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ABSTRACT

The present study was designed to investigate the effect of glycemic load (GL) on brain and cardiac mitochondrial 
integrity. The effect of high glycemic load (HGL) and low glycemic load (LGL) diets on the generation of free 
radicals and its consequent effect on brain and cardiac mitochondrial were assessed. The effect of the reactive oxygen 
species (ROS) on the activities of electron transport chain (ETC) was examined. A significant decline in enzyme 
activities of complex I, III and IV were observed, for both brain and cardiac mitochondria ETC. Brain rotenone-
sensitive complex I activities decreased by 49.20% (p>0.05) in HGL-fed rats, while antimycin-a sensitive complex 
III decreased by 19.80% (p>0.05). Same phenomenon was observed in potassium cyanide (KCN)-sensitive complex 
IV (cytochrome c oxidase), which decreased by 30.17% (p>0.05). For cardiac mitochondrial complexes, Rotenone-
sensitive complex I decreased by 25.45% (p>0.05) in HGL fed group, while antimycin-a sensitive complex III activity 
decreased by 24.78% (p>0.05). Glycemic related changes were also observed in KCN-sensitive complex IV with a 
decrease of 21.18% (p>0.05). Enzyme activities in both brain and cardiac mitochondrial homogenates decrease 
minimally in LGL fed rats, compared with the control. Thiol group content, total protein and malondialdehyde 
(MDA) were found to be significantly elevated in rats fed with HGL diet. Superoxide dismutase (SOD) and catalase 
(CAT) enzymes activities decreased in both brain and cardiac mitochondria of rats fed with HGL diets. It can be 
concluded that low glycemic load diet sustains the mitochondrial integrity. Whereas, HGL diets induced oxidative 
stress and degenerate antioxidant enzymes activities in brain and heart mitochondria; thereby inducing loss of 
mitochondrial integrity.
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INTRODUCTION

The Glycemic Load (GL) is a relatively new way to assess the impact 
of carbohydrate consumption in the body system. Glycemic load 
takes the glycemic index (GI) into account, and gives clear picture 
than do GI GL alone. Glycemic Load is calculated by multiplying 
the GI by the number of grams of carbohydrate (CHO) in a serving 
of the food. GL is a measure that incorporates both the quality 
and quantity of dietary CHO [1]. Wylie-Rosett et al. [2] stated that 
GL was developed as a way of comparing the glucose-raising effect 
of foods with widely differing amounts of CHO's. The higher the 
glycemic load the greater the expected elevation in blood glucose 
and insulinogenic effect of the food. Long term consumption of 
a diet with relatively high glycemic load diet is associated with an 
increased risk of type 2 diabetes and coronary heart disease (CHD), 
increase insulin resistance and reduction of insulin sensitivity, 
decline concentration of high-density lipoprotein, increase the risk 
of metabolic syndrome and facilitates weight gain [3]. According 

to Wylie-Rosett et al. [2] confirmed that a low-glycemic load diet 
slows absorption and lessens hyperinsulinaemia, the implication 
of this phenomena promotes appropriate weight loss, improve 
cardiovascular health, and reduce diabetes. Some foods with a high 
glycemic index such as carrots may have a low glycemic load.

Modern life habits are characterized by low energy expenditure by 
daily excessive ingestion of foods rich in carbohydrates and lipids, 
to ensure positive energetic balance a reality. The consequence is 
the increase of the body mass index (BMI) and the prevalence of 
obesity, in developed as well as developing countries [4,5].

Eating habit characterized by the consumption of high glycemic 
index (HGI) and high glycemic load (HGL) diet has its dire health 
consequences [6]. The consumption of this type of diet is responsible 
for the increase of the prevalence of obesity [7-9], which might lead 
to the alteration of the oxidative state and inflammatory markers 
(monocyte-derived macrophages), besides favouring lipogenesis, 
hyperglycemia, hyperinsulinemia, reduction of insulin sensibility, 
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increase insulin resistance hypertriglyceridemia and decrease the 
concentration of HDL-cholesterol in the blood [10].

The alteration of the oxidative state as a result of the increase in 
production of reactive oxygen species (ROS) and the reduction 
of antioxidant concentrations can be explained by the constant 
hyperglycemia generated by the chronic consumption of HGI 
and HGL diets [11]. Hyperglycemia–induced increases in glucose 
autoxidation, protein glycation and the subsequent oxidative 
degradation of glycated protein which can lead to enhanced 
production of reactive oxygen species (ROS) [12]. The levels of 
ROS are regulated by a variety of cellular defense mechanisms 
consisting of enzymic and non-enzymic (glutathione, α-tocopherol 
and other ROS scavengers) systems. High levels and/or inadequate 
removal of ROS may cause severe metabolic imbalance and 
oxidative damage to biological macromolecules [13]. Furthermore, 
the hyperinsulinemia associated to insulin resistance can increase 
the production and release of powerful endothelial vasoconstrictor 
called endothelin-1, leading to endothelial cellular injury [14].

Most reactive oxygen species (ROS) are generated as by-products 
during mitochondrial electron transport. In addition, ROS are 
formed as necessary intermediates of metal catalyzed oxidation 
reactions. Free radicals are atomic oxygen which possesses two 
unpaired electrons (free radicals) in separate orbits in its outer 
electron shell. This electron structure makes oxygen susceptible to 
radical formation. The sequential reduction of oxygen through the 
addition of electrons leads to the formation of a number of ROS 
including: superoxide; hydrogen peroxide; hypobromous acid, 
peroxynitrite, hydroxyl radical; hydroxyl ion; and nitric oxide [15].

MATERIALS AND METHODS

Experimental animals

Eighteen (18) Albino rats, nine male and nine females bought at 
IBB University Lapai, Biochemistry Department and were divided 
into three groups of 6 rats each. The animals were maintained as 
described by Kaplan et al. [16]. All experiments were performed in 
accordance with the “Guideline for the Care and Use of laboratory 
Animals” published by The US National Institute of Health (NIH 
publication NO 85-23, revised 1996).

Test foods were classified into high and low glycemic load. The first 
two groups were fed with HGL and LGL diet as normally prepared 
for human consumption. Boiled yam classified as high glycemic 
load food, was prepared by peeling yam, sliced and 40 g of the slide 
yam was boiled with 250 ml until softened 5 g of table salt and 
20 ml of red oil (palm oil) was added to give taste, and served to 
group-1 with 30 ml stew well stirred. Tuwon acha a low glycemic 
load food was prepared by mixing 35 g of Acha grain (Digiteria 
exilis) in 250 ml boiling water turned until paste is formed. It was 
served to group-2 with 30 ml stew to the various respective groups. 
The control group-3 were fed with commercial feeds (i.e. grower 
feeds). The commercially formulated feeds contain 15% crude 
protein, 7% fat, 10% crude fiber, 1.0% calcium 0.35% of available 
phosphorous and 2550 Kcal/Kg of metabolizable energy. The 
animals were fed with the classified diet for 2 months, after which 
the animals were sacrificed the brain and heart were removed for 
further analysis.

Isolation of brain and heart mitochondria

The animals were sacrificed by decapitation after anesthetization. 

After removal of the cranium by incision, the Brain and heart 
were immediately removed and washed with physiological solution 
and stored at –80°C for further analysis. Frozen powdered tissue 
of the whole brain and heart (about 1 g each) was thawed in 10 
volumes of ice-cold homogenization buffer (30 mM KH

2
PO

4
, 

5 mM EDTA, 0.3 M sucrose, adjusted to pH 7.0) with 0.3 mM 
phenylmethylsulfonyl fluoride (PMSF) and homogenized in Potter-
Elvehjemhomogenizer. Brain and heart mitochondrial fraction 
were isolated from individual tissue homogenates by differential 
centrifugation as previously described by Babusikova et al. [17]. The 
supernatant from homogenate centrifugation (1000×g for 10 mins) 
was further centrifuge at 18,000×g for 35 mins; the supernatant 
was decanted. Pellet was used (as it contained the mitochondria). 
The determination of enzyme activities was carried out based on 
Babusikova, et al. [17], Nulton-Persson and Szweda [18], Powell 
and Jackson [19] and Racay, et al. [20] protocols that arrived at 
various protein concentrations (in complex I, II, III and IV).

Determination of enzyme activities from brain and cardiac 
mitochondria

Complex I (NADH-ubiquinone oxidoreductase): The oxidation 
of NADH by complex I was recorded using the ubiquinone 
analogue decylubiquinone as electron acceptor [18]. The basic 
assay medium (35 mM KH

2
PO

4
, 5 mM MgCl

2
 and 2 mM KCN, 

pH 7.2) was supplemented with 5 μM antimycin A, 60 μM 
decylubiquinone and 0.1 mM NADH in final volume of 1 ml. The 
enzyme activity was measured by starting the reaction with 50 μg of 
mitochondrial protein at 30°C. The decrease in absorption due to 
NADH oxidation was measured at 340 nm using molar absorption 
coefficient ε=6.2 mM-1cm-1.

Complex II (succinate-ubiquinone oxidoreductase or succinate 
dehydrogenase, SDH): Succinate dehydrogenase activity was 
measured according to Powell and Jackson [19], as the rate of 2, 
6-dichlorophenolindophenol (DCIP) reduction at 600 nm (ε=21 
mM-1cm-1) upon addition of 0.2 M KH

2
PO

4
 (pH 7.6), 0.1 M NaCN, 

0.02 M phenazine methosulfate, 0.5 M succinate and 1 mM DCIP 
to mitochondria (0.15 mg protein per ml) and incubated at 30°C 
for 5 minutes before taking the absorbance.

Complex III (ubiquinol- cytochrome c reductase): Activity of 
cytochrome c reductase was determined as the rate of antimycin 
A-dependent reduction of cytochrome c at 550 nm (ε=18.5 mM-

1cm-1) [18]. Mitochondria (0.05 mg protein per ml) were incubated 
at 30°C in medium containing 35 mM KH

2
PO

4
, 5 mM MgCl

2
, 

2 mM KCN and 0.05% Triton X-100, pH 7.2 and reaction was 
started with 60 μM reduced decylubiquinone and 50 μM of 
cytochrome c.

Complex IV (cytochrome c oxidase): Activity of cytochrome c 
oxidase was determined spectrophotometrically by monitoring the 
rate of cytochrome c oxidation at 550 nm (ε=19.6 mM-1cm-1) as 
described by Racay et al. [20]. Mitochondria (0.05 mg protein per 
ml) were incubated at 30°C in medium containing 50 mM Tris-
HCl (pH 8.0), 0.01% (w/v) n-dodecyl β-D-maltoside and reaction 
started with 5 μM of reduced cytochrome c.

Citrate synthase: Citrate synthase activity was measured 
spectrophotometrically by monitoring the formation of CoASH 
with 2, 2-dithiobisnitrobenzoic acid (DTNB). Mitochondria (0.04 
mg protein per ml) were incubated at 25°C in assay buffer containing 
0.3 mM acetyl CoA and 0.1 mM 2, 2-dithiobisnitrobenzoic acid 
(DTNB). The reaction was started by the addition of 0.5 mM 
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50% inhibition of the oxidation of adrenaline to adenochrome 
during 1 minute.

Determination of catalase activity

Catalase activity was determined according to sinha [23]. It was 
assayed calorimetrically at 620 nm and expressed as µmoles of 
H

2
O

2
 consumed/min/mg portion at 25°C. The reaction mixture 

(1.5 ml) contained 1.0 ml of 0.01 M phosphate buffer (pH 7.0), 0.1 
ml of tissue homogenate and 0.4 ml of 2 M H

2
O

2
. The reaction 

mixture was stopped by the addition of 2.0 ml of dichromate and 
glacial reagent (5% potassium dichromate- acetic acid were mixed 
in 1:3). ∈=40 M-1 cm-1

Calculations:   VTCatalase Activity A Vs= ´ ´
Î

Where A=change in absorbance,

V
T
=Total Volume, Vs=Sample Volume, ∈=molar extinction.

Total thiol group content

Total thiol group content in brain and cardiac mitochondria (aliquots 
of 0.15 mg proteins) was determined spectrophotometrically 
as described by Sivoňová et al. [24]. Samples were incubated in 
medium containing 30 mM imidazole (pH 7.4), 5 mM EDTA, 
and 0.4 mM 2, 2-dithiobisnitrobenzoic acid (DTNB). After 10 
min incubation at room temperature the sample absorbance was 
measured at 412 nm together with the absorbance of reagent blank. 
The thiol group content was calculated using molar absorption 
coefficient ε=13,600 M1cm-1.

Statistical analysis

Data are expressed as means ± S.E.M. of 6 replicates. One-way 
analysis of variance with post-hoc comparisons by Student-Neuman-
Keuls test was carried out to test for differences among groups. A 
value of p<0.05 was considered to be statistically significant.

RESULTS

Glycemic load-related changes in activities of electron 
transport chain complexes in brain and cardiac 
mitochondria

The evaluation of the effect of glycemic load on mitochondrial 
function and enzyme activities were measured for complexes I-IV 
of brain and cardiac mitochondria isolated from 5-months old 
albino rats fed with normal, high and low glycemic load diets. The 
brain mitochondria of the animals fed with the three categories of 
food shown in Figure 1. The rotenone-sensitive complex I activity 
decreased by 49.26% (p>0.05) in HGL-diet fed rats and 12.58% 
(p>0.05) in LGL-diet group compared to the control groups. 
Complex II activities decreased by 18.34% (p>0.05) in rats fed 
with high glycemic load diet, compared rats fed low glycemic load 
diets decreased by 11.49% (p>0.05) which was also significantly 
lower than that of the control. Antimycin a sensitive complex 
III decreased by 19.80% (p>0.05) in rats fed high glycemic load 
diets, compared to the group fed low glycemic load diets less in 
enzyme activity by 6.85% at p>0.05. KCN-sensitive complex IV 
activity decreased by 30.17% (p>0.05) for high glycemic load diet 
fed groups and 13.55% (p>0.05) for low glycemic load fed groups.

Cardiac mitochondria complex I-IV enzyme activities were 
significantly higher in rats fed high glycemic load diets in 

oxaloacetate and reduction of DTNB was followed at 412 nm 
(ε=13.6 mM-1cm-1) described in Tatarkova et al. [21].

Total protein test

Calorimetric determination of total protein (with the use of 
protein kit) is based on the principle of the biuret reaction (copper 
salt in an alkaline medium). Protein in plasma or serum forms a 
blue coloured complex when treated with cupric ions in alkaline 
solution. The intensity of the blue colour is proportional to the 
protein concentration. Procedure is shown in Table 1 below. The 
samples were mixed and incubate for 10 minutes at 37°C, and the 
absorbance of standard and sample were read against reagent blank 
at 546 nm.

Calculations: ( )  . / Absorbance of SampleTotal Protein conc g dL ×6
Absorbance of standard

=

Where: sample absorbance=the absorbance value for the sample, 
standard sample=the absorbance value for standard.

Lipid peroxidation

The supernant of 1 ml was added to 2 ml (1:1:1 ratio) Trichloro 
Acetic acid-Thiobarbeturic acid-Hydrochloric acid (TCA-TBA-HCl) 
reagent. (TBA-0.37%), 0.24 N HCl, 15% TCA. the mixture was 
boiled at 100°C for 15 mins and allowed to cool. It was Centrifuge 
at 3000 rpm for 10 mins. The supernatant was removed and the 
absorbance read at 532 nm against a blank. (Malondialdehyde) 
MDA was calculated using the molar extinction coefficient for 
MDA TBA- complex of 1.56× 105 Mc-1 M-1.
 VTMDA A Vs= ´ ´


Where A=absorbance, V

T
=Total volume, Vs=sample Volume, ∈ 

=molar extinction. 0.185 g of TBA in 50 ml, 7.5 g or 7.5 ml of 
TCA in 50 ml, 1 ml of Conc. HCl in 49 ml H

2
O.

Determination of superoxide dismutase activity (sod)

Superoxide dismutase activity was determined by the method of 
Misra and Fridovich [22]. Where 1 ml of sample was diluted in 9 ml 
distilled water to make 1 in 10 dilutions. An aliquot of the diluted 
sample was added to 2.5 ml of 0.05 M Carbonate buffer, pH 10.2 
to equilibrate in the spectrophotometer and the reaction started 
by addition of 0.3 ml of freshly prepared 0.3 mM adrenaline to 
the mixture, which was quickly mixed by inversion. The reference 
cuvette contained 2.5 ml buffer, 0.3 ml of substrate (adrenaline) 
and 0.2 ml distilled water.

Calculations: ( ) A150 - A30Increase in Absorbance per Minute =
2.5

Where A
30

=Absorbance after 30 seconds,

A
150

=Absorbance after 150 seconds,

% Inhibition=
     100

     
Increasein Absorbance for substrate

Increasein Absorbance for Blank
´ .

One unit of SOD activity was given as the amount necessary to cause 

  Blank Standard Sample

Reagent 1000 µL 1000 µL 1000 µL

Standard   20 µL  

Sample     20 µL

Table 1: Total protein test.
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complex I,III and IV, than groups of rats fed low glycemic load 
diets compared to the control fed diet group. Rotenone-sensitive 
complex I activities shown in Figure 2 decreased by 25.45% 
(p>0.05) in HGL-diet group, whereas LGL-diet fed rats decreased 
by 1.43% (p>0.05) compared to the control group. For complex 
II there was no significant difference compared to the fed control 
group. HGL-diet fed rats enzyme activities decrease by 12.64% 
(p<0.05), whereas LGL-diet fed group decreased by (5.28% 
p<0.05). In the case of antimycin a-sensitive complex III, enzyme 
activity decreased significantly in both HGL and LGL-diet fed rats 
by 24.78% (p>0.05) and 12.46% (p>0.05) respectively as compared 
to control group. Glycemic load-related changes were also observed 
in KCN-sensitive complex IV enzyme activity, HGL-diet fed group 
decreased by 21.18% (p>0.05) while LGL-diet fed group decreased 
by 10.65% (p<0.05) compared to the control group.

The result of glycemic load in relation to citrate synthase activity 
shown in Figure 3. The result showed citrate synthase activity 
decreased in brain mitochondria of rats fed HGL diets by 21.46% 
(p>0.05) compared to control while those fed LGL diets decreased 
by 14.22% (p>0.05) after 8-weeks of treatment. Citrate synthase 
enzyme activity decreased in cardiac mitochondria by 60.36% 
(P>0.05) in rats fed HGL-diets, and 51.35 % (p<0.05) in LGL-diets 
group compared to fed control group. Citrate synthase activities in 
brain and heart mitochondria of rats fed LGL diets tended towards 
the control groups.

Effect of glycemic load on brain and cardiac mitochondria 
oxidative damage

The results for brain total thiol group content increased by 18.56% 
(p>0.05) in rats fed high glycemic load diets and by 13.28% (p>0.05) 
in rats fed low glycemic load diet. In cardiac mitochondria, the 
thiol group content increased by 29.88% (p>0.05) in rats fed high 
glycemic load diet, twice higher than that of brain mitochondria, 
whereas rats fed low glycemic load diet decreased by 26.03% 
(p>0.05) as shown in Figure 4.

Total protein in high glycemic load diets fed group increased by 
2.42% (p>0.05) while that of low glycemic load fed rats increased 
by 0.4% (p<0.05) compared the control. The cardiac total protein 
content showed rats fed high glycemic load diet increased by 
3.74% (p>0.05) which was significantly higher than those fed low 
glycemic load diet 0.23% (p<0.05) as well as those of the control 
group (Figure 5).

Effect of glycemic load on lipid peroxidation was assessed by the 
measurements of peroxide end-products. Lipid peroxidation 

Figure 4: Effect of glycemic load on thiol group content in brain and 
cardiac mitochondria. Values are given as means ± S.E.M of 6 replicates. 
Values with different letters are significant different at p<0.05.
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Figure 5: Effect of glycemic load on total protein content in brain and 
Cardiac mitochondria. Values are given as means ± S.E.M of 6 replicates. 
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Figure 1: Effect of Glycemic load on Brian mitochondrial enzyme activities 
of the electron transport complexes. Values are given as mean ± S.E.M. of 6 
replicates. Values with different letters are significant different at p<0.05.
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in both brain and heart mitochondria in rats fed glycemic load 
diets are shown in Figure 6. The malondialdehyde (MDA) level in 
brain mitochondria increased by 6.85% (p>0.05) in rats fed HGL 
diets. The rats fed LGL diets increased by 1.81% compared to the 
control group. Lipid peroxidation in cardiac mitochondria of rats 
fed HGL-diets increased by 12.72% (p>0.05) while LGL-diets fed 
rats decreased by 1.39% (p>0.05) compared to the control.

Changes in antioxidant enzymes in brain and cardiac 
mitochondrial rats fed different glycemic load diets

Effects of free radicals on the activities of antioxidants were 
assessed in both brain and heart mitochondria in rats fed glycemic 
load diets shown in Figure 7. The level of superoxide dismutase 
activity in brain mitochondria decreased by 56.37% (p>0.05) in 
rats fed HGL diets and 16.57% (p>0.05) in rat fed LGL-diets as 
compared to control. The activity of superoxide dismutase in 
cardiac mitochondria decreased by 78.12% (p>0.05) approximately 
twice in rats fed LGL-diets which decreased by 34.73% (p>0.05) 
compared to the control. In both brain and cardiac mitochondria 
of rats fed low glycemic load diets, superoxide dismutase activities 
tended towards the control.

Catalase enzyme on the other hand in brain mitochondria decreased 
in activity by 26.35% (p<0.05) in HGL-diet fed rats, whereas in 
LGL-diet fed rats decreased in activity by 11.67% (p<0.05). Same 
phenomenon was observed in cardiac mitochondria antioxidant 
activities which decreased by 27.18% (p<0.05) (Figure 8) in HGL-
diet fed rats as compared to LGL-diet fed rats which decreased by 
11.57% (p<0.05) in activity.

DISCUSSION

Glycemic load-related changes in activities of electron 
transport chain complexes in brain and cardiac 
mitochondria

The study of mitochondrial integrity demonstrates that high 
glycemic load diet is associated with accumulation of lipids and 
proteins oxidative damage with progressive decline in activities of 
mitochondrial enzymes. The enzyme activities of mitochondrial 
electron transport complex I-IV in brain mitochondrial significantly 
reduced by 49.26% in complex I Figure 1, this is an indication of 
production of higher reactive oxygen reactive species at the first 
step of electron transport chain. This was in conformity to the 
findings of Brownlee [25] who shown that complex I the site for 
generation of free radicals, by implication the higher the glucose 
concentration the greater the ROS production. This suggests 
that free radicals are produced without concomitant antioxidant 
enzyme activities to neutralize the free radicals that reduced the 
activity of NADH-unbiquinone oxidoreductase. The final step 
that accept electron before ATP molecule is produce, complex IV 
enzyme reduced in activity by 30%. Production of energy will be 
depleted due to a declined complex enzyme activity.

High glycemic load food caused more oxidative stress on brain 
mitochondria in complex I, III and IV than cardiac mitochondria 
compared to control. There was no uniformity in electron transport; 
therefore, the consequence of this phenomenon leads to more 
production of free radicals and its eventual leakage at complex I, III 
and IV. The instability of mitochondria and the complex activity 
was as a result of ROS generation and oxidative damage caused by 
consumption of high glycemic load diet.

Effects of high glycemic load on cardiac mitochondrial enzymes 
were examined in a number of studies, with close correlation of 
findings. For instance, 42-46% reduction in complex I activity was 
demonstrated in hearts of 96-weeks-old rats [26], compared to the 
outcome of the present research for 20 weeks-old rat that were fed 
with high glycemic load diet recorded 25% reduction in complex I, 
24% declined in enzyme activity for complex III and 21% reduction 
in complex IV, this indicates that oxidative damage increases as the 
rats continued to consume the high glycemic load foods shown 
in Figure 2. Other studies have reported no high glycemic load-
related decrease in activity [27,28]. The decrease in enzyme activity 
in brain and cardiac mitochondrial complex I-IV, are in agreement 
with other study, which showed small but significant ~9% decrease 
in activity by 12-14% and ~13% decrease in 20-22-month old 

Figure 7: Effect of glycemic load on brain and cardiac mitochondrial 
superoxide dismutase inhibition activity. Values are given as means ± 
S.E.M of 6 replicates. Values with different letters are significant different 
at p<0.05.
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6 replicates. Values with different letters are significant different at p<0.05.
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mouse heart mitochondria [29]. Activities of complexes III and 
IV declines due to ROS activities [26,30], remain unchanged or 
increased [28-30] as the animals consume high glycemic load diets. 
From the evaluation of electron transport chain enzyme activities 
of brain and heart mitochondrial of the rats fed, reactive oxygen 
species inhibits cytochrome c oxidase activity [31]. In line with 
this finding, we observed a reduction in the activities of complex 
III (cytochrome c reductase) and IV (cytochrome c oxidase) of the 
respiratory chain, leading to the impairment of the cell energy 
state, this have profound physiologic consequence which my lead 
to apoptosis and ageing, ROS may also contribute to cell damage in 
diabetes, modulating glucose entry into the cells [32].

Complex II in both brain and cardiac mitochondria showed no 
significant difference for HGL and LGL fed rats compared to the 
controlled group. Other researchers have reported that complex II 
show declined in activity [26,28] unchanged in the case of Preston 
et al. [33].

Free radicals oxidize protein and lipid molecules thus leading to 
oxidative stress in mitochondrial organelle. This cause irreversible 
change to the structural function of protein (e.g. carbonyl and 
4-hydroxynonena (HNE)) of the body system will degenerates 
due to oxidative damage on the protein. Increase activities of free 
radicals in cell mitochondria results to redox stress, these cause 
regulatory changes e.g. biological signals and irreversible changes 
depending on degree of oxidative damage on the cells. Inhibition 
and oxidative damage results to cell dysfunction, these explain the 
mechanism of healthy cells becoming pathological, as oxidative 
stress persists. Homeostasis and redox signaling lost control as a 
result of oxidative damage. Persistence of redox stress facilitates 
aging activities, complications of diabetes mellitus, as well other 
degenerative diseases such like Alzheimer’s and Parkinson diseases 
[34].

Citrate synthase is a pace-maker enzyme in the Krebs cycle (citric acid 
cycle or tricarboxylic acid cycle, TCA) [35]. Citrate synthase (CS) 
is commonly used as a quantitative marker enzyme for the content 
of intact mitochondria [35-37]. Proliferation of mitochondria in 
pathological states is sometimes associated with an increase in CS 
activity per cell or decrease in activity due to oxidative damage 
exerted on the enzyme [38]. In the present study citrate synthase 
activity was reduced by 21% in brain mitochondria and 51% 
reduction in cardiac mitochondrial (Figure 3). This evidently 
showed that oxidative damage occurred on protein molecule of the 
mitochondrial. The impact of the oxidative damage was more on 
the heart due to high production of free radicals than the brain 
mitochondria. The present finding implies that the condensation 
reaction of acetyl-coA and oxaloacetate to form citrate cannot be 
formed effectively, as a result of enzyme citrate synthase reduction 
in activity because of oxidative damage or stress. These have a direct 
consequence on the kreb cycle and the generation of NADH for the 
production of ATP molecule in ETC. Reduction in ATP decreases 
the efficiency of cell metabolic process leading to accelerates cell 
ageing and pathological cases [39,40].

Effects of glycemic load on brain and cardiac 
mitochondria oxidative damage

Thiol group content from brain mitochondria for animals fed with 
high glycemic load increased by 18.56%, whereas cardiac thiol 
increased by 29.88% indicating that oxidation of thiol protein 
molecule was more pronounced on heart mitochondria (Figure 
4). Thiol group is a measure of oxidative stress that indicates 

oxidative damage to protein molecules It stands as a marker of 
protein molecule glycosylation initiated by which this process of 
glycosylation impairs the functioning of biomolecules like DNA, 
RNA and other specialized functional protein molecules to produce 
advanced glycated end products (AGEs) which are potential 
carcinogens [41]. AGEs at activation, may appear negligible and 
in disease cases, but at advanced state and accumulated, may cause 
cell death [42].

The total protein from the cardiac mitochondrial of animals fed 
high glycemic load increased by 3.37% while that from the brain 
increased by 2.42% compared to control (Figure 5). This means 
that postprandial hyperglycemia may affect the levels of protein 
molecule in the mitochondria.

Feeding animals with HGL-diet food, results in the increased 
production of free radicals and oxidative damage to the membrane 
lipid layer, this was evident in high level of malodialdehyde (MDA) 
adjunct byproducts. Brain mitochondrial malondialdehyde 
increased by 6.85% compared to control. Cardiac mitochondria 
MDA formed increased by 12.72%, about two times that of the 
brain (Figure 6). These means the rate of lipid peroxidation increases 
when animals were continuously fed with high glycemic load diet. 
The outcome of the research demonstrates that consumption of 
high glycemic load food is associated with accumulation of oxidative 
damage to lipids, proteins and a progressive decline in activities of 
mitochondrial enzymes. High glycemic load diet increases lactate 
accumulation, delays the recovery of energy metabolism, and 
enhances the lipid peroxidation in the transient ischemia of rat 
brain, these findings may explain the harmfulness of hyperglycemia 
(due to high glycemic load food) in clinical cerebral ischemia [43].

Differences in the parameter or variables used in this research 
compared to other related work done on mitochondrial is in the 
age of the animals used, where high glycemic load food increased 
free radical generation. In some related studies [27,28] the aged 
groups (24-28 months) fed with HGL diet compared to rats aged 
3-5 months used in the research stands to have different results. 
This may lead to underestimation of declined enzyme activities of 
electron transport chain (ETC) complexes in heart for animals fed 
with HGL-diet. It could be inferred that, the young animals used 
in this research work as they continue to feed on HGL diets when 
they are advanced age ETC enzymes decline in activities due to 
oxidative stress.

Total protein and thiol group content are consistent with 
previously reported data of hyperglycemic-related changes reported 
by Babusikova et al., Cocco et al., Choksi and Papaconstantinou, 
Leeuwenburgh et al. [17,28,29,44] other researchers have reported 
that there is no protein oxidative damage in heart mitochondria 
[27]. Function of ETC complexes depends also on structural 
integrity of membrane lipid bilayer. Increase in the biomarkers of 
lipid peroxidation, for brain and cardiac mitochondria as observed 
in the present work indicated that high glycemic load diet is 
associated with significant lipid damage. Although elevated lipid 
peroxidation in myocardial age-related case has been demonstrated 
in several studies [17,28,29,44,45]. This suggests that continuous 
consumption of high glycemic load foods may pose mitochondria 
myocardial infacta. The malondialdehyde levels elevated in HGL-
diet fed animals observed in the study showed values 0.64 nmol/
mg protein and 0.58 nmol/mg protein in brain and cardiac 
mitochondria respectively. These values showed correlation to the 
work of Cocco et al. [28] of age-related value of (~0.6-0.8 nmol/mg 
protein) were lower than those observed animals up to weeks and 
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above ~1.2-3.6 nmol/mg protein.

Electron transport chain complexes and oxidative stress outcome 
from this research and other major studies, demonstrates that high 
glycemic load diets may impair the ETC. The decrease activity 
or inhibition of ETC enzymes can result in altered electron flow 
through the chain, that can impair ATP production, as observed 
in the non-uniform inhibition of the ETC of brain and heart 
mitochondrial electron of HGL diet fed rats.

Changes in antioxidant enzymes in brain and cardiac 
mitochondrial rats fed different glycemic load diets

The brain and cardiac mitochondria of HGL fed rats show 
increased ROS levels which is associated with reduced antioxidant 
barriers, in terms of superoxide dismutase (SOD) and catalase 
(CAT) content. The relative percentage change in SOD and CAT 
enzyme degenerates in activity is shown in Figures 7 and 8. The 
result showed that both SOD and CAT decline in activity by 
56.37% and 26.35% (p>0.05) respectively for brain mitochondria 
fed with high glycemic load food. Cardiac mitochondria of high 
glycemic load diet fed rats, the antioxidant enzymes decrease 
significantly in their activity by 78.12% for SOD and 27.18% for 
CAT respectively, suggesting a significant oxidative stress. These 
enzymes are known indigenous free radicals’ scavengers. Catalase 
known as the second line scavenger of free radicals involved in the 
breaking of 2H

2
O

2
 byproduct of SOD to harmless form (i.e. 2H

2
O 

and O
2
). Result in Figure 4 showed that the rate at which free 

radical was produced surpassed the capacity the antioxidants can 
act on. The oxidative stress exerted on protein molecule eventually 
overwhelms its biological functions.

In most diseases characterized by tissue damage, oxidative stress may 
either be a cause or a consequence of this damage [46]. Cumulative 
or steady-state oxidative damage may increase in diabetism in 
response to an increase in oxidizable substrate (carbohydrate or 
lipid), an increase in the rate of autoxidation of substrate, declines 
the antioxidant defense or a combination of all these processes 
could have occurred. The ROS generated by the autoxidation of 
carbohydrates and lipids may further auto-catalytically enhance the 
rate of autoxidation and facilitates oxidative damage as observed in 
the work of Baynes and Thorpe [47].

Altered ROS expression and activity increase free radical 
production, which overwhelms the detoxifying reactions so that 
the effects mediated by reactive oxygen species prevail. Such like 
peroxynitrite, a harmful oxidant formed by reaction between 
superoxide and NO, reacts with a variety of molecules, including 
protein and non-protein-thiols, unsaturated fatty acids and DNA 
[48].

Oxidative stress can occur as a result of increased ROS generation 
and/or depressed antioxidant system. This was observed in 
high percent of 56.37% and 73.12% antioxidant depression of 
superoxide dismutase and catalase enzyme activity respectively. 
The natural antioxidant system consists of numerous antioxidant 
compounds and several antioxidant enzymes such as SOD, CAT 
and glutathione (GPX). Superoxide dismutase reduces lipid 
peroxides and plays a role in cellular defense against ROS. Primary 
ROS produced in the aerobic organisms is superoxide radical that 
is highly reactive cytotoxic agent. Superoxide radical is converted to 
H

2
O

2
 by SOD. Hydrogen peroxide ion (H

2
O

2
) in turn, is converted 

to molecular oxygen and H
2
O by either CAT or GPX. Glutathione 

can reduce lipid peroxides and other organic hydroperoxides that 

are highly cytotoxic products, thus SOD, CAT and GPX constitute 
the principal components of the antioxidant system.

Brain mitochondria of rats fed HGL showed a consistent reduction 
of ATP levels, as a result of the prominent changes in activity of 
the mitochondrial respiratory chain enzymes. ATP molecule is 
involved in the maintenance of membrane potential therefore; a 
reduction in ATP would produce an irreversible drop in membrane 
potential opening the permeability transition pore and triggering 
mechanisms of cell death [49,50]. Decrease in CAT activity as 
a result of prolong exposure to blood hyperglycemia caused the 
inability of the natural response of the cell to cope with oxidative 
stress, and is inhibited by glycation.

ROS was found to be elevated in both brain and heart mitochondria 
as reflected in the decline activities of superoxide dismutase and 
catalase enzymes due to the imbalance in ETC. the consequence 
of this findings was that the free radicals can attack molecules near 
the sites of their generation, thus strengthening ETC dysfunction. 
Accumulation of oxidative damage as a result of continual 
consumption of high glycemic load food caused oxidative stress 
which interferes with mitochondria integrity [51].

CONCLUSION

It can be concluded that HGL diets induced oxidative stress 
and degenerate antioxidant enzymes activities in brain and heart 
mitochondria, thereby inducing loss of mitochondrial integrity.
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