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ABSTRACT

The present study was designed to explore the
possible mechanism of obesity associated me-
tabolic syndrome. 150 subjects (120 men and 30
women) in the age-group of 17 - 26 years were
studied. Body Mass Index and Waist-to-Hip Ra-
tio were taken as a measure of generalized obe-
sity and abdominal adiposity. The serum con-
centration of glucose-6-phosphate dehydroge-
nase increased with increasing levels of Body
Mass Index and was found to be significant in
obese subjects (Body Mass Index = 30.0 kg/m?)
and more so in the obese subjects with ab-
dominal adiposity (p = 0.002) as compared to
normal-weight subjects. Karl Pearson coefficient
of correlation revealed a significant positive
correlation of glucose-6-phosphate dehydro-
genase with Body Mass Index (r = 0.499; p <
0.001) and malondialdehyde (a biomarker of
oxidative stress) (r = 0.736; p < 0.001) but in-
verse correlation with adiponectin (r = -0.524; p
< 0.001). Thus, we conclude that increased ex-
pression of glucose-6-phosphate dehydroge-
nase in obese subjects (more if it is associated
with abdominal adiposity) might mediate the
onset of obesity associated metabolic disorders
by increasing oxidative stress.

Keywords: Obesity; Abdominal Adiposity; Oxidative

Stress; Glucose-6-Phosphate Dehydrogenase;
Adiponectin

1. INTRODUCTION

Obesity is an important predictor of health issues [1].
The increasing epidemic of obesity and metabolic disor-
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ders is a growing medical problem in developed and de-
veloping countries [2,3]. Obesity is the central and causal
component in metabolic syndrome [4], but the mechanis-
tic role of obesity has not been elucidated.

Obesity represents increase in adipose tissue mass and
adipocytes produce a variety of biologically active mole-
cules known as adipocytokines including tumor necrosis
factor-a, Interleukin-6, resistin, leptin and adiponectin
[5,6]. Dysregulated production of these adipocytokines
participates in the pathogenesis of obesity-associated
metabolic syndrome [7]. Among these adipocytokines,
adiponectin is unique adipocyte-derived hormone, as
increase fatness is associated with its lower concentration
[8]. However, the mechanism by which fat accumulation
leads to such dysregulation of adiponectin has not been
elucidated.

Moreover, obesity is associated with an increased pro-
duction of reactive oxygen species (ROS) [9]. Despite
this, question of how obesity produce oxidative stress
remains to be elucidated. One of the major sources of
cellular reactive oxygen species is mitochondria [10],
and another source are pro-oxidative enzymes such as
NADPH oxidase (Nicotinamide Adenine Dinucleotide
Phosphate) and inducible nitric oxide synthase (iNOS)
and their abnormal increase stimulates oxidative stress
[11,12].

A balance between the generation of ROS and the
ROS-scavenging anti-oxidant system, regulated by the
intracellular NAD(P)H-to-NAD(P)" ratio, determines
oxidative stress. Interestingly, NADPH is the central
component of both pro and anti-oxidant processes.
Therefore, the intracellular NAD(P)H-to-NAD(P)" ratio
appears to be essential for the determination of cellular
redox potential. The enzymatic activities of NADPH
oxidase and iNOS (inducible nitric oxide synthase), the
major enzymes involved in oxidative stress were ele-
vated in obesity, moreover, the level of antioxidative
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enzymes decreases [12]. Thus, the production of ROS
increases in obesity, results into reduction in NAD(P)H-
to-NAD(P)" ratio, which leads to oxidative stress in obe-
sity.

NADPH is produced by several enzymes including
Malic Enzyme and the first two enzymes of Hexose
Monophosphate pathway (HMP), glucose-6-phosphate
dehydrogenase (G6PD) and 6-phosphogluconate dehy-
drogenase [13]. The tissues such as liver, adipose tissue,
adrenal gland, erythrocytes, testes and lactating mam-
mary gland, are highly active in HMP shunt. Most of
these tissues are involved in the biosynthesis of fatty
acids and steroids, which are dependent on the supply of
NADPH, so it is plausible to speculate that NADPH
producing enzymes might be associated with lipid me-
tabolism disorders such as hyperlipidemia and lipid tox-
icity in metabolic diseases, including obesity and diabe-
tes.

Although, isocitrate dehydrogenase also generates
NADPH, its major function is irrelevant to lipogenesis
[13,14]. Among the four NADPH producing enzymes
GO6PD, is the first and rate limiting enzyme of HMP and
is a major intracellular source of NADPH generation,
highly conserved in most mammalian species [15]. Thus,
G6PD plays a key role and is a crucial enzyme in the
maintenance of cellular redox potential and cell survival
via production of NADPH.

With this background in mind, the present study was
designed to investigate the association of G6PD with
obesity and its relation with obesity induced oxidative
stress and adipocytokine-adiponectin.

2. SUBJECTS AND METHODS

Present study was conducted in the upgraded Depart-
ment of Physiology, S.M.S. Medical College, Jaipur
(Rajasthan) on 150 subjects (120 men and 30 women) in
the age-group of 17 - 26 years, recruited from various
camps organized at Jaipur, through verbal and public
advertisements.

All the subjects were categorized into two groups:

Group-I: Normal weight subjects (Body Mass Index =
18.5 - 24.9 kg/m?)

Group-Il: Obese subjects (Body Mass Index > 25.0
kg/m?)

This group was further divided into two classes:

Class-1: Generalized obesity without abdominal adi-
posity.

Class-2: Generalized obesity with abdominal adipos-

ity.
2.1. Study Population: Inclusion Criteria

120 subjects of Group-II (40 Class-1 and 80 Class-2)
and 30 age-matched healthy control subjects (Group-I) of
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either sex were recruited. Group-I subjects having nor-
mal waist-to-hip ratio were included in the study. All the
participants gave written informed consent before en-
rollment and the study was approved by the Research
Board of “Rajasthan University of Health Sciences,
Jaipur (Rajasthan), India”.

2.2. Exclusion Criteria

Individuals were excluded, who reported having a
doctor diagnosed illness including hypertension, diabetes,
cardiovascular disease etc or any associated illness, or
receiving any form of medication/therapies or under
stress, smokers, alcoholic, tobacco user, based on their
responses to the questionnaire.

Anthropometric measurements, clinical examination
and a detailed history of each subject regarding the age,
gender, family history of obesity and of any associated
illness or stress was recorded. Blood Pressure, height,
weight, waist and hip circumference were obtained using
standardized equipment and procedures. Body Mass In-
dex (BMI) and Waist-Hip Ratio (WHR) were taken as a
measure of generalized obesity and abdominal adiposity,
respectively.

2.3. Metabolic Variables

Blood sample of each subject was analyzed for Fasting
Blood Glucose [16], lipid profile parameters-triglyceride
[17], total cholesterol [18] and high density lipoprotein
cholesterol [19] using standard commercially available
enzymatic kits using autoanalyser while low density
lipoprotein cholesterol and very low density lipoprotein
cholesterol by Friedwald’s Formula [20]. The RayBio®
Human Adiponectin (Acrp30) ELISA (Enzyme-Linked
Immunosorbent Assay) kit was used for quantitative
measurement of human adiponectin in serum. Serum
Malondialdehyde (MDA, used as a biomarker of oxida-
tive stress) was estimated by Thiobarbituric acid assay
method [21] by spectrophotometrically. The quantitative
estimation of serum G6PD was done by Kinetic enzyme
method [22] on semi-autoanalyzer. The activity of the
enzymeGlucose-6-phosphate dehydrogenase was defined
by measuring the speed of the absorbance increase at 340
nm due to the reduction of NADP" according to the fol-
lowing reaction:

Glucose-6-phosphate + NADP"
G6PD

>
Gluconate-6-phosphate + NADPH + H"

2.4, Diagnostic Criteria

The National Institutes of Health (NIH) [23] classifi-
cation was used for grading BMI and sex-specific Waist-
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to-Hip Ratio quartiles as recommended by World Health
Organization [24] was used for analyses of abdominal
adiposity. Diabetes was diagnosed based on revised
American Diagnostic Association Criteria (ADA) [25]
and dyslipidemia by using National Cholesterol Educa-
tion Program (NCEP) [26].

2.5. Statistical Analysis

Statistical analysis of data were performed using the
SYSTAT (version 11.00) software package. Data were
expressed as mean = SD. Unpaired Student’s “t” test was
used for analysis of data and Karl Pearson coefficient of
correlation was also computed to quantify the degree and
direction of association of G6PD with BMI, MDA and
adiponectin. The statistical significance was set at p <

0.05.

3. RESULTS

Table 1 showed the demographic profile of studied
population. The mean age of the studied subjects was
21.98 + 3.08 years. The majority of subjects had no fam-
ily history of obesity and the ratio between positive and
negative family history of obesity was 1:14. None of the
subjects had diabetes (according to revised ADA criteria,
mean value of fasting blood glucose = 92.86 + 12.23
mg/dL) and hypertension (mean systolic blood pressure
= 123.57 + 5.63 mmHg and mean diastolic blood pres-
sure 79.48 + 3.65 mmHg), or dyslipidemia (as per NCEP
guidelines).

Out of total 150 subjects, 20% of the subjects had
normal weight (BMI = 18.5 - 24.9 kg/m’) as per the NIH

Table 1. Demographic profile of studied population.

Variables MEAN * SD
Age (years) 21.98 +£3.08

Sex (M/F) 120/30

Family History of Obesity (+/—) 10/140
Body Mass Index (kg/m?) 27.48 + 4.00

Waist-to-Hip Ratio 0.93+0.08

Systolic Blood Pressure (mmHg) 123.57 £5.63
Diastolic Blood Pressure (mmHg) 79.48 +3.65
Fasting Blood Glucose (mg/dl) 92.86 +12.23

Total Cholesterol (mg/dl) 179.17 £21.38

LDL-Cholesterol (mg/dl) 101.23 £21.93
HDL-Cholesterol (mg/dl) 52.86 +5.11
VLDL-Cholesterol (mg/dl) 25.07 £4.21

Triglyceride (mg/dl) 125.38 £21.05
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classification of BMI and rests (80%) were overweight/
obese. Maximum (54.67%) of the subjects were over-
weight (BMI = 25.0 - 29.9 kg/m?). As per the present
study groups, out of total 120 obese subjects, 66.67% of
the subjects had abdominal adiposity whereas remaining
33.33% had normal WHR, depicting a high association
of abdominal adiposity with generalized obesity.

Figure 1 demonstrate that on comparison with nor-
mal-weight subjects the concentration of G6PD in-
creased with increasing levels of BMI (as per the NIH
classification) and the level of significance also increased
statistically (obese class-I p = 0.01; obese class-II p =
0.001) except in overweight subjects.

According to present study groups (Figure 2), on
comparison with normal-weight subjects, a statistically
significant higher serum G6PD level was observed only
in obese subjects with abdominal adiposity (p = 0.002)
while a non-significant higher concentration of G6PD in
obese subjects without abdominal adiposity.

Karl Pearson coefficient of correlation revealed a sta-
tistically significant positive correlation of G6PD with
BMI (r = 0.499; p < 0.001) and MDA (r = 0.736; p <
0.001) but inverse correlation with adiponectin (r =
—0.524; p <0.001).

4. DISCUSSION

Previous research on G6PD mostly focused on eryth-
rocytes, since G6PD deficiency in erythrocytes is a
common human enzymopathy, which results from a mu-
tation in the G6PD gene [27]. Furthermore, it was re-
ported that G6PD deficient patients showed a decreased
lipogenic rate and serum lipoprotein concentrations, im-
plying the importance of G6PD in fatty acid synthesis
[28]. Nonetheless, the functional roles of G6PD in adi-
pocytes are poorly understood.

Furukawal et al. [12] suggested that NADPH oxidase
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Figure 1. Relationship of Glucose-6-phosphate dehydrogenase
(G6PD) with Body Mass Index (as per the NIH classification).
Note : "<0.05; “'<0.01.
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Figure 2. Association of Glucose-6-phosphate (G6PD) with
obesity according to the present study groups. Note: = <0.01.

was the major source of ROS in adipocytes and aug-
mented NADPH oxidase seems to contribute to increase
ROS production in adipose tissue in obesity, which leads
to elevation of systemic oxidative stress. Later, Carvalho
et al. [29] and Yasukawa et al. [30] also suggested that
the enzymatic activities of NADPH oxidase and iNOS,
the major enzymes involved in oxidative stress, were
elevated in obesity.

In the year 2005, Park ef al. [31] revealed that the ele-
vated oxidative stress in the adipose tissue of obese ani-
mals with high levels of NADPH oxidase activity was
closely associated with the increased G6PD expression.
And, an aberrant increase of G6PD (one of the major
NADPH-producing enzyme) in adipocytes provoked the
dysregulation of lipid metabolism and adipocytokine
expression, which eventually accelerate the onset of obe-
sity induced metabolic disorders. Thus, obesity induced
lipid metabolic disorders and insulin resistance, was me-
diated, at least in part, by overexpression of G6PD in that
tissue.

To the best of our knowledge, till now there was no
human study to assess the relationship of obesity and
G6PD.
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The present study depicts that the serum concentration
of G6PD increased with increasing levels of BMI and
was found to be significant in obese subjects (BMI >
30.0 kg/m’) as compared to normal-weight (according to
NIH classification) (Figure 1), and more so in the obese
subjects with abdominal adiposity (p = 0.002) according
to the present study groups (Figure 2). Further, present
analysis of data also revealed significant positive corre-
lation of G6PD with BMI (r = 0.499; p < 0.001) and
MDA (r = 0.736; p < 0.001) but inverse correlation with
adiponectin (r = —0.524; p < 0.001).

Above results can be explained by the findings ob-
served by Park er al. [32], who suggested that overex-
pression of G6PD in adipocyte might mediate the onset
of metabolic disorders in obesity by increasing oxidative
stress and inflammatory signals. Below Figure 3, dem-
onstrate a novel role of G6PD in obesity induced meta-
bolic disorders [32].

Moreover, it had been demonstrated in numerous stud-
ies that oxidative stress induce activation of NF-xB sig-
naling and it appears to be associated with the patho-
genesis of insulin resistance and type-2 diabetes [33,34].

Taken together, we propose that the G6PD expression
levels in adipose tissue may be a promising indicator of
obesity and its regulation may be a novel therapeutic
target in treating metabolic disorders such as obesity—
induced insulin resistance and chronic inflammation.

Discrepancies among the results within the subset of
obese groups may be because of the impact of abdominal
adiposity associated with generalized obesity, suggesting
an emerging paradigm of abdominal adiposity. Moreover,
overweight subjects had a non-significant finding, com-
pared to obese subjects (as per the NIH classification)
possibly because of abdominal adiposity, as all the obese
class-II subjects and maximum (83.87%) of obese class-I
subjects had abdominal adiposity, while nearly half
(42.68%) of the overweight subjects had normal WHR,
depicting the high prevalence of abdominal adiposity in
obese subjects. However, present results do not confirm
that adiposity is the primary factor underlying the dif-
ferences between the subset of obese group of the present
study.

The present study, however, represents a unique and
practical effort with regard to the findings, suggesting
that the fat distribution or visceral adiposity/abdominal
adiposity (assessed by WHR) should be incorporated,
together with BMI, in the routine clinical measurements
of all the subjects to facilitate early identification, eva-
luation and treatment of obesity associated problems in
the population.

5. CONCLUSION

Thus, it can be concluded that increased expression of
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Figure 3. A model of G6PD-induced insulin resistance and chronic inflamma-
tion in adipocytes. Obesity-induced G6PD overexpression stimulates oxida-
tive stress by increasing the expression of pro-oxidative enzymes, which are
closely linked with NF-«B signals and their target gene expression, including
cytokines, inflammatory signals, and macrophage-specific genes. These sig-
nals lead to metabolic disorders such as insulin resistance and chronic in-
flammation. The upward arrows indicate the increase of G6PD, iNOS,
NADPH oxidase, oxidative stress, or NF-xB signaling. ICAM-1, intercellular
adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; SR-A,
Scavenger receptor type A; CCR2, Chemokine receptor-2; COX-2, Cyclooxy-
genase-2; CD, Cluster of Differentiation; NF-kB, Nuclear factor-kB.

G6PD (a crucial enzyme in the maintenance of cellular
redox potential) in obese subjects (more if it is associated
with abdominal adiposity) might mediate the onset of
obesity associated metabolic disorders by increasing
oxidative stress.

Further, we propose that G6PD expression levels in
adipose tissue may be a promising indicator of obesity
associated metabolic syndrome and its regulation may be
a novel therapeutic target in treating metabolic disorders,
and therefore , the identification of regulatory tools for
G6PD activity may prove promising for treating meta-
bolic disorders such as obesity associated insulin resis-
tance and chronic inflammation.
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