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A R T I C L E  I N F O   

Keywords: 
Selenium 
Coenzyme Q10 

Thiols 
Oxidative stress 
Redox 
Cardiovascular disease 

A B S T R A C T   

Background: Serum sulfhydryl groups (R–SH, free thiols) reflect the systemic redox status in health and disease, 
and may be amenable to therapeutic modulation. Since R–SH are readily oxidized by reactive species, oxidative 
stress is characterized by reduced serum R–SH levels. Selenium and coenzyme Q10 supplementation may improve 
the systemic redox status. This study aimed to evaluate the effect of supplementation with selenium and coen-
zyme Q10 on serum free thiols and to study associations with the risk of cardiovascular mortality in elderly 
community-dwelling individuals. 
Methods: In this randomized, double-blind, placebo-controlled trial, serum R–SH were measured colorimetrically 
and adjusted for albumin in 434 individuals at baseline and after 48 months of intervention. Selenium yeast (200 
μg/day) and coenzyme Q10 (200 mg/day) or placebo were provided as dietary supplements. 
Results: After 48 months of intervention, participants receiving combined selenium and coenzyme Q10 supple-
mentation demonstrated increased levels of serum R–SH compared to placebo (P = 0.002). In prospective as-
sociation analysis, the highest rate of cardiovascular mortality after a median follow-up of 10 years (IQR: 
6.8–10.5) was observed in the lowest quartile (Q1) of R–SH levels. Baseline albumin-adjusted serum R–SH were 
significantly associated with the risk of cardiovascular mortality, even after adjustment for potential confounding 
factors (hazard ratio [HR] 1.98 per SD, 95% CI: 1.34–2.91, P < 0.001). 
Conclusion: Supplementation with selenium and coenzyme Q10 to an elderly community-dwelling population low 
on the two substances, significantly improved serum R–SH levels, supporting a reduction in systemic oxidative 
stress. Low serum R–SH levels were significantly associated with an increased risk of cardiovascular mortality in 
elderly individuals.   

1. Introduction 

Cardiovascular diseases (CVD), e.g. ischemic heart disease (IHD), 
stroke, heart failure, and peripheral arterial disease, are major contrib-
utors to human disability and the leading cause of global mortality [1]. 
Over the past decades, the CVD burden has increased globally by 12.5% 
and 50.4% in terms of disability-adjusted life years and death, respec-
tively [2–5]. Risk factors for developing CVDs include age and lifestyle 

factors such as smoking, an unhealthy diet and physical inactivity [6]. 
These factors, in turn, can result in hypertension, hypercholesterolemia, 
and decreased glucose tolerance. These phenomena drive the process of 
atherosclerosis and might induce heart damage, which may eventually 
result in cardiovascular death [7]. In addition, CVD poses a significant 
financial burden to global economies as CVD-related costs are increasing 
rapidly [8,9]. 

Selenium (Se) is a trace element that plays an essential role in normal 
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cellular functioning [10]. Selenium mediates its effects through incor-
poration as selenocysteine into selenoproteins. A daily intake of at least 
100 μg/day of selenium is required to achieve optimal expression of 
selenoproteins in plasma [11]. However, selenium in the soil and 
consequently dietary intake vary greatly per region. In Europe, dietary 
selenium and human levels are generally lower than in individuals living 
in North America [12]. Therefore, supplementation or fortification has 
been suggested in European countries [13]. Importantly, low levels of 
selenium have been associated with an increased risk of mortality, 
impaired immune function, and neurodegenerative decline [14,15]. 
Enzymatic reactions of the selenoenzymes have priorly been linked to 
reductions in free thiols. An example of this is the selenoenzyme thio-
redoxin reductase which reduces thioredoxin, which in turn can reduce 
oxidized glutathione (GSSG) [16]. Coenzyme Q10 is endogenously pro-
duced and declines with age. It is important for cellular functioning, 
primarily working as a lipophilic antioxidant and crucial factor in the 
electron transport chain of mitochondria. Supplementary ubiquinone is 
the oxidized form of coenzyme Q10. Ubiquinone is readily reduced to its 
active form ubiquinol in the body as a product of redox reactions [17, 
18]. Numerous enzyme systems facilitate the maintenance of adequate 
ubiquinol levels in the tissues [19]. Therefore, supplementation with 
ubiquinone increases the level of ubiquinol in the plasma and lipopro-
teins, thereby increasing the resistance to oxidation [20]. Additionally, 
coenzyme Q10 and selenium physiologically collaborate, as the sele-
noenzyme thioredoxin reductase is required to reduce the supplemen-
tary oxidized ubiquinone into its active form ubiquinol [21,22]. 
Cytosolic thioredoxin reductase-1 is inducible upon oxidative stress and 
other stresses, and for that to occur an adequate selenium status is 
needed [23,24]. 

In an elderly Swedish population low in selenium, selenium and 
coenzyme Q10 supplementation combined has been shown to reduce the 
risk of cardiovascular mortality up to 12 years. It also improved cardiac 
function and reduced levels of the natriuretic peptide NT-proBNP after 
five years [25–28]. Multiple selenoproteins are expressed in the heart 
and these play an important role in redox regulation and cardiac pro-
tection against oxidative stress [29]. Oxidative stress is defined as an 
imbalance between oxidants and antioxidants in favor of the former, 
leading to a disruption of redox signaling and control, and molecular 
damage caused by reactive oxygens species (ROS) [30,31]. Aside from 
ROS, sulfhydryl moieties are also receptive to oxidative modification by 
other types of reactive species, e.g. hydrogen sulfide (H2S) and nitric 
oxide (NO)-related metabolites. Recently, an integrative conceptual 
framework, the reactive species interactome (RSI), was established that 
aims to describe the interactions among different types of reactive spe-
cies, including ROS, reactive nitrogen species (RNS), reactive sulfur 
species (RSS), and reactive carbonyl species (RCS), as well as their in-
teractions with downstream biological targets [31–33]. An important 
role in the RSI has been attributed to RSS, and cysteine-based redox 
switches (consisting of extracellular free thiols) play a pivotal role in the 
RSI since they serve as the main transducing components of redox 
regulation [31,34]. Our hypothesis is that protein free thiols in the 
extracellular compartment including plasma may act as central hubs of 
inter-organ redox communication, serving as multimodal redox relays 
by kinetically controlling intra- and extracellular exchange reactions, 
and forming a read-out of the global thiol redox status. Hence, systemic 
oxidative stress can be globally measured by circulating free thiols (FTs) 
in serum. Low molecular weight oxidized thiols expelled from the 
intracellular compartment may block plasma protein thiols by forming 
mixed disulfides, leading to a reduction in serum free thiols [44]. A 
reduced level of FTs may reflect systemic oxidative stress, since they are 
readily oxidized by ROS, providing a global reflection of the overall in 
vivo redox status [35]. Serum FTs have been shown to significantly 
predict the risk of CV-events and all-cause mortality [36]. Additionally, 
increased FT concentrations are associated with lower levels of 
NT-proBNP and favorable disease outcome [37]. 

In this study, we aimed to investigate the effect of selenium and 

coenzyme Q10 supplementation on systemic FT levels as a proxy of 
oxidative stress in an elderly population consisting of elderly Swedish 
citizens low in selenium. Secondly, we aimed to evaluate whether 
baseline levels of serum FTs are associated with CVD-associated mor-
tality. Following these aims, we hypothesized that the protective effect 
of combined selenium and coenzyme Q10 supplementation in this pop-
ulation, if related to reduced systemic oxidative stress, would be re-
flected by increased levels of FTs, and that serum FTs may associate with 
the risk of CV-mortality in elderly individuals. 

2. Materials and methods 

2.1. Study design 

The study was a prospective randomized double-blind placebo- 
controlled trial [26]. Participants were selected from a rural munici-
pality in south-east Sweden for this intervention study. In 1996, citizens 
aged between 70 and 88 years (n = 1,320) living in this municipality 
were invited as part of an epidemiological program, of which 876 people 
accepted the invitation. In 2003, at the start of this study, 675 of the 876 
participants were still alive and not seriously diseased. A total of 443 
individuals finally accepted participation in the study, which involved 
daily supplement intake and a follow-up program. In total, 221 partic-
ipants were randomized to the intervention group which involved di-
etary active supplementation of 100 mg BID of coenzyme Q10 capsules 
(Bio-Quinon 100 mg B.I.D, Pharma Nord, Vejle, Denmark) and 100 μg 
BID of organic selenium yeast tablets (SelenoPrecise 100 μg, Pharma 
Nord, Vejle, Denmark). In addition, 222 participants were randomized 
to receive placebo. The dietary supplementation was taken in addition to 
any regular medication. All participants were supplemented for 48 
months. Participants were examined at inclusion and re-examined after 
each six-month period by one of three experienced cardiologists. This 
involved the recording of a new clinical history and the performance of a 
clinical examination, including blood pressure and assessment of the 
New York Heart Association functional class (NYHA class). An electro-
cardiogram and a Doppler-echocardiographic examination were per-
formed at start and at the end of the intervention. Health related 
quality-of-life was also evaluated at start, after 24 months and at the 
end of the intervention. Blood samples were drawn at each 6 months 
interval during the intervention period. Written informed consent was 
obtained from all patients. The study was approved by the Regional 
Ethical Committee in Linköping, Sweden, and conforms to the ethical 
guidelines of the Declaration of Helsinki (2013). 

2.2. Exclusion criteria 

Exclusion criteria included myocardial infarction in the past 4 weeks; 
planned cardiovascular operative procedure within 4 weeks; uncertainty 
concerning the capacity of the candidate to decide for themselves to 
participate in the study or not, or whether the candidate understood the 
consequences of participation; presence of serious disease that sub-
stantially reduces chances of survival or when it was not expected that 
the participant could cooperate for the full 48-month period; and other 
factors making participation unreasonable, such as long/complicated 
transport to the Primary Health Center where the project was managed 
or drug/alcohol abuse. 

2.3. Data collection and storage 

Blood samples were collected while the participants were resting in 
supine position. Pre-chilled, EDTA-vials were used. The vials were 
centrifuged at 3000×g at 4 ◦C, and were then frozen at − 70 ◦C. No 
sample was thawed more than twice. Previous pilot experiments showed 
that freezing and thawing did not affect free thiol stability. Blood 
pressure was measured with the participant resting in supine position. 
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2.4. Laboratory measurements 

Serum free thiols (R–SH, sulfhydryl groups) was measured via 
thawing and four-fold dilution using 0.1 M Tris buffer (pH 8.2) of serum 
samples. Background absorption was measured at 412 nm, in combi-
nation with a reference measurement at 630 nm, using the Varioskan 
microplate reader (Thermo Scientific, Breda, the Netherlands). 
Following this, 20 μL 1.9 mM 5,5′-dithio-bis (2-nitrobenzoic acid) 
(DTNB, Ellman’s Reagent, CAS number 69-78-3, Sigma-Aldrich Corpo-
ration, St. Louis, MO, USA) in 0.1 M phosphate buffer (pH 7.0) was 
added to the samples. Absorbances were remeasured after an incubation 
time of 20 min at room temperature. Parallel measurement of an L- 
cysteine (CAS number 52-90-4, Fluka Biochemika, Buchs, Switzerland) 
calibration curve (range from 15.6 to 1000 in 0.1 M Tris/10 mM EDTA 
(pH 8.2) established final concentrations of serum FTs. Both intra- and 
interassay coefficients of variation of the FT measurements were <10%. 
NT-proBNP was measured using an electrochemiluminiscence immu-
noassay (Elecsys 2010, Roche Diagnostics, Mannheim, Germany) [38]. 
The analytical range was 5–35.000 ng/L (0.6–4130 pmol/L). Total co-
efficient of variation was 4.8% at the level of 217 ng/L (26 pmol/L) (n =
70) and 2.1% at the level of 4261 ng/L (503 pmol/L) at our laboratory. 
All blood samples were stored at − 70 ◦C, and none had been thawed 
before this analysis. All samples were analyzed within two weeks of 
inclusion in the study. 

2.5. Statistical analysis 

Baseline demographic and clinical data were presented as pro-
portions with corresponding percentages (%) or mean ± standard de-
viations (SD). Differences between groups were tested using unpaired 
two-sided t-tests for continuous variables and chi-square tests for 
discrete variables. Potential interactions of covariates in comparisons of 
FT concentrations between groups were tested with ANCOVA, and in all 
statistical evaluations of FT we adjusted for a potential effect of treat-
ment allocation. All prognostic FT evaluations were performed adjusted 
for serum albumin levels by dividing baseline FT levels and serum al-
bumin in order to indirectly account for total thiol content [31]. Survival 
distributions during the follow-up period were assessed for below- 
(Q1-2) and above- (Q3-4)-median albumin-adjusted serum free thiol 
concentrations using Kaplan-Meier survival analysis. For this, free thiols 
were divided into four quartiles (Q1: <56.9; Q2: 56.9–94.0; Q3: 
94.0–121.1; Q4: >121.1). Repeated measures of variance were used in 
order to analyse individual changes in the concentration of the 
biomarker analyzed, compared to group mean values. Cox proportional 
hazards regression analyses were performed to assess the association 
between serum FT levels and cardiovascular mortality, expressed by 
hazard ratios (HRs) with corresponding 95% confidence intervals (CIs). 
Serum R–SH levels were expressed per SD increment or decrement 
(using Z-scores) to facilitate results interpretation. For each predictor, 
the proportionality of hazards assumption was checked to verify absence 
of violation. Multivariable Cox regression analyses were performed to 
adjust for relevant clinical confounders, including treatment allocation, 
followed by stratified analyses to assess HRs across relevant subgroups. 
Restricted cubic splines (RCS) were fitted using three knots to assess the 
potential presence of non-linearity of the association between serum 
R–SH level and the risk of cardiovascular mortality, as evaluated in Cox 
regression analysis. Non-linearity was evaluated using likelihood ratio 
tests, in which nested models were compared using linear or linear and 
cubic spline terms. Two-sided P-values were considered statistically 
significant. Data analysis was performed using Statistica v. 13.2 (Dell 
Inc, Tulsa, OK, USA). Data visualization was performed using RStudio 
(v.1.2.1335, RStudio, Boston, MA) and the matplotlib (v.3.4.1) and sea-
born (v.0.11.1) packages embedded in the Python programming lan-
guage (v.3.9.0, Python Software Foundation). 

3. Results 

3.1. Baseline cohort characteristics 

Baseline demographic and clinical characteristics of the sub-study 
cohort are presented in Table 1. Baseline selenium and coenzyme Q10 
status are presented in Table 2. In total, 434 participants were included 
in this post-hoc analysis, of which 218 subjects received selenium and 
coenzyme Q10 supplementation and 216 subjects placebo. Mean age 
across all study participants was 77 years, and males and females were 
almost equally represented (50.6% vs. 49.4%). The main reason for 
drop-out was required intake of too many tablets. 

3.2. Serum free thiols and selenium and Q10 supplementation in elderly 
citizens 

At inclusion, mean serum free thiols in the active vs. placebo groups 
were 91.4 μM/L and 94.1 μM/L, respectively. After 48 months of sup-
plementation of selenium and Q10, mean serum free thiols increased 
significantly to 100.7 μM/L, compared with a mean serum free thiol 
decrease to 81.4 μM/L in the placebo group (P = 0.002) (Fig. 1). At 48 
months, serum free thiols were significantly inversely associated with 
NT-proBNP levels (r = − 0.33, P = 0.001). 

3.3. Serum free thiols at baseline and the risk of cardiovascular mortality 
in elderly citizens 

After a median follow-up of 10.0 years (IQR: 6.8–10.5), 128 partic-
ipants died because of a cardiovascular (CV) event (29.5%). The highest 
rate of CV-mortality occurred in the lowest quartile of free thiols at 
baseline (Q1) (n = 43, 40.6%). Kaplan-Meier survival analysis demon-
strated statistically significant survival distributions for participants 
with below-median (Q1-2) albumin-adjusted free thiols and above- 
median (Q3-4) participants (P < 0.001, log-rank test) (Fig. 2A). Cox 
proportional hazards regression analysis with stepwise adjustment for 

Table 1 
Baseline demographic and clinical characteristics of the study cohort at inclu-
sion, divided by those randomized into active supplementation of selenium and 
coenzyme Q10 and those into placebo.   

Active treatment Placebo P-value 

n = 218 n = 216 

Age (years) 77 (3.6) 77 (3.4)  
Sex (males/females), n 113/105 105/111  
Smoking, n (%) 20 (9.2) 20 (9.3) 0.96 
Medical history 
Hypertension, n (%) 155 (71.1) 164 (75.9) 0.22 
IHD, n (%) 47 (21.6) 50 (23.1) 0.67 
Diabetes, n (%) 46 (21.1) 47 (21.8) 0.85 
NYHA class I, n (%) 117 (53.7) 106 (49.1) 0.31 
NYHA class II, n (%), 60 (27.5) 64 (29.6) 0.60 
NYHA class III, n (%) 40 (18.3) 43 (19.9) 0.66 
NYHA class IV, n (%) 0 (0.0) 0 (0.0)  
Unclassified, n (%) 1 (0.5) 3 (1.4)  
Medication use 
Beta blockers, n (%) 79 (36.2) 69 (31.9) 0.36 
ACEI, n (%) 38 (17.4) 50 (23.1) 0.14 
Diuretics, n (%) 67 (30.7) 85 (39.4) 0.07 
Statins, n (%) 45 (20.6) 49 (22.7) 0.61 
Examinations 
EF < 40%, n (%) 15 (6.9) 15 (6.9) 0.97 
NT-proBNP, ng/ml, mean (SD) 546.2 (1585.2) 496.9 (850.9) 0.69 

Data are presented as mean (SD) or proportions n with corresponding percent-
ages (%). *P-values were obtained using unpaired two-sided t-tests for contin-
uous variables or chi-square tests for discrete variables. Abbreviations: ACEI, 
angiotensin-converting enzyme inhibitors; EF, ejection fraction; IHD, ischemic 
heart disease; NYHA, New York Heart Association functional class; SD, standard 
deviation. 
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potential confounding factors showed statistically significant associa-
tions between albumin-adjusted serum free thiols and the risk of CV- 
mortality (Table 3, Model 1, hazard ratio [HR] per SD 2.02 
[1.40–2.90], P < 0.001). After adjustment for treatment allocation, age, 
sex, the presence of hypertension, ischemic heart disease, diabetes, and 
atrial fibrillation, this association remained statistically significant 
(Table 3, Model 3, HR per SD 2.00 [1.37–2.93], P < 0.001). After 
additional adjustment for cardiac function (ejection fraction), hemo-
globin and creatinine levels, and medication use, the association 
remained robust (Table 3, Model 5, HR per SD 1.98 [1.34–2.91], P <
0.001). Restricted cubic splines demonstrated no deviance from linear 
association between albumin-adjusted serum free thiols at baseline and 
the risk of CV-mortality (P = 0.930, likelihood ratio test) (Fig. 2B). 

3.4. Stratified analyses 

Stratified analyses for the association between albumin-adjusted 
serum free thiols at baseline and the risk of CV-mortality showed 
consistently increased risks in all analyzed subgroups (Fig. 3). 

Table 2 
Selenium and coenzyme Q10 status of the study cohort pre- and post-intervention 
divided by those randomized into active supplementation of selenium and co-
enzyme Q10 and those into placebo.   

Active 
treatment 

Placebo P- 
value 

n = 218 n = 216 

S-Selenium pre-intervention, μg/l, mean 
(SD) 

66.5 (15.9) 67.4 
(17.2) 

0.92 

S-selenium post-intervention, μg/l, 
mean (SD) 

210.3 (59.3) 71.6 
(25.0)  

Q10 pre-intervention, mg/l, mean (SD) 0.82 (0.31) 0.82 
(0.34) 

0.98 

Q10 post-intervention, mg/l, mean (SD) 2.19 (1.35) 0.90 
(0.36)   

Fig. 1. Changes in serum free thiol levels after 48 months of intervention, 
consisting of either combined selenium and coenzyme Q10 supplementation 
(red) or placebo (blue). Changes were evaluated using repeated measures of 
variance methodology. 

Fig. 2. (A) Kaplan-Meier survival curve for medians of albumin-adjusted serum 
free thiols at baseline, representing the CV-free survival across a median follow- 
up of 10 years. Lowest rates of survival were observed in individuals with 
below-median (Q1-2) albumin-adjusted serum free thiols compared to above- 
median free thiols (Q3-4). (B) Restricted cubic spline (RCS) demonstrating 
the association between albumin-adjusted serum free thiols and the risk for 
cardiovascular mortality. Estimated associations were derived from Cox pro-
portional hazards regression models and RCS based on three knots (0.5th, 50th 
and 99.5th percentiles). A likelihood ratio test for nonlinearity was not signif-
icant. The blue-shaded area represents the 95% confidence interval. 

Table 3 
Cox proportional hazards regression analyses for associations between albumin- 
adjusted serum free thiols (below/above-median) and the risk of cardiovascular 
mortality.   

HR 95% CI P-value 

Model 1 2.02 1.40–2.90 <0.001 
Model 2 1.83 1.26–2.67 0.002 
Model 3 2.00 1.37–2.93 <0.001 
Model 4 1.99 1.35–2.92 <0.001 
Model 5 1.98 1.34–2.91 <0.001 

Model 1, only adjusted for treatment allocation. Model 2, model 1 with 
adjustment for age and sex. Model 3, model 2 with adjustment for comorbidity 
including hypertension, ischemic heart disease, diabetes and atrial fibrillation. 
Model 4, model 3 plus additional adjustment for cardiac function (ejection 
fraction), hemoglobin and creatinine levels. Model 5, model 4 plus additional 
adjustment for medication use (beta blockers and ACE-inhibitors). Abbrevia-
tions: HR, hazard ratio; CI, confidence interval. 

B.J. Dunning et al.                                                                                                                                                                                                                              



Free Radical Biology and Medicine 204 (2023) 207–214

211

Corresponding HRs were relatively higher for females (2.35 
(1.17–4.72)) compared to males (1.74 (1.06–2.86). Participants with 
existing comorbidities, including hypertension, diabetes, ischemic heart 
disease, as well as participants with above-median creatinine levels, 
demonstrated higher HRs for associations between albumin-adjusted 
serum free thiols and the risk of CV-mortality. 

4. Discussion 

This study demonstrated that combined selenium and coenzyme Q10 
supplementation for 48 months significantly increased levels of 
albumin-adjusted serum free thiols in elderly individuals low in sele-
nium, supporting a beneficial effect on systemic oxidative stress. Addi-
tionally, baseline albumin-adjusted serum free thiols were inversely 
associated with the risk of CV-mortality. After adjustment for traditional 
risk factors, the association between albumin-adjusted serum free thiols 
and risk for CV mortality remained statistically significant. As albumin is 
the dominant contributor to the extracellular free thiol pool (via its 
redox-active Cys34 residue) and as it is an important variable influencing 
CV prognosis, we have, when using baseline FT, consistently corrected 
all analyses for albumin [31]. That the supplementation of selenium and 
Q10 do influence the serum levels is shown from the measurements of the 
concentrations pre- and post-intervention (Table 2). Also, every 6 
months at the visit when new tablets/capsules were dispensed, all 
non-consumed tablets were returned and counted. Therefore, it was 
possible to get information of how much was consumed of the supple-
mentation. Collectively, the results point to the significance of active 
selenium and coenzyme Q10 supplementation for reducing the degree of 
systemic oxidative stress as reflected by serum FTs, and thereby poten-
tially reducing the risk of CV mortality in those with a low intake of 
selenium. Our study further underscores the importance of oxidative 

stress in the risk of CV mortality and emphasizes the merit of selenium 
and coenzyme Q10 supplementation as a means to potentially reducing 
systemic oxidative stress. 

Over the past couple of decades, several studies have suggested a 
pathophysiological role of oxidative stress in the onset and progression 
of CVD. Although the underlying etiology of CVD is multifactorial, 
oxidative stress has been shown to play a pivotal role in many cardio-
vascular processes. Oxidative stress has been defined as an imbalance 
between oxidants and antioxidants in favor of the oxidants, leading to a 
disruption of redox signaling and control and/or molecular damage 
[30]. ROS are involved in the regulation of cell proliferation, migration 
and death [39]. At the cardiovascular level, increased levels of ROS may 
reduce the bioavailability of nitric oxide (NO). Reduced NO availability, 
in turn, may lead to elevated vasoconstriction in the arteries, thereby 
contributing to the onset of hypertension [40,41]. Overproduction of 
ROS is also implicated in atherosclerotic plaque formation [42]. Addi-
tionally, ROS production has been linked to the development of heart 
failure [43]. Extracellular free thiols are in equilibrium with intracel-
lular redox status, and may be blocked by intracellular-derived low 
molecular weight oxidized thiols, reducing the concentration of free 
thiols [44]. On the other hand, reduction in intracellular oxidative stress 
would result in an increase in free thiols in plasma. The quantification of 
free thiols enables to evaluate the systemic redox status and provides a 
representation of the degree of systemic oxidative stress in vivo [31]. 
Previously, thiols have been established as a useful biomarker in subjects 
with acute myocardial infarction [45]. It has been shown that plasma 
thiols are significantly lower in subjects with severe coronary artery 
disease [46]. Additionally, serum thiols are independently associated 
with CV risk scores at the population level [47]. In the present study, we 
tested the hypothesis whether serum free thiols would be associated 
with the risk of CV-mortality in elderly individuals, and indeed found 

Fig. 3. Stratified Cox regression analyses for the association between albumin-adjusted serum free thiols at baseline and the risk of CV-mortality across various 
subgroups. Hazard ratios (HRs) are depicted with corresponding 95% confidence intervals (CI). HRs demonstrate consistently positive associations between albumin- 
adjusted serum free thiols and the risk of CV-mortality across all subgroups. 
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that serum free thiol concentrations (divided in Q1-Q4) at baseline were 
inversely associated with the risk of CV mortality. These findings are in 
line with previous study showing that serum free thiols form a predictor 
of CV-events and all-cause mortality in the general population [36]. 

Selenium plays an important role in cardiovascular health, as it ex-
erts antioxidant effects through selenoproteins with antioxidative ef-
fects, by inhibiting inflammation and apoptosis, thereby preventing 
cardiovascular damage [48]. Additionally, selenium deficiency has 
previously been linked to multiple CVDs, including cardiomyopathies 
[49], atrial fibrillation [50], atherosclerosis [51], and heart failure [52]. 
Prior research on the effects of selenium on oxidative stress biomarkers 
accords well with our findings in that supplementation with selenium 
significantly increased total antioxidant capacity in those low on sele-
nium [53]. This may be due to inducible selenoenzymes, in particular 
glutathione peroxidase-1 and cytosolic thioredoxin reductase-1, that 
carry strong antioxidant activity, thereby protecting against oxidative 
damage [54,55]. In mice, selenium-deficient diets are associated with 
reduced free thiol levels [56]. The thioredoxin system and its lipophilic 
partner CoQ10 are central in cellular redox regulation [21]. In the cur-
rent study, our findings show that the protective effect of combined 
selenium and coenzyme Q10 supplementation after 48 months in elderly 
individuals is associated with increased levels of free thiols, reflecting a 
reduction in systemic oxidative stress. Furthermore, supplementation of 
coenzyme Q10 may have favorably affected mitochondrial bioenergetics 
and -function, thereby increasing the efficiency of cellular energy 
metabolism. In contrast, the placebo group showed decreased levels of 
circulating free thiols, reflecting increased systemic oxidative stress, as 
can be expected in an ageing population [57]. 

Strengths of the study include the size of the study population and 
the study design. Another major strength of this study is the well- 
optimized method of measuring serum free thiol concentrations, 
which provides reliable results of free thiols in the micromolar ranges. 
However, several limitations also warrant recognition. For example, 
considering that all participants were of Caucasian descent, the gener-
alizability of our results in subjects with different ethnicities remains 
unknown. Similarly, the current study population has a restricted age- 
span (70–88 years); therefore, the generalizability of our results in a 
younger population remains to be elucidated. Also, as the population is 
living in an area where there are low levels of selenium in the soil, the 
obtained results are particularly relevant to elderly living in similar 
areas where there are low levels of selenium in the soil. Finally, the 
present study did only use one biomarker for oxidative stress: serum free 
thiols. Although causality has not unequivocally been established, our 
proposed mechanism is substantiated by the use of free thiols. This 
biomarker previously has been shown to give a robust and powerful 
reflection of the systemic in vivo redox status [31]. In support, from this 
population, results on the effects on copeptin and 
MR-proadrenomedullin, as indirect markers for oxidative stress, showed 
attenuated levels, indicating less oxidative stress as a result of supple-
mentation with selenium and Q10 [58,59]. Still, we do acknowledge that 
the dynamic nature of oxidative stress as pathophysiological mechanism 
would deserve a more integrative approach to characterization of the 
redox signaling network, since this would combine read-outs of different 
types of reactive species as well as multiple redox-regulated metabolic 
pathways. Such “redox metabolomics” approaches are being developed, 
but are accompanied by several technological and methodological 
challenges [60]. Emerging reports encourage the use of these ap-
proaches, providing frameworks of criteria that candidate redox bio-
markers should fulfill in order to reliably assess the human redox system 
in clinical situations [32,33,61]. For instance, an attempt to disentangle 
the human redox signaling network may comprise a ‘multi-omics’ 
approach targeted at the critical elements of the RSI, consisting of i) 
nutritional compounds (e.g. organic compounds like amino acids, 
inorganic compounds like H2S, and cofactors such as vitamins), ii) the 
transducing elements, consisting of cysteine-based redox switches e.g. 
the circulating pool of free thiols, and iii) the stable end products of the 

RSI, encompassing S-, N- and O-derived metabolites [31]. Alternatively, 
a mass spectrometry-based analysis of the extracellular thiol metab-
olome, consisting of the measurement of 12 distinct analytes, including 
total free thiols, could be performed in several human biofluids [62]. 
This could develop into novel diagnostic platforms for patient stratifi-
cation and monitoring effects of redox-modulating therapeutics. Pro-
vided that such measurements would be performed within 
well-characterized clinical cohorts, routine measurements of blood pa-
rameters, and perhaps complemented by other key factors central to 
redox-regulated metabolic pathways and/or mitochondrial function, 
possibilities may ensue for expanding the granularity of the human 
redox architecture while also pinpointing to the key hubs of interactions 
among the distinct types of redox species. 

In conclusion, we show that serum free thiol levels are significantly 
increased by active selenium and coenzyme Q10 supplementation. 
Furthermore, CV mortality is significantly higher in those with lower 
free thiol concentrations at baseline. Taken together, this study shows 
that active supplementation of selenium and coenzyme Q10 in elderly 
low in selenium has a positive effect on serum free thiols as proxy of 
systemic oxidative stress, while at the same time reducing the risk of 
mortality due to cardiovascular events. Future research has to solidify 
the association between selenium and coenzyme Q10 supplementation, 
their positive impact on serum free thiols and reduced CV-mortality. 
Furthermore, follow-up studies are needed to investigate the general-
izability of these findings to younger and more ethnically diverse pop-
ulations. Finally, future prospective research is required to elucidate the 
clinical relevance of selenium supplementation in a population low on 
selenium, and to investigate potential correlations between selenium 
supplementation, oxidative stress and other pathologies. 
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Committee in Linköping, Sweden, and conforms to the ethical guidelines 
of the Declaration of Helsinki (2013). All participants provided written 
informed consent was obtained from all patients. 

Declaration of competing interest 

The authors have no conflicts of interest to declare. 

Acknowledgements 

The authors would like to express their gratitude towards all study 
participants. 

B.J. Dunning et al.                                                                                                                                                                                                                              



Free Radical Biology and Medicine 204 (2023) 207–214

213

References 

[1] World Health Organization, Health topics (cardiovascular diseases and cancer) 
(Internet). Available from: https://www.euro.who.int/en/health-topics. (Accessed 
26 September 2022). 

[2] H. Wang, M. Naghavi, C. Allen, R. Barber, Z. Bhutta, A. Carter, et al., Global, 
regional, and national life expectancy, all-cause mortality, and cause-specific 
mortality for 249 causes of death, 1980–2015: a systematic analysis for the Global 
Burden of Disease Study 2015, Lancet 388 (10053) (2016) 1459–1544. 

[3] T. Vos, S. Lim, C. Abbafati, K. Abbas, M. Abbasi, M. Abbasifard, et al., Global 
burden of 369 diseases and injuries in 204 countries and territories, 1990–2019: a 
systematic analysis for the Global Burden of Disease Study 2019, Lancet 396 
(10258) (2020) 1204–1222. 

[4] G. Roth, D. Abate, K. Abate, S. Abay, C. Abbafati, N. Abbasi, et al., Global, regional, 
and national age-sex-specific mortality for 282 causes of death in 195 countries and 
territories, 1980–2017: a systematic analysis for the Global Burden of Disease 
Study 2017, Lancet 392 (10159) (2018) 1736–1788. 

[5] A. Moran, M. Forouzanfar, G. Roth, G. Mensah, M. Ezzati, C. Murray, et al., 
Temporal trends in ischemic heart disease mortality in 21 world regions, 1980 to 
2010, Circulation 129 (14) (2014) 1483–1492. 

[6] S. Yusuf, P. Joseph, S. Rangarajan, S. Islam, A. Mente, P. Hystad, et al., Modifiable 
risk factors, cardiovascular disease, and mortality in 155 722 individuals from 21 
high-income, middle-income, and low-income countries (PURE): a prospective 
cohort study, Lancet 395 (10226) (2020) 795–808. 

[7] J. Scott, Pathophysiology and biochemistry of cardiovascular disease, Curr. Opin. 
Genet. Dev. 14 (3) (2004) 271–279. 

[8] A. Foy, J. Mandrola, 1, in: Heavy Heart. Primary Care: Clinics in Office Practice, 
vol. 45, 2018, pp. 17–24. 

[9] A. Gheorghe, U. Griffiths, A. Murphy, H. Legido-Quigley, P. Lamptey, P. Perel, The 
economic burden of cardiovascular disease and hypertension in low- and middle- 
income countries: a systematic review, BMC Publ. Health 18 (1) (2018). 

[10] S. Fairweather-Tait, Y. Bao, M. Broadley, R. Collings, D. Ford, J. Hesketh, et al., 
Selenium in human health and disease, Antioxidants Redox Signal. 14 (7) (2011) 
1337–1383. 

[11] O. Brodin, J. Hackler, S. Misra, S. Wendt, Q. Sun, E. Laaf, et al., Selenoprotein P as 
biomarker of selenium status in clinical trials with therapeutic dosages of selenite, 
Nutrients 12 (4) (2020) 1067. 

[12] R. Stoffaneller, N.L. Morse, A review of dietary selenium intake and selenium status 
in Europe and the Middle East, Nutrients 7 (3) (2015) 1494–1537. 

[13] M. Rayman, Selenium and human health, Lancet 379 (9822) (2012) 1256–1268. 
[14] G. Barchielli, A. Capperucci, D. Tanini, The role of selenium in pathologies: an 

updated review, Antioxidants 11 (2) (2022) 251. 
[15] U. Alehagen, P. Johansson, M. Björnstedt, A. Rosén, C. Post, J. Aaseth, Relatively 

high mortality risk in elderly Swedish subjects with low selenium status, Eur. J. 
Clin. Nutr. 70 (1) (2016 Jan) 91–96. 

[16] A. Holmgren, J. Lu, Thioredoxin and thioredoxin reductase: current research with 
special reference to human disease, Biochem. Biophys. Res. Commun. 396 (1) 
(2010) 120–124. 
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