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Abstract

Antioxidant enzymes are necessary for cellular viability in hyperglycemia. 
The aim of this study was to assess changes in structure and function of 
antioxidant enzymes in interaction with glucose and unsaturated fatty acids. The 
field of our study is basic sciences and in vitro experiments.

Each enzyme includingcatalase, SOD (Superoxide Dismutase) and GPx 
(Glutathione Peroxidase), in the present and absent of glucose were incubated 
for 4 months with and without fatty acids including palmitoleic acid, oleic acid, 
and vaccenic acid separately. Enzymes were assessed for fluorescence 
emission, Circular Dichroism (CD) and activity every 14 days.

Results showed that all three enzymes had asignificant increase in 
fluorescence emission (p<0.001) and adecrease in activity (p<=0.04) and 
significant change in CD (except CD in GPx) after incubation with glucose over 
time. Catalase and SOD after incubation with glucose and each of the fatty acids 
had less increase in fluorescence emission and significant change in CD toward 
normal compared to incubation of these enzymes with glucose alone(P<0.05). 
But GPx had no significant change. This study showed the protective role of 
nonessential unsaturated fatty acids against structural damage to catalase and 
SOD in the hyperglycemic environment GPx had different behavior.
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[4].

Glutathione Peroxidase (GPX), a selenoprotein enzyme, can 
convert hydrogen peroxide to water. This enzyme protects cells 
from oxidative stress [6,7]. Secondary enzymes such as glutathione 
reductase and glucose 6 phosphate dehydrogenase and several 
cofactors are necessary for its function [8]. In glycation conditions, 
antioxidant enzymes suffer from glycation damage same as other 
proteins. Catalase, Glutathione peroxidase, and SOD are enzymes 
that suffer from glycation damage and experience changes in their 
structures and function [9-11]. But in non glycation conditions, 
antioxidant enzymes can protect proteins from oxidative stress 
[12]. antioxidative effect of polyunsaturated fatty acids and their 
direct relation to increasing activity of antioxidant enzymes have 
been reported [13,14]. Also relationships between the decrease of 
cardiovascular events and consumption of unsaturated fatty acids 
have been reported [15,16]. Fish oil, a polyunsaturated fatty acid, 
can increase the activity of antioxidant enzymes such as catalase, 
glutathione peroxidase and superoxide dismutase [17]. Oleic acid 
and palmitoleic acid are monounsaturated fatty acids [18]. A 
meta-analysis of randomized controlled trials revealed that high 
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Introduction
Oxidative stress has an important role in cellular damage due to 

hyperglycemia [1]. There are a large number of antioxidants in cells 
to prevent damage from Reactive Oxygen Spices (ROS) including 
superoxide and hydrogen peroxide which react with proteins, lipids 
and DNA [2]. Antioxidant enzymes that are necessary for life in 
cells are Superoxide Dismutase (SOD), catalase and glutathione 
peroxidase. SOD can catalyze superoxide into hydrogen peroxide and 
oxygen. It has an important role in protection against ROS-induced 
cellular damage [3]. Down regulation of renal SOD may be important 
in the pathogenesis of diabetic nephropathy [1]. Catalase is an 
antioxidant enzyme that has an important role in protection against 
oxidative stress generated complications in diabetes. Catalase can 
convert hydrogen peroxide to oxygen and water [4]. It can prevent 
pancreatic beta cell damage due to hydrogen peroxide [5]. Catalase 
deficiency may be lead- to oxidative damage to pancreatic beta cells 
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monounsaturated fatty acid diet can improve metabolic risk factors 
in type2 diabetes [19]. A case-control study in 2016 showed aninverse 
association between monounsaturated fatty acids and oleic acid 
intake with diabetic retinopathy [20].

The aim of this study was to research the protective effect 
of monounsaturated fatty acids upon antioxidant enzymes 
against glycation damage in the hyperglycemic environment. We 
investigated changes in structure and function of these enzymes in 
the hyperglycemic condition in the absence and presence of each of 
the unsaturated nonessential fatty acids including palmitoleic, oleic 
and vaccenic acid in vitro.

Material and Methods
Materials 

Antioxidant enzymatic proteins including catalase (C1345), 
glutathione peroxidase (G4013), and superoxide dismutase (S9636); 
unsaturated nonessential fatty acids including palmitoleic acid 

(P9417), oleic acid (O1008) and cis-vaccenic acid (V0384); glucose 
(G7021) and also phosphate buffered saline (PBS) (P5368) were 
purchased from Sigma Company (USA). 0.22 µm filter was purchased 
from Millipore Corporation, Billerica, MA (USA). 

Methods
Glycation of antioxidant enzymes: Solution of the pure material 

of each enzyme, as the concentration of 10 mg/ml, was made by 
combining each enzyme with Phosphate Buffered Saline (PBS) at pH 
7.4. Glucose solution was prepared by combining pure glucose with 
PBS. Then, a sample of pure enzyme solution was mixed with glucose 
solution, as the concentration of 50Mm/L. A part of this glycated 
protein solution was affected by unsaturated nonessential fatty acids, 
as the concentration of 0.5% W/V. After filtration of all samples 
under the sterilized condition, they were maintained in an incubator 
at 37°c for 16 weeks. Every 2 weeks throughout 16 weeks, an aliquot 
of each of solutions were prepared and then saved at -80°C until could 
be analyzed by fluorometry, CD (Circular Dichroism) methods, and 

Figure1: Percentage of  Fluorescence intensity (F%) of each enzyme (Catalase, Superoxide Dismutase (SOD) and Glutathione Peroxidase (GPx))  alone, 
after incubation with glucose and after incubation with glucose and each fatty acids (palmitoleic acid, oleic acid, vaccinic acid) separately over time (120 days). 
The excitation and emission wavelengths were 350nm and 440nm, respectively. Right angle line: enzyme alone, Triangle line: enzyme+glucose, Dash line: 
enzyme+glucose+fatty acid. P: Palmitoleic acid, O: Oleic acid, V: Vaccinic acid, C: Catalase, SOD: S, G: Glucose.
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activity assay.

Fluorometry
 In this method, each of above samples at a concentration of 0.5 

mg/ml was measured by Shimadzu Spectro fluorometer RF-5000 
(Japan, Kyoto). Excitation and emission wavelengths of 350 and 
440nm, respectively were considered.

CD (Circular Dichroism) 
Spectra assessment was done by JASCO-810 spectropolarimeter 

(Jasco, Tokyo, Japan). The structure of each of above samples 
containing a concentration of 0.1 mg/ml of protein was measured. 
The spectra were modulated and achieved as units of mean residue 
molar ellipticity, [θ] (deg cm2 dmol-1), based on the average weight of 
the amino acids (112.4). The equation [θ] λ= (θ×112.4)/cl showed the 
molar ellipticity and calculations were done at 25°C.

Activity
The function of each of the enzymes was measured by activity 

assay kits by the enzymatic colorimetric method, BiocoreDiagnosik 
Ulm GmbH, Germany for catalase and GPx, Biovision USA for SOD. 

The measurement of enzyme activity was performed as U/ml, but the 
results have been presented as a percentage.

Results
Statistical analysis

Box-Cox regression was used to assess the effect of adding glucose 
to enzymes and the effect of adding fatty acid to enzyme+glucose. 
Statistical significance was defined as a p-value less than 0.05.

Fluorescence spectroscopy
Changes in fluorescence emission of antioxidant enzymes 

including catalase, Superoxide Dismutase (SOD), and Glutathione 
Peroxidase (GPX) were studied alone, in hyperglycemic condition 
and finally after adding each of the fatty acids. Results showed that 
all three enzymes had asignificant increase in fluorescence emission 
after incubation with glucose over time compared to the baseline 
fluorescence of the enzyme (p=0.000) (Table 1, Figure 1).

After incubation of catalase with glucose and each of the three 
studied fatty acids separately including palmitoleic, oleic and 
vaccenic acid fluorescence emission had a significant trend toward 

Figure 2: changes in Circular Dichroism (CD) of each enzyme (Catalase, Superoxide Dismutase (SOD) and Glutathione Peroxidase (GPx)) alone, after incubation 
with glucose and after incubation with glucose and each fatty acids separately (palmitoleic acid, oleic acid, vaccinic acid). Right angel line: enzyme alone, simple 
line: enzyme+glucose, dash line: enzyme+glucose+fatty acids. P: Palmitoleic acid, O: Oleic acid, V: Vaccinic acid, C: Catalase, S: SOD, G: Glucose.
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normal (palmitoleic acid p=0.005, oleic acid p=0.007, and vaccenic 
acid p=0.0030). 

After incubation of Superoxide Dismutase (SOD) in the same 
conditions, fluorescence emission similarly has a significant trend 
toward normal status (palmitoleic acid p=0.005, oleic acid p=0.007, 
and vaccenic acid p=0.003).

After incubation of Glutathione Peroxidase (GPX) in the same 
conditions, there was not a significant change in fluorescence 
emission of this enzyme. (palmitoleic acid p=0.26, oleic acid p=0.14 
and vaccenic acid p=0.054). There was a trend toward normal with 
vaccenic acid but it was not significant (Table 2, Figure 1).

CD spectra
Changes in the secondary structure of antioxidant enzymes 

including catalase, Superoxide Dismutase (SOD) and Glutathione 
Peroxidase (GPX) were investigated with Circular Dichroism (CD), 
alone, in hyperglycemic condition and finally after adding each of the 
fatty acids.

After incubation of catalase and SOD with glucose over time 
there were significant changes in CD compared to CD of each two 
enzymes alone. (catalase p=0.000, SOD p=0.035) But there was not a 
significant change in CD of glutathione peroxidase after incubation 
with glucose over time in comparison to CD of this enzyme alone 
(p=0.52) (Table 1).

After incubation of catalase with both glucose and palmitoleic 
acid, CD had no significant trend toward normal (p=0.092), but after 
incubation of this enzyme with both glucose and oleic acid or glucose 
and vaccenic acid, there was asignificant change in CD toward normal 
(p=0.004 and p<0.001).

After incubation of Superoxide Dismutase (SOD) with glucose 
and each of the studied fatty acids, CD showed a significant trend 
toward to normal (p<0.001).

After incubation of Glutathione Peroxidase (GPX) in the same 
conditions, therewas no significant change in CD of this enzyme 
(palmitoleic acid p=0.68, oleic acid p=0.79, vaccenic acid p=0.51) 
(Table 2, Figure 2).

Figure 3: changes in Activity of each enzyme (Catalase, Superoxide Dismutase (SOD) and Glutathione Peroxidase (GPx)) alone, after incubation with glucose 
and after incubation with glucose and each fatty acid separately (palmitoleic acid, oleic acid, vaccinic acid). P: Palmitoleic acid, O: Oleic acid, V: Vaccinic acid, C: 
Catalase, S: SOD, G: Glucose.
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Activity
There was asignificant reduction in activity of all three enzymes 

after incubation with glucose over time compared to the activity of 
each enzyme alone (catalase p=0.024, SOD p=0.04 and GPx p=0.04) 
(Table 1).

After incubation of catalase with glucose and palmitoleic acid, 
oleic acid and vaccenic acid with each one separately, there was no 
significant change in activity of these three enzymes compared to 
incubation with glucose alone (palmitoleic acid p=0.73, oleic acid 
p=0.57 and vaccenic acid p=0.52).

After incubation of SOD with glucose and palmitoleic acid, oleic 
acid and vaccenic acid with each separately, there was no significant 
difference in SOD activity compared to incubation with glucose alone 
(palmitoleic acid p=0.63, oleic acid p=0.57 and vaccenic acid p=0.52).

Also after incubation of Glutathione Peroxidase (GPX) with 
glucose and palmitoleic acid, oleic acid and vaccenic acid with 
each separately, there was no significant difference in GPX activity 
compared to incubation with glucose alone (palmitoleic acid p=0.53, 
oleic acid p=0.48 and vaccenic acid p=0.49) (Table 2, Figure 3).

Discussion
This study revealed that hyperglycemic environment induced 

significant changes in fluorescence emission and activity of catalase, 
SOD, and GPx. In contrast to catalase and SOD, the secondary 
structure of the GPx was resistant to hyperglycemic damage.

Catalase and SOD showed significant changes toward normal 
in fluorescence emission after incubation with glucose and each the 
three fatty acids compared to incubation with glucose alone, but GPx 
showed no significant change. It means that damage in total structure 

Enzyme+Glucose Fluorescence
P value

CD
P value

Activity
P value

Catalase+ Glucose 0.001 0.001 0.024

SOD +Glucose 0.001 0.035 0.04

GPX+Glucose 0.001 NS 0.04

Table 1: Statistical significance of changes in fluorescence, Circular Dichroism 
(CD) and activity of Catalase, Superoxide Dismutase (SOD) and glutathione 
peroxidase after incubation with glucose.

Enzyme + Glucose+fatty acid Fluorescence
P value

CD
P value

Activity
P value

Catalase+Glucose+ palmitoleic acid 0.005 NS NS

Catalase+Glucose+ oleic acid 0.007 0.004 NS

Catalase+Glucose+ vaccinic acid 0.003 0.001 NS

SOD+ Glucose+ palmitoleic acid 0.005 0.001 NS

SOD+Glucose+Oleic acid 0.007 0.001 NS

SOD+Glucose+Vaccinic acid 0.003 0.001 NS

GPx+Glucose+Palmitoleic acid NS NS NS

GPx+Glucose+Oleic acid NS NS NS

GPx+Glucose+Vaccenic acid NS NS NS

Table 2: Statistical significance of changes in fluorescence, circular dichroism 
and activity of each enzyme (Catalase, SOD and GPX) after incubation with 
glucose and each fatty acid separately (palmitoleic, oleic and vaccinic acid) 
compared to incubation with glucose alone.

of GPx in hyperglycemic condition could not be protected with the 
addition of mentioned unsaturated fatty acids.

There was a significant change in CD of catalase and SOD toward 
normal after incubation with glucose and each fatty acids, except 
catalase and palmitoleic acid. In this study, we noticed protection of 
total and secondary structure of catalase and SOD with fatty acids 
against the hyperglycemic environment.

Following addition of both glucose and each of the fatty acids to 
each enzyme, activity had a trend toward normal, but the changes 
were not statistically significant. None of the fatty acids could 
protect these enzymes from a reduction in activity in hyperglycemic 
condition.

Lucchesi et al in their experimental study showed anincreased 
concentration of free radicals in the liver and significant reduction of 
antioxidant activity of the enzymes SOD, Catalase and GPx in alloxan 
- induced diabetic rats [21]. This is in agreement with the finding of 
our study.

In a study in 2002, Massaro M et al. showed quenching of 
ROS generation with oleate [22]. Richard et al in 2008 showed that 
polyunsaturated fatty acids reduced ROS production and direct 
superoxide scavenging [23]. In 1999, Ruiz-Gutierrez V et al. studied 
the effect of oleic-rich diets and fish oil on lipid composition and 
antioxidant enzymes in nondiabetic rats. They showed higher 
activities of Catalase, SOD, and GPx in fish oil fed rats compared 
to oleic acid rich diets [17]. We studied both structural changes and 
activity of these enzymes in interaction with monounsaturated fatty 
acids in hyperglycemic condition.

Another study in 2013 revealed flaxseed oil upregulated activity 
and expression of Catalase and SOD and expression of GPx in the 
liver of streptozocin-nicotinamide induced diabetic rats. Whereas 
fish oil up-regulated activity and expression of Catalase [24]. In 
the present study, although there was protection against structural 
damage in the hyperglycemic condition in Catalase and SOD, there 
was not a significant change in activity of these enzymes in interaction 
with mentioned fatty acids in hyperglycemic condition.

In our study, GPx showed different behavior compared to 
catalase and SOD. Changes in fluorescence emission of this enzyme 
in hyperglycemic condition could not be protected with the addition 
of the studied fatty acids.

GPx is an antioxidant enzyme, glutathione reductase and glucose 
6 phosphate dehydrogenase and cofactors such as reduced glutathione 
and NADPH are needed for its action [8]. It is a selenoprotein enzyme 
that can metabolize hydrogen peroxide and lipid hydroperoxides 
[25]. Lipid peroxidation is a process that oxidants attack lipid 
containing carbon- carbon double bonds especially polyunsaturated 
fatty acids. The main primary products of lipid peroxidation are lipid 
hydroperoxides (LOOH) [26]. GPx may be effective in detoxifying 
fatty acid hydroperoxides [27]. Our study represents a structural 
damage and reduction in activity of antioxidative enzymes in high 
glucose concentration. The decrease in antioxidant capacity could be 
related to the diabetes complications [28]. The effect of nonessential 
unsaturated fatty acids on the structure of these antioxidant enzymes 
may help to the prevention of diabetes complications.
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Conclusion
This study provides preliminary evidence for the preventive role 

of nonessential unsaturated fatty acids against damage of high glucose 
concentration on the structure of anti- oxidative enzymes including 
catalase and SOD but not in GPx. Elucidating implications of these 
findings in relation to diabetic microvascular and macrovascular 
complications can be a focus for future research.
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