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Introduction
Obesity is associated with an increase risk for cardiometabolic 

diseases such as atherosclerosis and type 2 diabetes [1]. The “common 
soil” hypothesis postulates that type 2 diabetes and cardiovascular 
diseases share common basis. Insulin resistance, for which oxidative 
stress is an early event and a potential underlying biochemical 
mechanism, is one of the most important aspects of this theory 
[2]. However, it is still unclear if oxidative stress is the cause or a 
consequence of these diseases. Furthermore, identifying obese subjects 
prone to develop cardiometabolic complications is challenging since a 
proportion of obese subjects appear to be at lower risk [3].

Oxidative stress results of an imbalance between the production 
and degradation of reactive oxygen species such as hydrogen peroxide 
(H2O2). By modifying redox status of sensitive thiols, H2O2 modulates 
the biological function of several proteins including those involved 
in metabolic pathways [4]. Its intracellular concentration is regulated 
by its production mainly by the manganese superoxide dismutase 
(MnSOD) [5] and its reduction by glutathione peroxidase (GPx) 
in which reaction glutathione (GSH) is oxidized in a disulfide form 
(GSSG). A modification in GPx levels affects directly the intracellular 
level of peroxides; a slow-down of its activity allows higher intracellular 
concentration of peroxides whereas a stimulation of GPx activity leads 
to lower H2O2 concentration. On the other hand, in order to maintain 
the redox environment of the cell [6], the GSSG formed during the 
reduction of peroxides by GPx is recycled in GSH by glutathione 

reductase (GSSG-R) or is actively exported [7,8]. In a situation where 
the activity of GPx exceeds that of the GSSG-R, the GSSG is exported 
and the overall result is a loss in total glutathione level. 

Because of its high reactivity with GPx and thiols [9], it is extremely 
difficult to detect, in vivo, a physiological modification in H2O2 
concentration. However, the activity of GPx and GSSG-R as well as 
the level of total glutathione are accessible especially in erythrocytes, 
cells without nuclear capacity to restore homeostasis. Therefore, a 
modification in the blood glutathione system can be an early biomarker 
of chronic oxidative stress that can be an early step in the development 
of cardiometabolic complications.

The objectives of the study were to establish frequency distribution 
of glutathione and glutathione enzymes, and to compare a large 
panel of clinical, biochemical cardiometabolic risk factors and early 
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Abstract
Objective: Oxidative stress plays a role in obesity-related diseases. We hypothesize that abnormalities of the 

glutathione system are associated with the initial phase leading to development of cardiometabolic abnormalities such 
as cardiovascular diseases and type 2 diabetes in apparently healthy obese women. By measuring different glutathione 
parameters, we expect to find a dichotomy that can discriminate between obese women who have such sub-clinical 
abnormalities.

Subjects: This is a cross-sectional analysis in 59 postmenopausal obese women. Total blood glutathione, 
glutathione peroxidase (GPx) and glutathione reductase activity, blood lipids, apolipoprotein B-100 (apoB), fasting 
and area under the curve (AUC) for glycemia and insulinemia during an oral glucose tolerance test, insulin sensitivity 
measurement and indices, serum inflammatory markers and carotid intima-media thickness (CIMT, by magnetic 
resonance imaging) were measured. 

Results: Blood GPx activity had a bimodal distribution. Subjects were then divided into two groups according to 
their GPx activity (cut-off: 2.0 nmol/min/mg protein, P<0.01). Age and BMI were similar between the groups. Women 
with higher GPx activity had 13% more apoB (P=0.02), 10% higher glycemia AUC (P=0.04), hepatic insulin resistance 
(28% and 25% higher HOMA and liver insulin resistance index values, P<0.04) and increased CIMT by 8-13% (P=0.013) 
without evidence of inflammation, changes in blood lipids, and fasting glycemia and insulinemia. 

Conclusion: Results suggest that a modification in the glutathione system is associated with insulin resistance and 
increased intima-media thickness, both of which are associated with cardiovascular disease risk. Blood GPx activity 
may be a parameter contributing in the identification of sub-clinical but clinically relevant asymptomatic cardiometabolic 
abnormalities in obese women.
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markers of atherosclerosis between obese subjects classified according 
to their variation in blood level of glutathione and/or activity of 
GPx and GSSG-R. A novelty of the study resides in the notion that a 
disturbed oxidative/reductive state could play a role in the initiation of 
cardiometabolic diseases such as atherosclerosis and type 2 diabetes. 
We hypothesized that, in a risky population such as obese subjects, 
a variance in the glutathione system can serve as an early marker of 
metabolic perturbations leading to cardiometabolic diseases. 

Methods
Subjects

The study subjects examined were enrolled between 2006 and 2007 
in the Complications Associated with Obesity (CAO) Study (n=59). 
The goal of the CAO project is to investigate different factors involved 
in the occurrence of obesity associated cardiometabolic complications. 
This study was conformed to the principles outlined in the Declaration 
of Helsinki as revised in 2000 and was approved by the Université 
de Montréal Ethics Committee. All subjects gave written informed 
consent. The baseline data of all subjects were used in the present 
analysis. 

The inclusion/exclusion criteria of the CAO study were reported 
elsewhere [10]. Briefly, post-menopausal women were included in 
the study if they 1) were obese with BMI between 30 to 40 kg/m2, 
2) aged between 55 to 70 years old, 3) had biological confirmation 
of the menopause status without taking hormone replacement 
therapy, 4) were non diabetic and 5) non smokers, and 6) were not 
taking medications known to interfere with metabolism except stable 
hypothyroidism replacement therapy. All participants were free of 
chronic or inflammatory diseases and no history of alcohol or drug 
abuse. 

Body composition 

Standing height was measured to the nearest 0.1 cm with a wall 
stadiometer (Perspective Enterprises, Portage, MI) following standard 
techniques. Body weight and composition were measured by dual-
energy X-ray absorptiometry with a LUNAR Prodigy system (software 
version 6.10.019; General Electric Lunar Corporation, Madison, WI). 
Measurements were conducted in the morning while the subjects were 
in a fasted condition. BMI was calculated as body weight (kg)/height 
(m)2 [11].

Blood analysis 

Venous blood samples were collected at baseline of a 75 g oral 
glucose tolerance test (OGTT) and every 30 min for 2 hours. Glucose 
and fasting plasma cholesterol, HDL-cholesterol and triglycerides 
were analyzed on the Cobas Integra 400 (Roche Diagnostic, 
Montreal, QC, Canada). LDL-cholesterol was calculated according 
to the Friedewald equation [12]. Insulin levels were determined in 
duplicate by radioimmunoassay specific for human insulin (Linco, 
St-Charles, MO, USA). Apolipoprotein B-100 (apoB) was assessed 
by immunonephelometry on an Image Analyzer (Beckman-Coulter, 
Villepinte, France).

Serum high sensitivity C-reactive protein (hsCRP), orosomucoid 
and haptoglobin were assessed by immunonephelometry on an Image 
Analyzer (Beckman-Coulter, Villepinte, France). Eleven women with 
hsCRP > 10 mg/L were excluded from the analysis in this study because 
such an elevated hsCRP suggests an acute inflammatory response [13]. 
Serum IL-6 was measured in duplicates using a commercial highly 
sensitive ELISA kit (Quantikine, Minneapolis, MN, USA). 

Insulin sensitivity

Insulin sensitivity was evaluated by three indices calculated from 
the OGTT values: 1) the fasting HOMA according to the formula of 
Matthews et al. [14], 2) the liver insulin resistance index according 
to the formula of Abdul-Ghani et al. [15] and 3) the SIisOGTT index 
mainly exploring muscle insulin sensitivity according to the formula 
of Bastard et al. [16]. Insulin sensitivity was also assessed by measuring 
the glucose disposal rate from the hyperinsulinemic euglycemic clamp 
as previously described [17].

Glutathione systems 

Total glutathione was measured in whole blood by using a 
recycling enzymatic assay as previously described [18,19]. Glutathione 
peroxidase [20] and glutathione reductase [19,21] activities were 
determined by spectrophotometric methods. 

Carotid intima-media thickness 

Magnetic resonance imaging (MRI) was performed on a 1.5-T 
whole-body MRI system (Signa CV/i; GE Medical Systems; 40 mT/m; 
SR150). A 4-element (2 elements on the right side of the neck and 
2 elements on the left side) phased-array coil was used for carotid 
imaging [22]. After localization with a fast-gradient-echo sequence, 
all images were obtained with a double-inversion recovery (i.e. black-
blood), fast spin-echo sequence with ECG-gating during free breathing. 
A total of 25 to 30 transverse images centered at the carotid bifurcation 
were taken. Imaging parameters were as follows: repetition time, 2 RR 
intervals; echo time, 12/45 ms (proton density–weighted/T2-weighted); 
field of view, 12 cm; slice thickness, 3 mm; no interslice gap; acquisition 
matrix, 256x256; no phase wrap; number of signals averaged, 1/2 
(proton density–weighted/T2-weighted); echo train-length, 32; receiver 
bandwidth, ±64 kHz; 512 zero filling. A chemical shift suppression 
pulse was used to suppress the signal from perivascular fat.

Statistical analysis 

Frequency distribution was drawn for total blood glutathione 
and specific activity of GSSG-R and GPx. Anthropometric and blood 
parameters were compared by using Student t-test. For hsCRP, the 
eleven women with values > 10 mg/L were excluded from the analysis 
of this marker, remaining 25 and 23 subjects in the Low and High GPx 
activity groups respectively. The vessel wall thickness was compared 
by using an ANOVA. A difference with an alpha error (P) < 0.05 
was considered as significant. In absence of significant differences, a 
statistical power (1-beta) > 80% enabled us to affirm that this parameter 
does not vary between the two groups. All data are presented as the 
mean ± SEM. 

Results
The first objective was to verify the frequency distribution of 

glutathione or glutathione enzymes. Figure 1 shows that only GPx 
activity had a bimodal distribution. Therefore, the subjects were 
separated in two groups according to the cut-off of 2.0 nmol/min/
mg of protein: low (1.43 ± 0.04) and high GPx activity (2.59 ± 0.07) 
(P<0.001). Total glutathione in blood was lower in the high GPx activity 
group by 20% (P<0.001) (Table 1), suggesting a greater consumption of 
peroxides. No difference was found in GSSG-R activity between groups 
but the statistical power was low (1-β = 19%).

Table 2 indicates that age, body weight, BMI, systolic and diastolic 
blood pressure and serum inflammatory markers were comparable 
(1-β ≥ 89%) between groups. No differences were identified for fasting 
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and 2-hours glucose after the OGTT but the power was low (1-β ≤ 20%) 
(Table 2 and Figure 2). In contrast, area under the curve (AUC) for 

glycemia during the OGTT was greater in high GPx by 10% (P=0.04) 
(Figure 2).

Insulin resistance can affect different tissues in various ways 
that can be evaluated by various methods [23] (Table 2). No 
differences were observed for glucose disposal measured during the 
hyperinsulinemic-euglycemic clamp (1-β = 84%), fasting insulin (1-β 
= 85%) and peripheral mainly muscle insulin sensitivity as assessed by 
the SIisOGTT index with however a low statistical power (1-β ≤ 66%). 
Despite no significant difference in fasting plasma glucose and insulin, 
subjects in the high GPx group presented a 28% higher HOMA value 
(P=0.04) and 25% higher liver insulin resistance index value (P=0.03). 

Triglycerides and HDL-cholesterol (1-β ≥ 92%) as well as LDL-
cholesterol (1-β ≤ 44%) values were comparable in both groups (Table 
2). However, apoB was more abundant by 13% in high GPx group 
(P<0.02).

Figure 3 shows that the thickness of the intima-media for both left 
and right carotid arteries was significantly higher (P<0.05) in the high 
GPx group (right vessel wall = 0.28±0.01 vs 0.24±0.01 cm2, left vessel 
wall = 0.26±0.01 vs 0.24±0.01 cm2). 

Discussion
In this cohort of subjects at high risk of cardiometabolic 

complications, based on their BMI and age (obese postmenopausal 
women) but without established cardiometabolic complications, we 
examined if a variance in the glutathione system could be an early 
biomarker for cardiometabolic abnormalities. Our results show that 
high GPx activity is associated with numerous potentially clinically 
relevant cardiometabolic abnormalities. 

The fact that total glutathione is lower in higher GPx group 
suggests that GPx is active to metabolize peroxides (H2O2) and hence 
the glutathione is consumed. In this group, the higher ratio of GPx to 
GSSG-R supports the fact that generation of GSSG following the GPx 
activity was higher than the recycling activity of GSSG-R. Considering 
that an excess of GSSG is toxic to the cells, GSSG in excess is actively 
exported in order to maintain the redox potential of the cells; explaining 
the low glutathione level observed in the high GPx group. Our results 
are in line with those of Surapaneni & Venkataramana who reported 
elevated GPx activity and lower concentrations of total glutathione 
along with increased lipid peroxidation, an indication of increased 
production of reactive oxygen species, in osteoarthritis patients [24]. 
As suggested by the authors, the increased activity of the antioxidant 
enzyme GPx “may be a compensatory regulation in response to increased 
oxidative stress” [24]. 

The women in the high GPx group had also a greater insulin 
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Figure 1: Frequency distribution of total glutathione (A), glutathione peroxidase 
activity (B) and glutathione reductase activity (C) in blood from the entire 
cohort. Values are presented as mean ± SEM. Only glutathione peroxidase 
activity presented a bimodal distribution. The dash line represents the cut-off 
used to separate low GPx from high GPx.
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Figure 3: Carotid intima-media thickness from left and right artery in Low and 
High GPx activity subjects. Values are presented as mean ± SEM. *Significantly 
different between groups for both left and right carotids (P=0.013). 
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resistance, as shown by the HOMA value. Similar results have been 
reported in severely obese individuals. Those with higher insulin 
resistance, as estimated by the HOMA, had a greater GPx activity 
compared to those with a lower insulin resistance [25]. In patients with 
chronic hepatitis C, Oliviera et al. [26] reported that those with higher 
insulin resistance, also assessed by the HOMA index, had a greater GPx 
activity and a lower total blood glutathione concentration compared 
to those with lower insulin resistance. Furthermore, in our study, the 
insulin resistance predominantly affected the liver as shown by the 
HOMA (a fasting index primarily exploring liver insulin resistance) 
as well as by a liver insulin resistance index (Table 2). This translated 
into a higher glycemia AUC during an OGTT, probably because of 
lower hepatic glucose suppression, a well-known early consequence 
of hepatic insulin resistance [27-29]. In animal models of insulin 
resistance induced by diet, liver is the first organ to show resistance 
to insulin action, followed by the adipose tissue and the muscles [27-
29]. Despite the fact that the increased values in HOMA and glycemia 
AUC during an OGTT in the high GPx group might seem modest, 
considering that, by design, all the subjects were obese but without 
established cardiometabolic complications, these modifications appear 

to be early in the development of cardiometabolic diseases such as 
cardiovascular diseases and type 2 diabetes. In the general population, 
the insulin resistance estimated by the HOMA index is a predictor 
of future symptomatic cardiovascular diseases independently of the 
classic and several nontraditional risk factors [30]. Taken all together, 
these results indicate that women with greater GPx activity present an 
altered glucose tolerance and insulin sensitivity that, in addition to their 
obesity status, contribute to their increased risk of cardiometabolic 
diseases. 

The increased apoB100-related lipoprotein level in the high GPx 
group, which reflects the number of LDL particles, is also in line 
with hepatic insulin resistance [31] and is a well established causal 
factor in the development of atherosclerosis [32]. Indeed these 
patients demonstrate significant structural atherosclerosis damage 
demonstrated by the increased thickness of the blood vessels assessed 
by MRI (Figure 3). All these cardiometabolic risk factors and early 
atherosclerosis abnormalities are consistent with the reported positive 
association between high levels of blood GPx activity and cardiovascular 
events in humans [33]. The absence of difference in blood lipid 

Characteristics Low GPx activity (n=34) High GPx activity (n=25) P value Beta value 1 –Beta (%)
Total blood glutathione (pmol/µg protein)1 50 ± 3 40 ± 2 <0.001
GPx (nmol/min/mg protein) 1.43 ± 0.04 2.59 ± 0.07 <0.001
GSSG-R (pmol/min/mg protein) 124 ± 5 141 ± 10 0.11 0.813 19
GPx/GSSG-R 12 ± 1 21 ± 2 <0.001

Mean ± SEM
GPx: glutathione peroxidase (specific activity), GSSG-R: glutathione reductase (specific activity
1whole cohort: n=49, Low GPx activity: n=30, High GPx activity: n=19

Table 1: Glutathione metabolism of the subjects with either low or high GPx activity.

Mean ± SEM
BMI: body mass index, BP: blood pressure, LDL-C: low density lipoprotein cholesterol, HDL-C: high density lipoprotein cholesterol, apoB: apolipoprotein B, glucose disposal 
rate calculated from the hyperinsulinemic euglycemic clamp, hsCRP: high sensitivity C-reactive protein
1whole cohort: n=58, Low GPx activity: n=34, High GPx activity: n=24
2whole cohort: n=57, Low GPx activity: n=32, High GPx activity: n=25
3whole cohort: n=48, Low GPx activity: n=25, High GPx activity: n=23

Table 2: Anthropometric, blood pressure, blood lipid profile, glucose status and inflammatory markers of subjects with either low or high GPx activity.

Characteristics Low GPx activity (n=34) High GPx activity (n=25) P value Beta value 1 –Beta (%)
Age (years) 56 ± 1 56 ± 1 0.92 0.03 97
Body weight (kg) 91 ± 2 91 ± 3 1.00 0.03 97
BMI (kg/m2) 34.5 ± 0.5 34.6 ± 0.6 0.85 0.03 97
Systolic BP (mm Hg) 125 ± 3 126 ± 3 0.73 0.04 96
Diastolic BP (mm Hg) 79 ± 3 79 ± 1 0.96 0.03 97
Blood lipids and apolipoproteins

Cholesterol (mmol/L) 5.21 ± 0.15 5.57 ± 0.18 0.13 0.66 34
LDL-C (mmol/L)1 3.09 ± 0.14 3.41 ± 0.17 0.15 0.56 44
HDL-C (mmol/L) 1.52 ± 0.05 1.48 ± 0.06 0.67 0.08 92
Triglycerides (mmol/L)1 1.30 ± 0.09 1.32 ± 0.09 0.33 0.04 96
apoB (g/L) 0.89 ± 0.04 1.02 ± 0.03 0.02

Glucose status
Fasting glycemia (mmol/L) 5.4 ± 0.1 5.7 ± 0.1 0.13 0.80 20
Fasting insulinemia (µU/mL)2 16.1 ± 1.2 17.7 ± 1.6 0.41 0.15 85
HOMA-IR 3.48 ± 0.29 4.83 ± 0.60 0.04
Liver insulin resistance index (x104) 29.3 ± 2.4 39.0 ± 4.0 0.03
SIisOGTT 0.263 ± 0.003 0.257 ± 0.004 0.18 0.34 66
Glucose disposal (mg/min/kg) 12.5 ± 0.7 11.6 ± 0.9 0.38 0.16 84

Serum inflammatory markers
IL-6 (pg/mL) 1.7 ± 0.2 1.6 ± 0.7 0.65 0.04 94
hsCRP (mg/L)3 4.4 ± 0.5 4.4 ± 0.6 0.94 0.03 97
Orosomucoid (g/L) 0.87 ± 0.02 0.87 ± 0.04 0.93 0.03 97
Haptoglobin (g/L) 1.6 ± 0.1 1.5 ± 0.1 0.46 0.11 89
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profile between the two groups may certainly be a consequence of the 
inclusion criteria of the study that recruited only women who did not 
take any medication, thus excluding those with an altered blood lipid 
profile. Nevertheless, our results suggested that even in absence of an 
impaired classic blood lipid profile, a greater GPx activity may help to 
identify women with an increased risk of future cardiovascular diseases 
as evidenced by greater apoB concentrations. 

The absence of inflammation, which is induced by oxidative stress 
[34], may seem counter-intuitive when considering that greater GPx 
activity might be a compensatory response to the enhance peroxide 
production, which supports the idea of oxidative stress. However, the 
greater activity of the antioxidant enzyme GPx may rather result in a 
“reductive” stress by compensating the higher production of peroxides. 
While the oxidative stress is the imbalance between the production 
and the degradation of the reactive oxygen species in favor of an 
overproduction, a “reductive” stress is the result of a greater antioxidant 
response (GPx activity) to the production of peroxides, thus in favor of 
higher rate of degradation. This concept has recently been supported 
by a study of Zhang et al., in which they found that a “reductive” stress 
may play an important role in the development of cardiomyopathy 
[35]. They induced a reductive stress in mice by overexpressing an 
antioxidant protein, Hsp27, and found that these mice development 
a cardiomyopathy. The levels of reactive oxygen species in the heart 
of these mice were reduced and the GPx tissue expression and activity 
were increased [35]. Furthermore, in mice, feeding a high-fat diet, 
Matsuzawa-Nagata et al. [36] found that the increased reactive oxygen 
species production induced by the diet appears before increases in 
TNF-alpha and free fatty acid concentrations. Moreover, this increase 
of reactive oxygen species was found in liver but not in adipose tissue, 
which could be a result of the increase in GPx expression and activity 
in that tissue [36]. It is known that increased production of reactive 
oxygen species leads to insulin resistance [37]. Our results support 
these findings as we found evidence of insulin resistance in the liver 
only. Taken all together, the liver appears to be a central organ and 
hepatic dysfunction results in gluco-lipidic abnormalities in which 
increased postprandial glucose excursion and high apoB might be early 
events already associated with structural atherosclerosis changes. The 
progression of the metabolic changes will lead to a dysregulation of 
lipid metabolism, oxidative stress and inflammation, the well-known 
sequence of events. Considering the transversal design of the study, 
our results suggest that a “reductive” stress may be one of, if not the 
first, event starting the metabolic changes leading to cardiometabolic 
complications. Further studies are needed to detail this sequence. The 
association between blood GPx activity and liver and vascular changes 
involved in cardiometabolic complications suggests that modification 
in activity of GPx is systemic. Because the promoter region of GPx 
gene has sites for methylation [38,39], an epigenetic modification of 
this gene remains an attractive hypothesis. 

Our findings derived from a homogenous sample of well-
characterized post-menopausal women who were, despite their 
numerous risk factors, free of any known inflammatory or chronic 
disease. However, we must be careful before extrapolating our 
results to all obese individuals. Nevertheless, our results suggest 
that a reductive stress, which is defined here as a lower intracellular 
concentration of H2O2 than normal homeostasis, can be an early event 
inducing modifications in metabolism. Thus, measurement of blood 
GPx activity may identify obese but otherwise healthy individuals 
with higher cardiometabolic risk and help to detect the progression of 
pathologies associated with insulin resistance. This notion should be 
reinforced by a prospective a study. 
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