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Abstract. This study examined the effects of redox status 
markers on metabolic syndrome (MetS) and obesity before and 
after dietary intervention and exercise for weight loss. A total 
of 103 adults suffering from MetS and obesity participated in 
this study and followed a personalized diet plan for 6 months. 
Body weight, body fat  (BF) percentage  (BF%), respiratory 
quotient (RQ) and the redox status markers, reduced gluta-
thione (GSH), thiobarbituric acid reactive substances (TBARS) 
and protein carbonyls (CARB), were measured twice in each 
individual, before and after intervention. Dietary intervention 
resulted in weight loss, a reduction in BF% and a decrease in RQ. 
The GSH levels were significantly decreased following interven-
tion, while the levels of TBARS and CARB were not affected. 
Based on the initial GSH levels, the patients were divided into 
2 groups as follows: The high GSH group (GSH, >3.5 µmol/g 
Hb) and the low GSH group (GSH <3.5 µmol/g Hb). Greater 
weight and BF loss were observed in patients with high GSH 
levels. It was observed that patients with MetS and obesity with 
high GSH values responded better to the dietary therapy, exhib-
iting more significant changes in weight and BF%. This finding 
underscores the importance of identifying redox status markers, 
particularly GSH, in obese patients with MetS. Knowing the 
levels of GSH may aid in developing a better design of an indi-
vidualized dietary plan for individuals who wish to lose weight.

Introduction

In modern western societies, an increasing number of the 
population are confronted with a diagnosis of metabolic 
syndrome  (MetS). Specifically, approximately 24% of the 
European population and 34% of the American population 
suffer from MetS (1,2). MetS is a cluster of at least three of 
the following medical conditions: Abdominal (central) obesity, 
elevated blood pressure, elevated fasting plasma glucose 
levels, high serum triglyceride levels and low high‑density 
lipoprotein (HDL) levels. MetS is associated with the risk of 
developing cardiovascular disease and diabetes type 2 (3,4). 
MetS usually occurs due to excessive food intake with high 
energy density, the lack of physical exercise and genetic predis-
position. Diet and physical exercise are the basis for dealing 
with obesity. Food quality can be improved by reducing energy 
consumption, which is achieved by decreasing the consumption 
of high‑energy foods, such as those with a high fat and sugar 
content, and by increasing fiber intake (5‑7).

Free radicals are produced during normal metabolism and 
are involved in normal cellular functions, such as cell signaling, 
gene expression and apoptosis (8,9). Apart from endogenous 
sources of free radicals, there are also exogenous sources. The 
main exogenous sources of free radicals are smoking, exposure 
to air pollution, ultraviolet light and ionizing radiation, and 
poor food quality (10). The major free radicals include the 
reactive forms of oxygen species (ROS), such as superoxide 
anion radical  (O2•‑), hydroxyl radical  (OH•) and peroxyl 
radical (RO2•), as well as reactive nitrogen species (RNS), such 
as nitric oxide and the peroxynitrite radical (ONOO•). The 
overproduction of free radicals due to their high reactivity can 
lead to oxidative damage to macromolecules, such as lipids, 
proteins and DNA by affecting their functionality.

However, living organisms have a defense system against 
free radicals consisting of enzymes and low molecular weight 
molecules in order to maintain a balance between free radical 
production and antioxidant mechanisms. The major antioxidant 
enzymes are catalase (CAT), glutathione peroxidase (GPx), 
superoxide dismutase (SOD) and paraoxonase 1 (PON1). Low 
molecular weight antioxidants include molecules, such as 
glutathione (GSH), vitamins C and E, uric acid and ubiqui-
none  (8,11). When this equilibrium is disrupted either due 
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to overproduction of free radicals or due to the reduction of 
antioxidant mechanisms, oxidative stress occurs (12).

The past decade has brought forth significant interest 
towards the research of free radicals in obesity, diabetes and 
MetS. Studies have demonstrated that fat accumulation and 
insulin resistance in patients with MetS is associated with 
increased oxidative stress, suggesting that oxidative stress plays 
a critical role in the progression of the disease (13,14,17). MetS 
can lead to the onset of type 2 diabetes, which is character-
ized by elevated blood glucose levels due to increased insulin 
resistance. Several studies have demonstrated that symptoms of 
MetS and diabetes, such as hyperglycemia, insulin resistance 
and hyperlipidemia are responsible for increased levels of 
oxidative stress through various mechanisms. Some of these 
include elevated glycosylation products  (AGEs), increased 
inflammation and the increased production of peroxides in the 
mitochondria (13‑17).

A recent study by our research team analysed the levels 
of redox status markers in people diagnosed with MetS (18). 
The results revealed that the levels of oxidative stress fluctu-
ated among patients. However, two classes of patients were 
distinguished from the levels of a basic cellular antioxidant, 
GSH. This sutdy aimed to investigate changes in weight, body 
fat percentage (BF%), respiratory quotient (RQ) and a series of 
redox status markers in patients suffering from MetS following 
a 6‑month follow‑up and dietary therapy.

Materials and methods

Individuals. A total of 103 adult subjects suffering both MetS 
and obesity participated in the present study. Of these, 73 were 
women and 30 were men. The age of the study subjects was 
42.01±1.11 [mean ± standard error of the mean (SEM)]. All 
experimental procedures were performed in accordance with the 
European Union Guidelines laid down in the 1964 Declaration 
of Helsinki and were approved by the Institutional Review 
Board of the University of Thessaly (Larissa, Greece).

Blood collection and handling. The participants visited the 
Standard Centre of Bioassays, ‘Omiostasis’ in Athens (Greece) 
twice and blood samples were collected at the beginning and 
after dietary intervention, 6 months later. Blood samples were 
drawn from a forearm vein of seated individuals and stored in 
ethylenediaminetetraacetic acid (EDTA; Becton‑Dickinson, 
Franklin Lakes, NJ, USA) tubes for measuring the levels of 
thiobarbituric acid reactive substances  (TBARS), protein 
carbonyls (CARB) protein carbonyls (CARB) and GSH. The 
samples were then centrifuged immediately at 1,370 x g for 
10 min at 4˚C and erythrocytes were divided from the plasma. 
The erythrocytes were lysed with distilled water  (1:1 v/v), 
inverted and centrifuged at 4,020 x g for 15 min at 4˚C, and 
the erythrocyte lysate was then collected. A small amount of 
erythrocyte lysate (500 µl) was treated with 5% trichloroacetic 
acid  (TCA; Sigma‑Aldrich, Munich, Germany)  (1:1  v/v), 
vortexed and centrifuged at 28,000  x  g for 5  min at  4˚C. 
The supernatants were then removed and the procedure was 
repeated in the same manner. Subsequently, the clear superna-
tants were transferred to new Eppendorf tubes and were used 
for the determination of GSH levels. Plasma and erythrocyte 
lysates were stored at -80˚C until further analysis.

Assessment of weight, BF and RQ. Weight, BF% determina-
tion, and RQ  measurements were performed after 3  h of 
complete fasting during the visit of the individuals. RQ at rest 
and the average RQ of walking were measurement following 
the BRUCE protocol (stress test), up to 140 pulses (19). All 
individuals measured have normal sleep, 24 h abstinence from 
physical exercise, 3 h from smoking and coffee drinking and 
they had not been ill or followed a specific diet in the last 
7 days. The weight was calculated with high accuracy weight 
scale, the percentage of BF was determined with the use of a 
dermatometer and the RQ was counted using an ergospirom-
eter. The ergospirometer measures the amount of oxygen in the 
inhaled and exhaled air. Finally, the volume of intake oxygen 
(VO2) is calculated based on which the basal metabolic rate is 
measured. The ergospirometer also measures carbon dioxide 
rates in the inhaled and exhaled air as well as the RQ, that is 
the ratio of carbon dioxide to oxygen (CO2/VO2) indicating the 
proportion of energy generated by the contribution of carbohy-
drates and fats.

Assessment of oxidative status markers TBARS, and GSH. 
For the determination of the TBARS levels, the assay was based 
on the method described in the study by Keles et al (20). TBARS 
is a commonly and frequently used method to determine lipid 
peroxidation. According to this method, 100 µl of plasma were 
mixed with 500 µl of 35% TCA (Merck KGaA, Darmstadt, 
Germany) and 500 µl of Tris‑HCl (Sigma‑Aldrich, St. Louis, 
MO, USA; 200 mM, pH 7.4) and incubated for 10 min at room 
temperature. One milliliter of 2 M sodium sulfate (Na2SO4) 
and 55 mM thiobarbituric acid (TBA) solution were added and 
the samples were incubated at 95˚C for 45 min. The samples 
were cooled on ice for 5 min and were vortexed following the 
addition of 1 ml of 70% TCA. The samples were centrifuged 
at 15,000 x g for 3 min and the absorbance of the superna-
tant was read at 530 nm using a spectrophotometer (Hitachi 
U‑1900; serial no. 2023‑029; Hitachi, Tokyo, Japan). A baseline 
absorbance was taken into account by running a blank along 
with all samples during the measurement. The calculation of 
the TBARS concentration was based on the molar extinction 
coefficient of malondialdehyde.

The concentration of CARB, an index of protein oxidation, 
was determined based on the method described in the study by 
Patsoukis et al (21). In this assay, 50 µl of 20% TCA were added 
to 50 µl of plasma and this mixture was incubated in an ice bath 
for 15 min and centrifuged at 15,000 x g for 5 min at 4˚C. The 
supernatant was discarded and 500 µl of 10 mM 2,4‑dinitro-
phenylhydrazine (DNPH; Sigma‑Aldrich, Munich, Germany) (in 
2.5 N HCl) for the sample, or 500 µl of 2.5 N HCl for the blank, 
were added to the pellet. The samples were incubated in the dark 
at room temperature for 1 h with intermittent vortexing every 
15 min and were centrifuged at 15,000 x g for 5 min at 4˚C. The 
supernatant was discarded and 1 ml of 10% TCA was added, 
vortexed and centrifuged at 15,000 x g for 5 min at 4˚C. The 
supernatant was discarded and 1 ml of ethanol‑ethyl acetate 
(1:1 v/v) was added, vortexed and centrifuged at 15,000 x g for 
5 min at 4˚C. This washing step was repeated twice. The super-
natant was discarded and 1 ml of 5 M urea (pH 2.3) was added, 
vortexed and incubated at 37˚C for 15 min. The samples were 
centrifuged at 15,000 x g for 3 min at 4˚C and the absorbance 
was read at 375 nm. The calculation of the CARB concentration 
was based on the molar extinction coefficient of DNPH.
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The GSH levels were measured based on the method previ-
ously described in the study by Reddy et al (22). A total of 20 µl 
of erythrocyte lysate was treated with 5% TCA, mixed with 
660 µl of 67 mM sodium potassium phosphate (pH 8) and 330 µl 
of 1 mM 5,5‑dithiobis‑2 nitrobenzoate (DTNB; Sigma‑Aldrich, 
Munich, Germany). The samples were incubated in the dark 
at room temperature for 45 min and the absorbance was read 
at 412 nm using a spectrophotometer (Hitachi U‑1900; serial 
no. 2023‑029; Hitachi). The GSH concentration was calculated 
relative to a calibration curve made using commercial standards.

Diet and exercise intervention. From the evaluation of the results, 
a personalised aerobic exercise program was produced, whose 
frequency and intensity are the most important factors that affect 
the use of muscle glycogen and glucose uptake. Protocols of exer-
cise differ in relation to RQ. Personalized nutrition therapy aimed 
at metabolic regulation and the use of fat stores as a primary energy 
source. The diet consisted of 6 meals per day, 3 main and 3 post-
prandial, in which the two main meals comprise of biofunctional 
food containing 10 g whey protein from ewe‑goat milk, slow 
burning carbohydrates over 30% in their composition and are a 
source of fiber. For those with RQ <0.7, a 7th meal was added 
before bedtime, rich in casein to 5% of BMR. Diet is based on 
a ratio of 30:50:20 macronutrients (proteins:carbohydrates:fats), 
based on the World Health Organization (WHO) guidelines for 
nutrition of patients with MetS. This composition is maintained 
both for every meal and for the whole day, aiming at any possible 
regulation of glycemic load (GL), which is benefited from frequent 
meals with specific caloric ratio. Food combinations contain a 
minimum of 25 g fiber for women and 35 g for men based on the 
WHO directive for patients of MetS.

Statistical analysis. For statistical analysis, data were analysed 
by one‑way ANOVA followed by Dunnett's test for multiple 
pair wise comparisons. The level of statistical significance 
was set at P<0.05. For all statistical analyses, SPSS software 
version 13.0 (SPSS, Inc., Chicago, IL, USA) was used. Data are 
presented as the means ± SEM.

Results

The results revealed that the GSH values were signifi-
cantly (P<0.001) lower by 29.7% in the subjects following dietary 

intervention, indicating an increase in oxidative stress (Table I). 
No statistically significant differences were observed in the 
CARB and TBARS levels in the plasma of the subjects before 
and after intervention. The RQ, weight and BF of the subjects 
decreased significantly by 10.03, 7.63 and 20.67% respectively.

In previous studies, we found that the induction of oxidative 
stress exhibited great variability between different individuals, 
since the outcome of an oxidant stimulus may be affected 
by several different factors  (e.g., genetic, physiological and 
biochemical) (18,23,24). Based on this observation, the indi-
vidual variability of the tested oxidative stress markers within 
the patients with MetS and obesity was examined. Among 
these markers, the GSH marker exhibited the greatest vari-
ability, since there was a 6‑fold difference between the lowest 
value and the highest value. In addition, GSH is considered 
one of the most important endogenous antioxidant molecules 
and a major contributor to the cellular redox status of living 
organisms  (25). Thus, the patients with MetS and obesity 
were divided into 2 subgroups, the first one with low GSH 
levels (n=44; GSH <3.5 µmol/g Hb) and the second one with 
high GSH levels (n=59; GSH >3.5 µmol/g Hb). Between the 
average values of these 2 GSH groups, there was a statistically 
significant (P<0.001) difference (by 41.3%) in the GSH levels 
in erythrocytes (Table II). Moreover, in these 2 GSH groups, 
the differences between the other oxidative stress markers were 
also examined. There was a significant difference observed in 
CARB levels in plasma between the 2 GSH groups. CARB 
levels in the low GSH group were significantly increased by 
28.6% compared with the high GSH group (Table II). The low 
GSH group exhibited higher levels of CARB and, as this group 
had reduced levels of GSH, it was exposed to greater levels 
of oxidative stress. No significant differences were observed 
in TBARS, RQ, weight and BF% between the 2 GSH groups 
before intervention.

In both the high GSH and low GSH group after the interven-
tion, the GSH levels, RQ, weight and BF% were significantly 
decreased compared to pre-intervention. The CARB levels were 
significant increased only in the high GSH group compared to 
pre-intervention. In the high GSH group, the GSH levels were 
decreased by 31.62%, RQ by 9.45%, weight by 9.08% and BF% 
by 23.63%, whereas the CARB levels were increased by 10.36%. 
In the low GSH group, the GSH levels were decreased by 24.89%, 
RQ by 10.23%, weight by 5.68% and BF% by 19.73%.

Table I. Values of redox status biomarkers, RQ, weight and BF% before and after the intervention. 

Parameters	 PRE (mean ± SEM)	 POST (mean ± SEM)	 % of PRE

GSH (µmol/g Hb)	 3.75±0.11	 2.64±0.10c	 71.26±1.95c

CARB (nmol/mg protein)	 0.51±0.01	 0.53±0.01	 109.1±3.26
TBARS (µmol/l plasma)	 5.26±0.13	 5.32±0.11	 107.47±3.68
RQ	 0.90±0.03	 0.78±0.01b	 89.97±2.70b

Weight (kg)	 83.33±2.63	 75.77±2.06a	 92.37±0.68c

BF%	 30.70±0.89	 24.31±0.82c	 79.43±1.29c

Changes are also shown percentages relative to PRE condition.. aP<0.05, bP<0.01, cP<0.001, significantly different compared to the pre-interven-
tion condition. PRE, pre-intervention; POST, post-intervention; RQ, respiratory quotient; BF%, body fat percentage; GSH, glutathione; CARB, 
protein carbonyls; TBARS, thiobarbituric acid reactive substances; SEM, standard error of the mean.
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The following differences were also observed between the 
2 GSH groups: The high GSH group exhibited a significant 
reduction in GSH levels compared with the low GSH group. 
Furthermore, the high GSH group exhibited a significant 
reduction in weight and BF% compared to the low GSH 
group (Table III).

Discussion

MetS is a relatively new pathological condition, which is based 
on the observation that a number of cardiovascular risk factors, 
such as obesity, type 2 diabetes, arterial hypertension and dyslip-
idemia, co-exist in the same individual. The criteria for MetS 
by NCEP III are as follows: A waist circumference of >102 cm 
for men and >88 cm for women, triglyceride levels ≥150 mg/dl, 
HDL levels <40 mg/dl for men and <50 mg/dl for women, 
blood pressure  (systolic ≥130 or diastolic ≥85 mmHg) and 
fasting plasma glucose levels ≥110 mg/dl. An individual is 
defined as suffering from MetS if she/he displays pathological 

values in three or more of the above-mentioned factors (26,27). 
The basic disorder indicating MetS is the insulin resistance of 
tissues, particularly the muscles, liver and adipose tissue, indi-
cating the reduced activity of insulin in these organs (13,28,29). 
The main cause of this phenomenon is obesity, particularly the 
central type, which is obesity characterized by significant fat 
deposition in the abdomen and mainly intra‑abdominal fat 
deposition. Other predisposing factors, and hence the causes 
of MetS, are heredity, an increased dietary intake of calories, 
particularly those derived from fat and sugars, reduced physical 
activity, increasing age and smoking (30‑33). The higher the 
age of the individual, the higher the risk of developing MetS, as 
with increasing age, diabetes, dyslipidemia, hypertension and 
central type obesity occur more frequently (33).

The causative and most important treatment for MetS is 
weight loss. Weight loss improves both individual metabolic 
disorders  (glucose levels, pressure and lipids), but mainly 
improves insulin resistance and therefore acts on the cause of 
the problem (34‑37). An increase in physical activity either in 
the form of exercise or in the form of an increase in daily routine 
activities has the same ameliorating effect (34,37). Drugs that 
aid weight loss can be used successfully. Medications that 
improve insulin resistance are metformin and glitazones, which 
are approved and used only as antidiabetic drugs (38‑40).

MetS, obesity and diabetes are disorders associated with 
increased oxidative stress. Oxidative stress is a pathophysi-
ological condition in which there is an imbalance between 
free radical production and antioxidant mechanisms (13,14,41). 
Oxidative stress appearing in patients with MetS, diabetes 
and obesity may further deteriorate the associated complica-
tions and in particular those involved with the cardiovascular 
system (15,17). Thus, the assessment of oxidative stress in 
patients with MetS and diabetes is considered useful for 
monitoring their health status (42,43). Previous studies by our 
research group investigated the levels of oxidative stress in 
people suffering from MetS and obesity (18,44,45). In one of 
these studies, Spanidis et al (18) analysed the levels of oxidative 
stress in individuals suffering from MetS; the results revealed 
that patients could be divided into two subgroups depending 
on the levels of GSH, which is an antioxidant molecule. There 

Table III. Percentage of PRE values of redox status biomarkers, 
RQ, weight and BF in high GSH and low GSH groups after 
intervention.  

	 High GSH POST	 Low GSH POST
	 (as % of High GSH PRE,	 (as % of Low GSH PRE,
Parameters	 mean ± SEM)	 (mean ± SEM)

GSH 	 68.38±1.93c	 75.11±1.92c,d

CARB 	 110.36±3.80a	 105.54±4.40
TBARS 	 106.60±3.86	 108.65±3.46
RQ	 90.55±2.32a	 89.77±3.20a

Weight	 90.92±0.70c	 94.32±0.61c,d

BF 	 76.27±1.17c	 80.27±1.06c,d

aP<0.05, bP<0.01, cP<0.001, significantly different between PRE and 
POST condition. dP<0.01, significantly different between two groups. 
PRE, pre-intervention; POST, post-intervention; RQ, respiratory 
quotient; BF, body fat; GSH, glutathione; TBARS, thiobarbituric acid 
reactive substances; SEM, standard error of the mean.

Table II. Values of redox status biomarkers, RQ, weight and BF in high GSH and low GSH groups before and after intervention. 

	 High GSH PRE	 High GSH POST	 Low GSH PRE	 Low GSH POST
Parameters	 (mean ± SEM)	 (mean ± SEM)	 (mean ± SEM)	 (mean ± SEM)

GSH (µmol/g Hb)	 4.55±0.09	 3.11±0.13c	 2.67±0.08g	 2.01±0.11e,h

CARB (nmol/mg protein)	 0.48±0.01	 0.52±0.01a	 0.54±0.02f	 0.54±0.02
TBARS (µmol/l plasma)	 5.26±0.17	 5.26±0.15	 5.27±0.21	 5.39±0.17
RQ	 0.91±0.04	 0.76±0.01b	 0.88±0.06	 0.81±0.03
Weight (kg)	 86.68±3.73	 77.65 ± 2.89a	 78.83±3.57	 73.83±2.90
BF%	 31.94±1.15	 24.78±1.06c	 29.57±1.35	 23.97±1.31d

aP<0.05, bP<0.01, cP<0.001 significantly different between the HIGH GSH PRE and the HIGH GSH POST groups; dP<0.01,  eP<0.001 significantly 
different between the LOW GSH PRE and the LOW GSH POST groups; fP<0.05, gP<0.001 significantly different between the HIGH GSH PRE 
and the LOW GSH PRE groups; hP<0.001 significantly different between the HIGH GSH POST and the LOW GSH POST groups; PRE, pre-
intervention; POST, post-intervention; RQ, respiratory quotient; BF, body fat; GSH, glutathione; CARB, protein carbonyls; TBARS, thiobarbituric 
acid reactive substances; SEM, standard error of the mean.
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were patients with low GSH levels, but also patients with higher 
GSH levels. GSH is one of the most important antioxidant 
mechanisms in living organisms, and thus low GSH levels 
are associated with oxidative stress and the manifestation of 
various diseases (46,47). The aim of this study was to investi-
gate the effects of redox status levels on the ability of patients to 
lose weight following dietary therapy and exercise.

The results revealed that patients with MetS experienced 
significant changes in their body composition following dietary 
therapy and the addition of exercise to their daily routine for 
a 6‑month period. In particular, a significant weight loss and 
reduction in BF% were observed by 8.63 and 20.57%, respec-
tively. At the same time, their RQ was significantly improved 
as the average of 0.90 became 0.78. The above-mentioned data 
indicate an improvement in the metabolic condition of patients 
with beneficial health effects. It is known that weight loss and 
body fat loss are an important factor in improving the status of 
obesity and MetS (34‑38). In addition, an improvement in RQ 
indicates the change in the metabolic capacity of patients to use 
fat as a source of energy while at rest (48,49). As regards the redox 
status markers, no significant changes in the levels of CARB 
and TBARS were observed, although a significant decrease in 
GSH levels was observed. As already mentioned, GSH is one 
of the most important cellular antioxidants. While increased 
levels of GSH may exert protective effects against a number of 
diseases, decreased levels of GSH increase energy expenditure, 
prevent obesity and reduce insulin resistance (50,51). Existing 
data suggest that decreased GSH levels activates the nuclear 
factor (erythroid-derived 2)-like 2 (Nrf2) transcription factor 
pathway. The Nrf2/antioxidant response element pathway is 
a redox‑sensing mechanism linking changes in cellular redox 
status to the expression of genes whose resulting proteins 
regulate the energy metabolism and metabolism of ROS and 
products of ROS damage. As such, recent data connect the 
Nrf2/antioxidant response element pathway to GSH depletion, 
obesity, increases in energy metabolism and decreases in lipid 
deposition (51‑53).

Taking into account the findings of our previous study, 
with the great fluctuations in GSH levels between the indi-
viduals  (18), two subgroups of patients were observed and 
distinguished: One with high GSH levels (>3.5 µmol/g Hb) and 
one with low GSH levels (<3.5 µmol/g Hb). The two subgroups 
were examined for the remaining redox status markers, body 
weight, BF% and RQ. No significant differences were observed 
in weight, RQ and BF% between the two groups. In addition, 
no differences in TBARS were observed; however, a significant 
increase in CARB levels was observed in the low GSH group 
compared with the high GSH group, indicating that the low 
GSH group was exposed to increased oxidative stress.

Examining the markers in the 2 groups following a 6‑month 
period of personalized treatment with specific diet and exer-
cise, the following findings were observed: In both groups, the 
body weight and BF% were reduced and RQ was improved. 
In addition, in both groups, the GSH levels were decreased, 
whereas only in the high GSH group, the CARB levels were 
increased significantly. The decrease in GSH levels was signifi-
cantly higher in the high GSH group, as GSH levels decreased 
by 31.62%, while in the low GSH group by 24.89%. Among the 
groups, there was significantly greater weight and BF loss in the 
high GSH group. Specifically, the high GSH group lost 9.08% 

of the weight and 23.63% of the BF, as opposed to the low 
GSH group, which lost 5.68% of the weight and 19.73% of the 
BF, respectively. It was therefore observed that the addition of 
exercise and dietary therapy improved weight and BF in both 
groups, although patients with higher GSH values appeared to 
be more profitable, probably due to a greater decrease in GSH 
levels. This finding is of particularly importance as it indi-
cates that it is useful to determine the redox status markers in 
patients with MetS as they may prove to be helpful in providing 
personalized dietary therapy.

An increasing number of studies in recent years have come 
to the conclusion that diabetes and other metabolic diseases such 
as MetS and obesity are redox diseases (54‑57). Type 2 diabetes 
is the final stage at which a pre‑diabetic subject will come to 
within time if the problem is not reversed. MetS and obesity are 
characterized as primary pre‑diabetic conditions, where insulin 
sensitivity is gradually reduced and hyperglycemia and insulin 
resistance appear (54,57). First, Watson (57) developed the 
theory that there is a disorder in the redox balance in diabetic 
cells. Specifically, a reductive environmental induction in the 
endoplasmic cell reticulum affects the folding of protein; thus 
they do not acquire the correct tertiary structure, thus losing 
their functionality, leading to a decrease in the sensitivity of 
insulin and ultimately to insulin resistance (57).

Lately, a number of studies have highlighted the benefit 
of reducing GSH levels in weight loss. In studies using 
knockout mice for the modifier subunit of glutamate cysteine 
ligase  (GCLM), it was shown that GSH levels decreased 
by 20%, while theses mice were resistant to insulin resistance, 
had hyperglycemia and an increased metabolic rate compared 
to the wild-type mice. At the same time, the specific mice 
exhibited an increased activity of mitochondrial complex I 
and reduced lipid synthesis in the liver (58). In studies where 
pharmaceutical GCL inhibitors were used, similar effects were 
observed (50,59). These data suggest that GSH, perhaps through 
the regulation of redox‑sensitive proteins, regulates energy 
metabolism. One of these is the Nrf‑2 transcription factor. It 
is known that reduced levels of GSH increase its activity in 
the nucleus, where it can activate a series of genes associated 
with increased metabolism (52,60). Experiments that have been 
carried out and resulted in Nrf‑2 activation in animals have 
demonstrated an increase in insulin sensitivity and a reduced 
chance of developing obesity after a high fat diet (61). Induction 
in certain studies was mainly mediated by Nrf‑2 agonists, 
such as curcumin and resveratrol (62,63). The exact opposite 
effects were observed when the effect of Nrf‑2 was inhibited. 
Therefore, a decrease in GSH activates metabolism indirectly 
by increasing the activity of Nrf‑2.

In addition to GSH levels, GSH metabolic enzymes, 
such as Gpx, glutathione reductase  (Grx) and glutathione 
S-transferase (GST) play a key role in the development of obesity 
and insulin resistance. A particular role appears to be played by 
the GPx1 isoform, where its overexpression promotes insulin 
resistance and obesity (64‑66). It has been have demonstrated 
that there are polymorphisms in the GPx1 gene associated with 
the overexpression and occurrence of MetS (67). Gpx uses 
GSH by oxidizing it in order to reduce hydrogen peroxide or 
lipid hydroperoxides. Genetic diversity of this gene in combi-
nation with eating habits can affect GSH levels in the body. 
In addition, the role of S‑glutathionylation in mitochondrial 
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metabolism seems to be significant. S‑glutathionylation, 
through GRX, inhibits the action of hydrogen peroxide or lipid 
hydroperoxides, thus reducing aerobic metabolism (68‑70). In 
addition, the GST gene appears to be highly polymorphic in 
humans. Defective alleles in GSTM1 or GSTT1 are associated 
with an increased chance of developing diabetes type 2 (71,72). 
Thus, GSH levels combined with the availability and activity 
of these enzymes play a key role in the development of insulin 
resistance and obesity.

In this study, it was observed that the marker with the 
greater fluctuations in its levels was GSH, a small thiol sensi-
tive to changes in the redox environment. Differences in the 
redox status of individuals in the 2 groups are indicated by 
differences in GSH levels. However, the 2 groups with high or 
low GSH did not differ in weight and BF% before intervention. 
This particular diet applied alongside the exercise program 
affected the reductive environment by lowering the GSH levels. 
This reduction probably regulated the disrupted redox status 
of patients, leading to weight and BF loss and in regulating 
glucose metabolism. However, the response to the intervention 
was better when the initial GSH levels were higher. The fact 
that there is a wide variation in GSH levels in patients with 
MetS is probably due to intercourse eating habits, but also to 
the genetic background as discussed above. However, patients 
with high GSH levels appeared to respond better to the inter-
vention. In particular, the GSH pool appears to be sufficient 
so that a reduction in these levels is not related to the negative 
effects of oxidative stress. On the contrary, when the GSH levels 
are already low, it is difficult to reduce these levels further as 
there is already an oxidizing environment. Additional studies 
on these 2 classes of individuals with MetS would explain the 
role of GSH levels along with other factors, such as the activity 
of GSH‑dependent enzymes in weight loss and the improved 
metabolic status of patients.

It is interesting to further investigate whether individuals 
with low GSH levels can increase their antioxidant capacity 
with dietary intervention and then proceed to a dietary plan 
for weight loss. A possible method with which to increase 
GSH levels may be a diet rich in antioxidants. Studies have 
demonstrated that the administration of pomegranate juice rich 
in polyphenols and the administration of foods rich in eye‑goat 
whey protein serum have led to an increase in GSH levels in 
humans (73,74). It is of great interest to examine whether these 
individuals can increase their GSH levels through diet and then 
whether it would be easier to lose weight with a similar dietary 
intervention.

In conclusion, the results of this study demonstrate the 
significance of the determination the oxidative status markers in 
patients with MetS, obesity and diabetes. In particular, the GSH 
levels are an important indicator of the reductive environment 
of the cells and its determination has great significance to the 
above-mentioned patients. Determining GSH levels before and 
during a nutritional intervention in diabetics and pre‑diabetics 
may provide useful information on the condition and course of 
treatment, which may aid specialists in providing a better plan 
on individualized intervention in these patients.
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