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Abstract
Background. There have been occasional reports indicating that plasma concentrations of reduced glu-
tathione (GSH) may be associated in  some way with blood glucose. This relationship, however, has not 
hitherto been explored in the blood plasma of patients with coronary artery disease (CAD).

Objectives. The aim of this study was to evaluate potential associations of fasting glycemia and peripheral 
blood plasma GSH concentrations in CAD-free and CAD-affected subjects.

Material and methods. In blood samples obtained from patients with CAD, defined by coronary angio- 
graphy and/or echocardiography, and from an age-matched control group of patients with a confirma-
tion of no coronary artery occlusion and with no history of cardiovascular events, plasma concentrations 
of glucose and reduced glutathione were analyzed by routine laboratory diagnostic methods and high per-
formance liquid chromatography (HPLC), respectively.

Results. The results showed that in the CAD patients, but not in the non-CAD controls, fasting glycemia 
is negatively associated with plasma levels of GSH (r = -0.328; p = 0.011). Moreover, in the CAD-affected 
subjects (but not in the controls) the presence of type 2 diabetes mellitus significantly discriminated plasma 
levels of GSH (rP = -0.125; p = 0.350, between GSH and glucose adjusted for the occurrence of diabetes). 

Conclusions. The study suggests that GSH may be an important factor contributing to glucose metabo-
lism in CAD patients. Hence, it may be considered a significant therapeutic target in strategies aimed at im-
proving glycemic control in CAD-affected subjects.
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Introduction

Impaired fasting glycemia is associated with the se-
verity of coronary artery disease (CAD).1,2 Maintaining 
proper proportions between glucose utilization in essen-
tial cell metabolism and glucose supply in the daily diet 
is one of the key factors protecting against the develop-
ment of CAD, as well as minimizing the risk of CAD ag-
gravation in the cases of existing CAD. The prime exam-
ple of the association between glucose metabolism and 
CAD is diabetes mellitus (DM), which is considered one 
of the main CAD risk factors.2–4 

One of the  leading hypotheses elucidating the re- 
lationship between disturbances in glucose metabolism 
and CAD posits that oxidative stress is a link between hy-
perglycemia and CAD. This association, which is observed 
in subjects with disturbed glucose metabolism, is also seen 
in the general population.5,6 Despite huge progress in un-
derstanding hyperglycemia-induced cardiovascular patho-
genesis, the exact biochemical pathway(s) linking glucose 
with oxidative stress in CAD are still not completely un-
derstood.7 Particular attention in this regard can be paid 
to glutathione (GSH), one of the low-molecular-weight 
thiols, formed by 3 amino acids (tripeptide). GSH consti-
tutes the main “ingredient” of both extracellular redox 
buffers (including the blood plasma) and intracellular ones. 
Its importance in the pathogenesis, progress and treatment 
of CAD has been shown in a few recent works.8–10 Some 
reports clearly suggest a relationship between glycemia and 
GSH.7,11 Nevertheless, the possible association of plasma 
GSH levels and glucose concentration has not yet been 
evaluated in CAD patients with and without concomitant 
type 2 diabetes mellitus. The aim of the present study was 
to evaluate this relationship.

Material and methods 

Chemicals

Sodium hydroxide (NaOH), hydrochloric acid 
(HCl), sodium hydrogen phosphate heptahydrate 
(Na2HPO4·7H2O), sodium dihydrogen phosphate dihy-
drate (NaH2PO4·2H2O) and HPLC-grade acetonitrile 
were obtained from J.T. Baker Chemicals (Deventer, 
the Netherlands). Trichloroacetic acid (TCA), perchloric 
acid (PCA) and tris-(2-carboxyethyl)phosphine (TCEP) 
were obtained from the Merck Group (Darmstadt, Ger-
many). Sodium dodecyl sulfate (SDS), Ellman’s reagent – 
5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB), glutathione 
(reduced), 2,4-dinitrophenylhydrazine (Brady’s reagent, 
DNPH), ethanol, ethyl acetate and guanidine hydrochlo-
ride were from Sigma-Aldrich Poland (Poznań, Poland). 
The Pierce™ BCA Protein Assay Kit was from Thermo 
Fisher Scientific Inc. (Waltham, USA). All the chemicals 
used throughout the study were of analytical-reagent  

grade except for the derivatization reagent 2-chloro-
1-methylquinolinium tetrafluoroborate (CMQT), which 
was synthesized in our laboratory as described in a previ-
ous publication.12 

Subjects

All the experiments were done in agreement with 
the Declaration of Helsinki (2008) of the World Medical 
Association. The study was approved by the Local Ethics 
Committee of the Medical University of Lodz (Poland). 
All the participants were informed of the terms of their 
involvement in the study and gave their informed consent 
before the study.

The group of 59 CAD-affected patients were recruited 
after the verification of the occurrence of coronary artery 
disease on the basis of echocardiography and/or angio- 
graphy. Those with at least 50% occlusion in at least 
1 coronary vessel were considered to  be suffering 
from coronary artery disease. Fifty-four non-CAD 
control subjects were recruited from individuals whose 
echocardiography and/or angiography results showed that 
none of their coronary arteries were 50% occluded. 

The exclusion criteria were similar to those used in ear-
lier studies, with some modifications.13,14 Individuals who 
suffered from unstable angina pectoris, chronic renal fail-
ure, type 1 diabetes mellitus, allergic diseases, autoimmune 
diseases, infectious diseases, acute infection in the previ-
ous 2 weeks, acute coronary syndrome within the previous 
6 months, those with any kind of inflammatory disease 
or non-chronic inflammation, malignancies, alcohol abus-
ers, those who used alcohol the day before the experiment, 
drug abusers, those suffering from psychiatric disorders 
or any chronic diseases other than CAD, and those on spe-
cific diets or taking diet supplements were excluded. Pa-
tients whose clinical status was difficult to diagnose and 
pregnant women were also excluded.

The following data were recorded for each partici-
pant: age, gender, height, weight, hip and waist dimen-
sions, smoking (past or current), exposure to stress, kind 
of professional activity (physical, mental, mixed, none), 
frequency of physical activity (high, moderate, none), 
the occurrence of myocardial infarction in the past (with 
the number of infarctions), ischemic stroke or transient 
ischemic attack (with the number of cerebrovascular 
events), the occurrence of cardiovascular procedures such 
as percutaneous coronary intervention (PCI) and/or coro-
nary bypass grafting (CABG), other concomitant diseases 
and current pharmacotherapies (antihypertensive, hypo-
lipidemic and antidiabetic drugs). 

Measurements of blood morphology  
and biochemistry

Samples of peripheral blood were taken (always be-
tween 8:00 and 10:00 am) from a forearm vein, following 
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at least 12 h of overnight fasting. For anticoagulation 
0.105 M buffered citrate was used in the case of plas-
ma samples used for the analysis of thiol concentra-
tions, while EDTA was used in the case of samples for 
the morphology analysis. Glucose was assessed in serum 
samples. To obtain plasma, the blood samples were cen-
trifuged (2000 × g/15 min/4°C) immediately after blood 
withdrawal. The plasma was portioned and the aliquots 
were stored at -70°C until further use, without any thaw-
ing before testing. To obtain blood serum, the blood sam-
ples were collected in tubes with a clotting activator, and 
were left undisturbed at room temperature for 30 min, 
then centrifuged (2000 × g/15 min/4°C) and stored 
at -70°C until further use, without any thawing before  
measurements.

Blood morphology and biochemical serum/plasma pa-
rameters were measured using the 5-Diff Sysmex XS-100i 
(Sysmex, Kobe, Japan) and the DIRUI CS 400 analyzer 
(Dirui, Changchun, China), respectively.

HPLC measurements of low-molecular-
weight thiol concentrations 

A 2-fold dilution of plasma aliquots with phosphate 
buffer (pH = 7.6; 0.2 mol/L) was followed by sample 
supplementation with TCEP phosphate buffer solution 
(0.25 mol/L). The mixture obtained was vortexed and 
put aside for 10 min and then supplemented with CMQT 
(0.1 mol/L). After 2 more min, 3 mol/L PCA was added 
to precipitate plasma proteins, which were further spun 
down (10 min, 12000 × g). The supernatant obtained was 
transferred into a vial, and a 20 μL aliquot was injected 
into the ZORBAX SB C18 column (150 × 4.6 mm) packed 
with 5 μm particles. 

The composition of the mobile phase was as follows: 
0.1 mol/L TCA (solution A), adjusted to pH = 1.65 with 
1 mol/L NaOH solution, and acetonitrile (solution B); flow 
rate 1 mL/min; temperature 25°C. 

The elution profile was as follows: 0–8 min, 11–40% B; 
8–12 min, 40–11% B; (A/B, v/v). Detection and quantifica-
tion were conducted by UV absorbance at 355 nm. Iden-
tification of the peaks was based on comparisons of re-
tention times and diode-array spectra, taken at the real 
time of analysis, with a corresponding set of data obtained 
by analyzing the authentic compounds. 

Measurements of concentrations of free 
sulfhydryl groups and carbonyl groups 
in blood plasma proteins

The concentrations of free sulfhydryl groups in plasma 
proteins were assessed according to the method reported 
in a previous publication, originally developed by Ando 
and Steiner.13,15 The concentration of carbonyl groups 
in plasma proteins was measured with the use of a spec-
trophotometric assay, according to the protocol report-

ed in papers by Levine et al. and Rice-Evans et al.16,17 
The concentration of plasma protein was assessed with 
the Pierce™ BCA Protein Assay Kit, in accordance with 
the manufacturer’s instructions.

Statistical analysis

Outliers, normal data distribution and homogeneity 
of variance were verified with Grubbs’ test, the Shapiro-
Wilk test and Levene’s tests, respectively. Depending 
on the departures from normal distributions, data was 
presented as mean ±SD, or median and interquartile 
range (IQR: lower quartile, LQ [25%], to upper quartile, 
UQ [75%]). Some variables were transformed using 
the Box-Cox method. The unpaired Student’s t-test 
on transformed data or the Mann-Whitney U test were 
employed to evaluate the significance of differences 
between the groups of non-CAD and CAD individuals. 
Multiple regression or Pearson’s correlation (on raw 
data or the Box-Cox-transformed data) and an analysis 
of  covariance (ANCOVA) were used to  est imate 
the associations between the variables. All the statistical 
calculations were performed using STATISTICA.PL, 
v. 12.5 (StatSoft Polska, Kraków, Poland) and StatsDirect, 
v. 2.7.7 (StatsDirect Ltd, Cheshire, UK). 

Results
Basic characteristics of the study 
groups: Demography, anthropometry, 
socioeconomics, peripheral blood 
morphology and plasma biochemistry

The patients affected by CAD had higher counts of total 
white blood cells (WBC) than the controls (Table 1). 
The counts of subpopulations of lymphocytes, neutrophils 
and monocytes were significantly increased in the CAD 
patients compared to the controls (data not shown).

Plasma creatinine and C-reactive protein (CRP) con-
centrations were increased in the patients suffering from 
CAD; these differences, however, did not reach statistical 
significance. Significantly higher fasting glucose was re-
corded in the CAD patients, and the difference remained 
significant when patients with diabetes were excluded 
from the CAD and non-CAD groups. Increased levels 
of triglycerides were noted in the CAD group. Total cho-
lesterol and its lipoprotein subfractions were significantly 
lower in the CAD group than in the non-CAD controls. 
A comparison of low-molecular-weight thiols revealed 
significantly higher plasma homocysteine concentrations 
in the CAD-affected patients (p < 0.005 in the Mann-
Whitney U test). The concentrations of cysteine, cyste-
inylglycine and glutathione were not significantly differ-
ent between the non-CAD control group and the CAD 
subjects (Table 1). 
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Associations between plasma GSH levels, 
fasting glycemia and the occurrence 
of type 2 diabetes mellitus in the non-CAD 
and CAD patients

When the patients in the CAD group were divided into 
2 subgroups according to their plasma GSH levels – pa-
tients with plasma GSH lower than MeGSH = 5.12 μmol/L 
(GSH group 1) and patients with plasma GSH higher 
or equal to the median value (GSH group 2), the patients 
with lower GSH demonstrated average fasting glycemia 
higher (by 13%) than the patients with higher plasma 
GSH levels (p = 0.037 in the unpaired Student’s t-test 
on the Box-Cox-transformed data) (Fig. 1A). 

A similar analysis in the non-CAD control subjects, 
aimed at comparing fasting glucose levels in relation 
to GSH plasma concentrations, revealed no significant 
differences between the fasting glucose values of the pa-
tients with low GSH (plasma concentrations lower than 
MeGSH = 4.84 umol/L) and those with plasma GSH levels 

higher or equal to the median value (glucose concentra-
tions of 118 [100–134] mg/dL vs 110 [103–126] mg/dL; 
p = 0.434 in the unpaired Student’s t-test on the Box-Cox-
transformed data) (Fig. 1A).

An analogical comparison between the control partici-
pants and the CAD-affected patients, with each group 
subdivided into 2 subpopulations according to the me-
dian values of blood glycemia (114 and 126 mg/dL in non-
CAD and CAD subjects, respectively), revealed that 
the mean plasma GSH concentrations were approximately 
equal (ca. 5 μmol/L) in both subpopulations of the non-
CAD controls stratified according to median glycemia, 
but they were lower in the subpopulation of CAD pa-
tients with higher glycemia (≥126 mg/dL): 4.8 μmol/L vs 
5.3 μmol/L GSH; p = 0.04 in the non-paired, one-sided  
Student’s t-test).

Plasma GSH and fasting glycemia were adjusted for age 
and the occurrence of diabetes mellitus, 2 variables that 
differed significantly between the non-CAD and CAD 
individuals (Fig. 1B). The adjusted values of plasma GSH 

Fig.1. Glucose and reduced glutathione (GSH) concentrations in stratified groups of non-CAD controls and CAD patients 

Data is presented as median and interquartile range for glucose (A) or mean ±95% CI for GSH (B) in the subgroups of non-CAD controls and CAD subjects, 
stratified according to plasma GSH and fasting glycemia, respectively. For glucose, non-CAD controls and CAD patients were stratified into “low GSH” 
subgroups (n = 27 and n = 29, respectively) with GSH levels lower than the group median (MeGSH = 4.807 μmol/L for the controls and MeGSH = 5.154 μmol/L 
for the CAD patients), and “high GSH” subgroups (n = 27 and n = 30, respectively) with GSH levels higher or equal to the established GSH median value. 
For GSH, non-CAD controls and CAD patients were stratified into “low glucose” subgroups (n = 27 and n = 29, respectively) with fasting glycemia lower 
than the group median (MeGlucose = 117.1 mg/dL for the controls and 122.8 mg/dL for the CAD patients), and “high glucose” subgroups (n = 27 and n = 30, 
respectively) with fasting glycemia higher or equal to the established median value. Both GSH and glucose concentrations were adjusted for age and 
the occurrence of diabetes with the use of ANCOVA. The significance of changes was estimated with 2-way ANOVA and the post-hoc Fisher’s LSD test.  
For glucose: the effect of CAD, p < 0.01; the effect of GSH stratification, p < 0.05; CAD, low GSH > CAD, high GSH, p < 0.02. For GSH: the effect of CAD,  
p = 0.325; the effect of glucose stratification, p < 0.03.
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and fasting glycemia demonstrated a significant associa-
tion in the cohort of all the study participants (both non-
CAD and CAD) (r = -0.232; p = 0.014). No significant as-
sociation between plasma GSH and fasting glycemia was 
found in the non-CAD controls (r = -0.190; p = 0.169). 
In the group of CAD-affected subjects, plasma GSH con-
centrations and glycemia were significantly negatively cor-
related (r = -0.328; p = 0.011) (Fig. 2A). In the CAD-affected 
patients, but not in the control subjects, the occurrence 
of type 2 diabetes mellitus significantly discriminated 
plasma GSH levels (r = -0.125; p = 0.350, between GSH 
and glucose adjusted for the occurrence of diabetes) (Fig. 2). 

However, further subdivision of CAD- and DM-af-
fected patients into subgroups according to the degree 
of impairment of glucose metabolism – normal glycemia  
(<88 mg/dL), higher normal glycemia (89–99 mg/dL), im-
paired fasting glycemia (100–125 mg/dL), diabetes mel-
litus (>126 mg/dL) – revealed a significant association 
between glycemia and plasma GSH levels only in the DM 
group (rP = -0.297; p < 0.05), pointing to the significant 
role of DM in the occurrence of a GSH-glucose relation-
ship. Further support for this hypothesis may be derived 
from the correlation calculus with and without stan-
dardization for CAD and DM. The overall association  

between GSH and glucose, without standardization for 
CAD or DM, was rP = -0.236 (p < 0.02). When another 
variable was added to the model (CAD or DM), it appeared 
that only the first resulted in the maintenance of this sig-
nificant association: rPsemipartial = -0.265 (p < 0.005) for 
the GSH-glucose correlation standardized for CAD and 
rPsemipartial = -0.119 (p = 0.199) for the GSH-glucose cor-
relation standardized for DM. This clearly indicates that 
in both the CAD and non-CAD participants, the associa-
tion between GSH and glucose is maintained, while DM 
reorients the extent of this association: it is maintained 
for DM patients, while it disappears for non-DM patients. 

Concentrations of sulfhydryl and carbonyl 
groups in blood plasma proteins and their 
association with levels of low-molecular-
weight thiols in non-CAD and CAD patients

To evaluate the pro-oxidant status of the peripheral 
blood plasma of the recruited subjects, the levels of carbon-
yl groups and free protein sulfhydryl groups in blood plas-
ma proteins were measured. The concentrations of plasma 
protein carbonyls were not significantly different between 
the non-CAD and CAD patients: 0.10 (0.08–0.14) µmol/mg 
of plasma protein in non-CAD subjects compared to 0.11 
(0.08 – 0.19) µmol/mg in CAD-affected subjects (p > 0.05 
in the Mann-Whitney U test). Likewise, the levels of free 
sulfhydryl groups in plasma proteins were not different be-
tween non-CAD and CAD individuals (28.07 [19.51–41.17] 
µmol/mg of plasma protein vs 27.72 [22.50–45] µmol/mg 
in non-CAD and CAD-affected patients, respectively; 
p > 0.05 in the Mann-Whitney U test).

Neither marker of oxidative damage to blood plasma 
proteins was significantly associated with plasma levels 
of any of the low-molecular-weight thiols tested (GSH, 
Hcy, Cys or CysGly – data not shown) nor with glycemia, 
regardless of the inclusion or exclusion of DM-affected 
subjects.

Discussion

GSH seems to play some role in controlling plasma 
glucose levels and it reduces the progression of some 
hyperglycemia-associated cardiovascular complications, 
such as hypertension.18 It is possible that the development 
of cardiovascular complications might be facilitated in pa-
tients with higher glycemia and lower GSH concentra-
tions, and these complications might therefore be more 
probable than in individuals with higher GSH.

The inverse relationship between plasma GSH and glu-
cose concentrations in CAD reported in the present study 
is in agreement with results showing that hyperglycemia 
induces oxidative stress due to reductions of the pool 
of antioxidants like vitamin E, uric acid and vitamin C.19,20 

On the basis of the present results, as well as those shown 

Fig. 2. Associations between plasma reduced glutathione (GSH) and 
fasting glycemia in non-CAD controls and CAD patients 

Correlations between the concentration of GSH and fasting glycemia 
in non-CAD controls (grey circles) and CAD patients (black triangles), 
assessed by Pearson’s linear correlation on Box-Cox transformed data. 
Both GSH and glucose concentrations were adjusted for age and 
the occurrence of diabetes with the use of ANCOVA. Scatter ellipses were 
estimated with the use of 95% CI. Regression equations were: 1630.9–
2595.9x for non-CAD (r = -0.190; p = 0.169) and 2554.3–4069.3x for CAD 
patients (r = -0.328; p = 0.011); for both pooled groups: 1842.6–2933.4x for 
CAD patients (r = -0.232; p = 0.014). 
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by others, it can be suggested that – very much alike 
α-tocopherol, ascorbic acid and uric acid – GSH is very 
likely to be decreased by higher concentrations of glu-
cose, as demonstrated in the CAD subjects in the current 
study, especially those with concomitant T2DM.21 Tessier 
et al. noted that the GSH/GSSG (glutathione disulfide)
ratio is significantly lower in diabetic patients compared 
to healthy controls, either at baseline or after a glucose 
challenge.20 This clearly supports the current authors’ 
assumption that the inverse association between glyce-
mia and plasma GSH levels derives from the negative 
influence of high glucose on GSH levels. Hence, it can 
be confirmed that increased glucose concentrations are 
associated with decreased plasma GSH levels, and that 
this association appears to be independent of the con-
comitance of CAD. This conclusion, however, should be 
treated with caution, since the subpopulations of diabetic 
patients constituted only part of the non-CAD and CAD 
individuals in the present study (33.8% of the controls and 
57.6% of the CAD subjects). 

The study shows that the stratification of the CAD pa-
tients according to plasma GSH levels significantly differ-
entiates this group into those with lower and higher glu-
cose. On the other hand, however, the inverse operation, 
i.e., the stratification according to fasting glucose levels, 
also discriminates the CAD patients into those with sig-
nificantly lower and those with significantly higher plas-
ma GSH concentrations. Thus, plasma GSH levels and 
fasting glycemia may simply be considered a 2-way inter-
play: high glucose decreases the concentrations of GSH, 
while GSH reduces fasting glycemia. The authors there-
fore suggest, probably for the first time, that, contrary 
to previous reports, it is also probable that GSH may be 
the key factor determining glucose metabolism, and not 
only that glucose is a factor contributing to a diminished 
GSH pool. This conclusion may be supported by results 
demonstrating that an increased GSH/GSSG ratio, like 
that induced by vitamin E supplementation, positively as-
sociates with whole-body glucose disposal (WBGD) in hy-
pertensive patients.22 

This finding also implies that the link between GSH and 
glycemia may be not 1-directional but 2-way: high plas-
ma glucose depletes the plasma GSH concentration, but 
an increased GSH concentration also improves glucose 
metabolism. Since GSH is a potent antioxidant, it seems 
reasonable to expect that lowering the GSH concentration 
should be connected with the presence of abundant mark-
ers of oxidative damage to biomacromolecules. Never- 
theless, no significant increase in the levels of plasma pro-
tein carbonyls or decreased plasma protein free sulfhy-
dryls was found in subjects with reduced concentrations 
of GSH and higher glycemia. This suggests that oxida-
tive stress should not be considered the main mediator 
of the impact of glycemia on GSH and vice versa.

The present results should be considered with cau-
tion, since the papers cited present results from samples 

originating only from diabetic patients and mainly con-
cern GSH concentrations inside erythrocytes rather than 
in blood plasma, whereas the results of the current study 
are all from samples of peripheral blood plasma in sub-
groups including some patients with diabetes mellitus. 
The authors can suggest that the distinct associations 
between blood glucose and GSH are less evident in sub-
jects with apparently undisturbed (nondiabetic) glucose 
metabolism. 

Thus, observed correlations between fasting glycemia 
and plasma GSH levels found in CAD-affected patients 
are strongly associated with coexistence of T2DM.

The inverse relationships between blood GSH and glu-
cose offer some potentially interesting therapeutic clues. 
Strict control of GSH, or more broadly a proper balance 
of all low-weight thiols in human tissue fluids, may po-
tentially significantly decrease the progression of CAD 
through the reduction of glucose levels. One promising 
compound in this regard seems to be N-acetylcysteine, 
a known precursor of GSH that has been used success-
fully in the treatment of a few diseases, including vascular 
disturbances.23–25 

The results presented in this paper should be treated 
with caution for at least 2 reasons. Firstly the study in-
volved quite few control and CAD-affected subjects, so 
the results certainly need to be reevaluated with a higher 
number of patients. Secondly as it can be seen in Table 1, 
the patients suffering from CAD were taking different 
drugs, often simultaneously. Thus, it cannot be excluded 
that the observed relationship between glucose and GSH 
should not be ascribed only to CAD and DM, but may 
also be at least partly a result of exposure to certain drugs 
and their metabolites. This issue should be also clarified 
in further studies.
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