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Ab s t r Ac t 
Background: Diabetes mellitus (DM) is chronic hyperglycemia condition affecting multiple organs due to metabolic disorder. Insulin secretion, 
function, or both are affected for which one of the factors attributed is due to increased free radical activity. Nicotinamide adenine dinucleotide 
phosphate (NADPH) produced in HMP shunt pathway is regulated by the rate-limiting glucose-6-phosphate dehydrogenase (G6PD). When 
there is an imbalance between the production of reactive oxygen species and the antioxidant system that detoxifies, then it is called oxidative 
stress. This pathway is regulated by the reductant concentration of NADPH.
Aims and objectives: The current study was taken up to evaluate and correlate oxidative stress and insulin resistance with G6PD activity in 
type 2 DM (T2DM) patients.
Materials and methods: A total of 100 (76 males 24 females) T2DM patients with equal age- and sex-matched healthy controls were selected 
for the study. Glucose-6-phosphate dehydrogenase was measured by chemical method in semiauto analyzer. Total oxidative stress measured as 
ferrous oxidation in xylenol orange and total antioxidant capacity estimated as ferric-reducing ability of serum by spectrophotometer. Glucose 
was measured by glucose oxidase-peroxidase method in an autoanalyzer. SPSS Version 20 software was used for statistical analysis.
Results and observations: Increased serum G6PD levels were found in DM patients which significantly correlates with the increase of oxidative 
stress and high glucose levels (p value < 0.01).
Conclusion: Estimation of blood G6PD activity may be used as a test to know the extent of oxidative status in DM patients for its implications 
in further clinical complications.
Keywords: Fasting plasma glucose, Ferrous oxidation in xylenol orange, Ferric-reducing ability of serum, Glucose-6-phosphate dehydrogenase, 
Nicotinamide adenine dinucleotide phosphate.
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In t r o d u c t I o n 
According to World Health Organization (WHO),1 as of October 2013, 
347 million people have diabetes mellitus (DM). The WHO projects that 
the seventh leading cause of death worldwide will be DM by the year 
2030. The state of Odisha comprises 44 million people, and according 
to estimates, around 1.5 million people in Odisha are suffering from 
DM against the country’s 62 million.2 Many diseases are associated 
with oxidative stress, and type 2 DM (T2DM) is one of them. The 
etiopathogenesis is due to increase in oxidative stress along with 
inadequate antioxidant defense systems as revealed by many studies. A 
significant role is being played by free radicals in the progression of this 
multifactorial disease. The imbalance between generation of oxidants 
and antioxidants results in oxidative stress. Glucose auto-oxidation, 
protein glycation, formation of advanced glycation end products, 
etc. are the different intricate mechanisms resulting in origin of free 
radicals. These are equally damaging toward macromolecules such as 
DNA, molecules of extracellular matrix, lipoproteins, etc.3–5

These free radicals induce cellular damage and β-cell 
dysfunction causing decrease in insulin secretion and signaling.6 
Generation and detoxification of reactive oxygen species (ROS) 
maintains the redox balance in normal physiological state. Any 
alteration in this tightly controlled system leads to cell damage and 
death. Redox balance is affected and regulated by many diseases 
including diabetes.7–11

The chief source of nicotinamide adenine dinucleotide 
phosphate (NADPH) is the HMP shunt pathway, regulated by the 

antioxidant enzyme glucose-6-phosphate dehydrogenase (G6PD). 
NADPH is required for synthesis of nitric oxide, glutathione recycling 
within the cells, cytochrome P450, and others.12,13 Activity of G6PD 
is affected by various signal transduction mechanisms such as 
transcription, posttranslational modifications, sorting, and transport 
that require interaction with other proteins.14,15

Pronounced changes in environment, food availability, 
and lifestyle have resulted in escalating the rates of diabetes. 
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Chronic hyperglycemia and its oxidant derivatives play a major 
role in pathogenesis of DM which is demonstrated by several 
research studies.16,17 Activity of enzyme G6PD as an antioxidant 
system is important in preventing and postponing complications 
of DM.18,19

AI m s A n d ob j e c t I v e s

• The current study was designed to evaluate G6PD activity in 
uncomplicated T2DM.

• Oxidant activity and antioxidant activity were correlated with 
levels of G6PD.

mAt e r I A l s A n d me t h o d s
This is a hospital-based, case–control prospective study. It includes 
100 diagnosed cases of T2DM and equally matched healthy controls 
during the period of December 2014 to December 2015. Patients 
with autoimmune disorders, smokers, hypertension, alcoholics, 
and tobacco users were excluded in this study. Ethical Committee 
approval was obtained to conduct the study. Written consents 
were obtained from the participants (patient and control groups).

A morning sample of venous blood (5 mL) was collected after 
overnight fast in a day by sterile disposable syringe under aseptic 
condition. Serum was used for analysis of fasting insulin (FI), ferrous 
oxidation in xylenol orange (FOX-2). Plasma was used for the 
analysis of ferric-reducing ability of serum (FRAP) and glucose. All 
the tests were done within 8 hours of collection and separation of 
serum. Serum total oxidant level was measured by FOX-2 assay20 
and measured spectrophotometrically at 560-nm wavelength. 
The results were expressed in μmol H2O2/L. The total antioxidant 
capacity was measured by FRAP20 and read spectrophotometrically 
at a wavelength of 593 nm. The results were expressed in μmol/liter 
equivalent of FeSO4 solution. Insulin was assessed by commercial 
kit supplied by US Diagnostics Roche. It was estimated in Roche 
Cobase411 autoanalyzer by electrochemiluminescence method and 
glucose by glucose oxidase and peroxidase (GOD–POD) method 
by fully automated Toshiba TBA 12O FR procuring kit from AGAPPE 
diagnostics. G6PD was estimated in vitro by kinetic method in blood 
at 340 nm by procuring kit from Far Diagnostics.

Statistical analysis of the data was done using independent 
Students t test. Correlations were calculated by Karl Pearson’s 
coefficient.

re s u lts 
In our study, we have seen that DM is more common in the middle-
aged group, with the mean age of patients being 52 years, more 
prevalent in males, and 79% of cases belonging to the age group 
of 40–60 years (Table 1 and Fig. 1).

The physical attributes such as age, body mass index (BMI), waist 
circumference, and blood pressure (BP: systolic and diastolic) were 

elevated but not statistically significant among the study groups 
(p value > 0.05) (Table 2).

The FOX-2, FI, and fasting plasma glucose (FPG) levels 
significantly raised in DM, showing increased oxidative stress in 
diabetic patients. Ferric-reducing ability of serum was significantly 
less in patients showing decreased antioxidant levels.

G6PD is an intracellular enzyme and barely shows any serum 
activity.21 But in our study, we found that serum activity is increased 
in diabetic patients (1.92 ± 0.55) when compared to healthy 
individuals (0.09 ± 0.06) as shown in Table 3 and Figure 2.

The correlation between activity of G6PD and oxidative 
stress in diabetic individuals is shown in Figure 3. Thus, the level 
of G6PD in the plasma increases with the increase in oxidative 
stress.

On correlating G6PD with FPG, it was observed that in diabetic 
patients G6PD is positively and significantly correlated with FPG 
which shows that G6PD activity increases with hyperglycemia in 
diabetic cases Table 4 and Figure 4.

dI s c u s s I o n 
Diabetes mellitus has become a global disaster placing considerable 
burden on healthcare services. Increased lifespan, population 
explosion, unplanned urbanization, low education level, increased 
external debt, and reduction in national healthcare expenditure 
are the reasons behind the “epidemiological transition” of this 

Table 1: Age and sex distribution of cases in type 2 diabetes mellitus

Age (years) Males Females Total
30–40 3 4 7
41–50 25 11 36
51–60 33 9 42
61–70 13 2 15

Fig. 1: Pie chart showing age distribution of cases in type 2 diabetes 
mellitus

Table 2: Physical attributes of diabetics and controls

Parameters
Diabetics  
(n = 100)

Controls  
(n = 100) p value

Age (years) 52.6 ± 8.5 51.5 ± 10.2 0.416
BMI (kg/m2) 28.2 ± 4.9 28.5 ± 4.0 0.690
Waist circumference (cm) 99.7 ± 9.93 100.2 ± 10.5 0.295
SBP (mm Hg) 132.3 ± 16.21 131.2 ± 31.6 0.862
DBP (mm Hg) 81.6 ± 10.8 82.1 ± 10.1 0.295

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood 
pressure. Data is represented as mean ± SD. p value < 0.05 is considered 
significant
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disease.22 Studies shows that at a lower BMI in men has a higher 
tendency for visceral fat deposition and are more susceptible to 
insulin resistance leading to T2DM.23

A marker of oxidative stress damage is lipid hydroperoxides 
which is measured by FOX-2 assay method which was found to 
be elevated in diabetic patients. The pro-oxidant and antioxidant 
equilibrium in diabetic patients was estimated by measuring plasma 
lipid hydroperoxide levels. The total antioxidant levels were found 
significantly lower in plasma of DM patients when compared to 
normal healthy individuals. From a complex biological fluid system, 
it is difficult to isolate, identify, and estimate individual antioxidants. 
Due to chemical diversity, the collective action of all the natural 
antioxidants when assessed is potentially more useful toward an 
individual’s health.

The increase in plasma lipid hydroperoxides levels and decrease 
in the antioxidant activity in T2DM patients indicate oxidative stress. 
The study carried out by Patel et al.24 provides direct evidence of 
free radical–induced injury associated with this disease. Insulin 
resistance, a risk factor for T2DM, develops when ROS and RNS 
have got downregulation effect on insulin-signaling receptor  
pathways.

NADPH produced from NADP via G6PD while oxidizing glucose-
6-phosphate is used for cell survival and helps in maintaining 
redox balance. It is exceptionally conserved in greater part of the 
mammalian species. Glucose-6-phosphate is a substrate for G6PD 
in HMP shunt and also for glycolytic pathway.

A slightly raised G6PD activity in patients with T2DM was 
observed by Joshi et al.25

The availability of NAD+  and feedback inhibition by ATP decides 
the activity of HMP shunt pathway, as 10% of glucose is utilized by 
this pathway under normal physiological conditions. Oxidative 
stress causes increased flux of glucose through this pathway. As the 
ratio between NADPH–NADP decreases, G6PD activity increases 
to provide more NADPH. When cells are exposed to various 
external stimuli, the level of NADPH, the cells principal reductant, 
decreases. Activity of G6PD is triggered following diminished the 
level of NADPH.26 Hence, G6PD activity may increase in serum due 
to reduced availability of substrate glucose-6-phosphate in DM 
patients.

Superoxide dismutase, catalase, thioredoxin, and the 
glutathione system are some important antioxidant systems in our 
body. But until now, the antioxidant property of G6PD has not been 
properly evaluated. The functioning of entire antioxidant system 
depends on NADPH.12,13

Research done by Zhang et al.27 as well as others have indicated 
that chronic hyperglycemia impairs the activity of G6PD by 
decreasing NADPH production in vascular endothelial cells. They 
carried on their research work further and for the first time found 
that by increasing G6PD activity, there is a remarkable improvement 
in the level of redox enzymes and redox status. Henceforth, the 
change in redox status leads to decrease in cell death and enhanced 
cell growth in endothelial cells. A signaling molecule gets modified 
which influences the activities of other antioxidant enzymes due 
to overexpression of G6PD. This modified redox status affects the 
activity of ROS-scavenging antioxidant enzymes in the form of 
posttranslational modification.27

co n c lu s I o n
The present study showed an increase in G6PD activity in 
DM patients which was positively correlated with plasma 
hydroperoxide level measured as FOX-2. The plasma antioxidant 
levels measured by FRAP was found to be reduced in DM patients. 
Despite the fact that these enzymatic changes are comparatively 
very small, they are physiologically significant. Further studies 

Table 3: Comparision of biochemical parameters of healthy control subjects and diabetic patients

S. no Parameters Case (mean ± SD) Control (mean ± SD) p value t
1 G6PD (mU/mL) 1.92 ± 0.55 0.09 ± 0.06 0.00 32.59
2 FOX2 (equivalent of H2O2) (μmol/L) 6.51 ± 1.45 4.02 ± 1.04 0.00 13.91
3 FRAP (equivalent of ferrous sulfate) (μmol/L) 307.22 ± 78.80 643.01 ± 49.22 0.00 –36.14
4 Fasting insulin (μIU/mL) 16.35 ± 7.72 6.29 ± 1.15 0.00 12.89
5 FPG (mg/dL) 146.64 ± 25.55 96.39 ± 10.29 0.00 18.23

FOX-2, ferrous oxidation in xylenol orange-2; FRAP, ferric-reducing ability of serum; G6PD, glucose-6-phosphate dehydrogenase. p value < 0.05 is consid-
ered significant.

Fig. 2: Mean difference in biochemical parameters in cases and controls

Table 4: Correlation coefficients of different variables (R2 value)

Parameters FOX-2 FRAP G6PD
FPG 0.585 −0.709 0.735
Fasting insulin 0.404 −0.643 0.659

p value < 0.001
FOX-2, ferrous oxidation in xylenol orange-2; FRAP, ferric-reducing ability 
of serum; G6PD, glucose-6-phosphate dehydrogenase
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in the larger group of patients is required for identification of 
the important role of G6PD activity. This knowledge will give 
us a clear understanding about the oxidative stress–attributed 
complications in T2DM.
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