,
Bioenerg. Biomembr. 31 (1999) 347-366.

29.P.J. Hissin, R. Hilf, A fluorometric method for determination of oxidized and
reduced glutathione in tissuégjal Biochem. 74 (1976) 214-226.

30.L. Flohé, W.A. GunzlerAssays of glutathione peroxidasdethods Enzymol.

105 (1984) 114-121.
31.1. Carlberg, B. Mannervik, Glutathione reductase, Methods Enzymol. 113

(1985), 484-490.

32.L. Flohé, F. Otting, Superoxide dismutase assays, Methods Enzymol. 105 (1984)

93-104.

33.V. Ramakrishna, R.Jailkhani, Evaluation of oxidative stress in Insulin
Dependent Diabetes Mellitus (IDDM) patierisagn. Pathol. 2 (2007) 22.

34.S. Nordfeldt, J. Ludvigsson, Adverse events in intensively treated children and
adolescents with type 1 diabetAsta Paediatr. 88 (1999) 1184-1193.

35.E.C. McNay, A. Williamson, R.J. McCrimmon, R.S. Sherwin, Cognitive and
neural hippocampal effects of long-term moderate recurrent hypoglycemia,
Diabetes 55 (2006) 1088-1095.

36.R.l. Herzog, O. Chan, S. Yu, J. Dziura, E.C. McNay, R.S. Shemifact of
acute and recurrent hypoglycemia on changes in brain glycogen concentration,
Endocrinology 149 (2008) 1499-1504.

37.S.W. Suh, A.M. Hamby, R.A. Swanson, Hypoglycemia, brain energetics, and

hypoglycemic neuronal death, Glia 55 (2007) 1280-1286.

26



38.K.A. Foster, F. Galeffi, F.J. Gerich, D.A. Turner, M. Miller, Optical and
pharmacological tools to investigate the role of mitochondria during oxidative

stress and neurodegeneratiBrpg. Neurobiol. 79 (2006) 136-171.

39.P.I. Moreira, M.S. Santos, A.M. Moreno, T. Proenga, R. Seica, QliReira,

Effect of streptozotocin-induced diabetes on rat brain mitochondkia,
Neuroendocrinol. 16 (2004) 32-38.

40.S. Cardoso, S. Correia, R.X. Santos, C. Carvalho, M.S. Santos, C.R. Oliveira, G.
Perry, M.A. Smith, X. Zhu, P.l. Moreirdnsulin is a two-edged knife on the
brain,J. Alzheimers Dis. 18 (2009) 483-507.

41.A.l. Duarte, M.S. Santos, R. Seica, C.R. Olivei@xidative stress affects
synaptosomal gamma-aminobutyric acid and glutamate transport in diabetic rats:
the role of insulinDiabetes 53 (2004) 2110-2116.

42.A.l. Duarte, P. Santos, C.R. Oliveira, M.S. Santos, C. Rdgsulin
neuroprotection against oxidative stress is mediated by Akt and GSK-3beta
signaling pathways and changes in protein expresBioghim. Biophys. Acta
1783 (2008) 994-1002.

43.C.D. Agardh, H. Kalimo, Y. Olsson, B.ksiesjo, Hypoglycemic brain injury. .
Metabolic and light microscopic findings in rat cerebral cortex during profound
insulin-induced hypoglycemia and in the recovery period following glucose
administrationActa Neuropathol. 50 (1980) 31-41.

44.C.D. Agardh, A.G. Chapman, D. Pelligrino, B.K. Siesjo, Influence of severe
hypoglycemia on mitochondrial and plasma membrane function in rat Brain,

Neurochem. 38 (1982) 662-668.

27



45.P.1. Moreira, A.l. Duarte, M.S. Santos, A.C. Rego, C.R. Olivéirajntegrative
view of the role of oxidative stress, mitochondria and insulin in Alzheimer's
disease). Alzheimers Dis. 16 (2009) 741-761.

46.J.W. Russell, D. Golovoy, A.M. Vincent, P. Mahendru, J.A. Olzmann, A.
Mentzer, E.L. Feldman, High glucose-induced oxidative stress and
mitochondrial dysfunction in neurorfSASEB J. 16 (2002) 1738-1748.

47.J. Patockova, P. Marhol, E.afova, M. Krsiak, R. Rokyta, S. Stipek, J.
Crkovska, M. Andel, Oxidative stress in the brain tissue of laboratory mice with
acute post insulin hypoglycemihysiol. Res. 52 (2003) 131-135.

48.S.K. Bhardwaj, M.L. Sharma, G. Gulati, A. Chhabra, R. Kaushik, P. Sharma, G.
Kaur, Effect of starvation and insulin-induced hypoglycemia on oxidative stress
scavenger system and electron transport chain complexes from rat brain, liver,
and kidney, Mol. Chem. Neuropathol. 34 (1998) 157-168.

49.P. Singh, A. Jain, G. Kaur, Impact of hypoglycemia and diabetes on CNS:
correlation of mitochondrial oxidative stress with DNA damalge). Cell.
Biochem. 260 (2004) 153-159.

50.G. Baydas, V.S. Nedzvetskii, M. Tuzcu, A. Yasar, S.V. Kirichenko, Increase of
glial fibrillary acidic protein and S-100B in hippocampus and cortex of diabetic
rats: effects of vitamin Eur. J. Pharmacol. 462 (2003) 67-71.

51.A. Jain, J. Martensson, E. Stole, P.A. Auld, A. Meis&ytathione deficiency
leads to mitochondrial damage in brairpc. Natl. Acad. Sci. USA 88 (1991)
1913-1917.

52.P. Jezek, L. Hlavata, Mitochondria in homeostasis of reactive oxygen species in

cell, tissues, and organisint. J. Biochem. Cell. Biol. 37 (2005) 2478-2503.

28



53.M. Aragno, R. Mastrocola, E. Brignardello, M. Catalano, G. Robino, R. Manti,
M. Parola, O. Danni, G. Boccuzidehydroepiandrosterone modulates nuclear
factor-kappaB activation in hippocampus of diabetic r&tsjocrinology 143

(2002) 3250-3258.

54.A.P. Kudin, D. Malinska, W.S. Kunz, Sites of generation of reactive oxygen
species in homogenates of brain tissue determined with the use of respiratory

substrates and inhibitoBjochim. Biophys. Acta 1777 (2008) 689-695.

55.K. Hino, M. Nishikawa, E. Sato, M. Inoug;carnitine inhibits hypoglycemia-
induced brain damage in the @tain Res. 1053 (2005) 77-87.

56.M.P. Mattson, Y. Zhang, SBose, Growth factors prevent mitochondrial
dysfunction, loss of calcium homeostasis, and cell injury, but not ATP depletion
in hippocampal neurons deprived of glucose, Exp. Neurol. 121 (1993) 1-13.

57.N.K. Isaev, E.V. Stelmashook, U. Dirnagl, E.Y. Plotnikov, E.A. Kuvshinova,
D.B. Zorov, Mitochondrial free radical production induced by glucose
deprivation in cerebellar granule neuroB&gchemistry (Mosc) 73 (2008) 149-
155.

58.S.S. Korshunov, V.P. Skulachev, A.8tarkov, High protonic potential actuates
a mechanism of production of reactive oxygen species in mitochoRrtHR6

Lett. 416 (1997) 15-18.

59.R.G. Hansford, B.A. Hogue, \Wlildaziene, Dependence of H202 formation by
rat heart mitochondria on substrate availability and donor Ag&ioenerg.

Biomembr. 29 (1997) 89-95.

29



60.A.A. Starkov, G. Fiskum, C. Chinopoulos, B.J. Lorenzo, S.E. Browne, M.S.
Patel, M.F. BealMitochondrial alpha-ketoglutarate dehydrogenase complex
generates reactive oxygen specledNeurosci. 24 (2004) 7779-7788.

61.A. Srivastava, T. Shivanandappdexachlorocyclohexane differentially alters
the antioxidant status of the brain regions in Tatxicology 214 (2005) 123-

130.

62.R.F.B. Serpa, E.F.O. De Jesus, M.J. Anjos, R.T. Lopes, M.G.T. do Carmo, S.
Moreira, M.S. Rocha, A.M.B. Martinez, Elemental concentration in the cortex
and hippocampus of Wistar rats by X-ray total reflection fluorescence with

synchrotron radiation, J. Radioanal. Nucl. Chem. 269 (2006) 647-652.

63.R. Martinez-Tellez, J. Gobmez-Villalobos Mde, G. Floriseration in dendritic
morphology of cortical neurons in rats with diabetes mellitus induced by
streptozotocinBrain Res. 1048 (2005) 108-115.

64.L. Xu, R.M. Sapolsky, R.G. Giffard, Differential sensitivity of murine astrocytes
and neurons from different brain regions to injury, Exp. Neurol. 169 (2001) 416-
424.

65.A.J. Bree, E.C. Puente, D. Daphna-lken, &idher, Diabetes increases brain
damage caused by severe hypoglycesua, J. Physiol. Endocrinol. Metab. 297

(2009) 194-201.

30



Legends

Figure 1: Effect of STZ-induced diabetes and insulin-induced hypoglycemia in the
cortical mitochondria respiratory parameters: states 3 (A) and 4 (B) of respiration, RCR
(C) and ADP/O index (D). Data are the mean =+ SEM of 8-10 animals from each
condition studied. Statistical significance: **p<0.01 when compared with control

cortical mitochondria’p<0.05 when compared with STZ cortical mitochondria.

Figure 2: Representative traces of oxygen uptake in cortical mitochondria from each
condition studied. Freshly isolated cortical brain mitochondria (0.8 mg) in 1 ml of the
reaction medium were energized with 5 mM succinate in the presenceuM 2

rotenoneState 3 of respiration were initiated with ADP (155 nmol/mg protein).

Figure 3: Effect of STZ-induced diabetes and insulin-induced hypoglycemia in the
hippocampal mitochondria respiratory parameters: states 3 (A) and 4 (B) of respiration,
RCR (C) and ADP/O index (D). Data are the mean £ SEM of 6-10 animals from each
condition studied. Statistical significance: *p<0.05 when compared with control
hippocampal mitochondria;"p<0.05 when compared with STZ hippocampal

mitochondria.

Figure 4: Effect of STZ-induced diabetes and insulin-induced hypoglycemia on
thiobarbituric acid reactive substances (TBARS) formation induced by the pro-oxidant
pair ADP/Fé* (Px) in cortical (A) and hippocampal (B) mitochondria. Freshly isolated
mitochondria were incubated at 1 mg/ml under standard conditions as described in the
Material and methods section. Data shown represent mean + SEM from six to eight
independent experiments. Statistical significance: ***p<0.001;* p<0.05 when compared

with control cortical mitochondria in the presence of ADBIREX).
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Figure 5: Effect of STZ-induced diabetes and insulin-induced hypoglycemia on
hydrogen peroxide (}D,) production. Cortical (A) and hippocampal (B) mitochondria
were incubated under the conditions described in the Material and methods section.
Data are the mean + SEM from six to ten independent experiments. Statistical
significance: *p<0.05 when compared with control hippocampal mitochorigk&;05

when compared with STZ hippocampal mitochondria.

Figure 6: Effect of STZ-induced diabetes and insulin-induced hypoglycemia on
glutathione content in cortical (A) and hippocampal (B) mitochondria. Data shown
represent mean * SEM from six to eight independent experiments. Statistical
significance: **p<0.01 when compared with control brain mitochondpi€0.05 when

compared with STZ cortical mitochondria.

Figure 7: Effect of STZ-induced diabetes and insulin-induced hypoglycemia on
glutathione peroxidase (GPx) activity in cortical (A) and hippocampal (B)
mitochondria. Data are the mean + SEM of 6-8 animals from each condition studied.
Statistical significance: **p<0.01 when compared with control cortical mitochondria;

"p<0.05 when compared with STZ cortical mitochondria.

Figure 8: Effect of STZ-induced diabetes and insulin-induced hypoglycemia on
glutathione reductase (GR) activity in cortical (A) and hippocampal (B) mitochondria.
Data are the mean = SEM of 6-8 animals from each condition studied. Statistical

significance: **p<0.01 when compared with control cortical mitochondria.

Figure 9: Effect of STZ-induced diabetes and insulin-induced hypoglycemia on
superoxide dismutase (MnSOD) activity in cortical (A) and hippocampal mitochondria

(B). Data are the mean £ SEM of 6-8 animals from each condition studied. Statistical
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significance: *p<0.05 when compared with contrf@<0.05 when compared with STZ

hippocampal mitochondria.
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Table 1: Characterization of the experimental animal models

Control STZ Insulin-induced
Hypoglycemia
Body weight (g) 354+4 259+11" 245+9
Brain weight (g) 2.510.2 2.4+0.1 2.4+0.2
Glucose(mg/dl) 89+3 415+26%** 33#3rwx T
Hbaic (%) 1.9+0.2 7.8+0.4" 7.0+0.2°

Data are the means + SEM of 12-14 animals from each condition studied. Statistical
significance: ** p<0.001;**p<0.01 when compared with Control rat§: p<0.001

when compared with STZ-treated rats.ais glycated hemoglobin.
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Table 2: Effect of STZ-induced diabetes and insulin-induced hypoglycemia in the
cortical mitochondrial oxidative phosphorylation systext¥(, repolarization level and

repolarization lag phase).

Control STZ Insulin-induced
hypoglycemia
A¥m (-mV) 179+2 182+2 179+3
Repolarization 14442 146+2 145+2
level (-mV)
Repolarization lag 2.1+0.1 2.1+0.1 2.940.2%%"
phase (min)

The oxidative phosphorylation parameters were evaluated in freshly isolated cortical
mitochondrial fractions (0.8 mg) in 1 ml of the reaction medium supplemented with 3
UM of TPP and energized with 5 mM succinate in the presenceuM Potenone. Data
are the mean + SEM of 8-10 animals from each condition studied. Statistical
significance: **p<0.01 when compared with control cortical mitochondipes0.05

when compared with STZ cortical mitochondria.
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Table 3: Effect of STZ-induced diabetes and insulin-induced hypoglycemia in the
hippocampal mitochondrial oxidative phosphorylation systeff¥.{ repolarization

level and repolarization lag phase).

Control STZ Insulin-induced
hypoglycemia
A¥mM (-mV) 173+3 178+3 178+3
Repolarization 14545 13745 15242
level (-mV)
Repolarization lag 2.7+0.4 3.1+0.4 1.92+0.3
phase (min)

The oxidative phosphorylation parameters were evaluated in freshly isolated
hippocampal mitochondrial fractions (0.8 mg) in 1 ml of the reaction medium
supplemented with 3 uM of TPRNnd energized with 5 mM succinate in the presence of

2 UM rotenone. Data are the mean + SEM of 6-10 animals from each condition studied.
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