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A B S T R A C T   

Background: Serum sulfhydryl groups (R-SH, free thiols) reliably reflect the systemic redox status in health and 
disease. As oxidation of R-SH occurs rapidly by reactive oxygen species (ROS), oxidative stress is accompanied by 
reduced levels of free thiols. Oxidative stress has been implicated in the pathophysiology of chronic kidney 
disease (CKD), in which redox imbalance may precede the onset of CKD. Therefore, we aimed to investigate 
associations between serum free thiols and the risk of incident CKD as defined by renal function decline and 
albuminuria in a population-based cohort study. 
Methods: Subjects without CKD (n = 4,745) who participated in the Prevention of REnal and Vascular ENd-stage 
Disease (PREVEND) study, a prospective, population-based cohort study in the Netherlands, were included. 
Baseline protein-adjusted serum free thiols were studied for their associations with the development of CKD, 
defined as a composite outcome of an estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73m2, urinary 
24-h albumin excretion (UAE) > 30 mg/24-h, or both. 
Results: Median level of protein-adjusted serum free thiols at baseline was 5.14 μmol/g of protein (interquartile 
range [IQR]: 4.50–5.75 μmol/g) and median eGFR was 96 mL/min/1.73 m2 [IQR: 85–106]. Protein-adjusted 
serum free thiols were significantly associated with incident CKD (hazard ratio [HR] per doubling 0.42 [95% 
confidence interval [CI]: 0.36–0.52, P < 0.001), even after adjustment for traditional risk factors (HR 0.67 [95% 
CI: 0.47–0.94], P=0.022). In secondary analyses, the highest tertile of protein-adjusted serum free thiols was 
inversely associated with incident UAE >30 mg/24-h after full adjustment for confounding factors (HR per 
doubling 0.70 [95% CI: 0.51–0.96], P=0.028). 
Conclusion: Higher levels of serum R-SH, reflecting less oxidative stress, are associated with a decreased risk of 
developing CKD in subjects from the general population. This association is primarily driven by incident CKD as 
defined by UAE.   

1. Introduction 

Chronic kidney disease (CKD) affects over 850 million individuals 

worldwide and is associated with a high risk of cardiovascular morbidity 
and premature mortality [1]. Early identification and staging of in-
dividuals developing CKD is of utmost importance, as early intervention 
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may improve long-term renal health and ultimately prevent or delay the 
need for dialysis or transplantation [2]. However, the etiology of the 
disease remains incompletely understood, which also limits the identi-
fication of individuals who are at increased risk of developing CKD in the 
general population [3,4]. 

Oxidative stress is 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 [5]. Although reactive 
species fulfil pivotal physiological functions, overproduction of reactive 
oxygen species (ROS), may result in oxidative stress which subsequently 
leads to cellular/molecular damage and tissue destruction [6]. Extra-
cellular free thiols are organosulfur compounds carrying a free sulfhy-
dryl (R-SH) moiety and comprise a robust and reliable reflection of the in 
vivo systemic redox status as they are rapidly oxidized by ROS [7,8]. 
Some other types of reactive species, however, like hydrogen sulfide 
(H2S) and nitric oxide (NO) can also react with sulfhydryl moieties. Free 
thiols are the main biological targets of ROS inside and outside of cells; 
they possess potent antioxidant buffering capacity, and govern a myriad 
of (protein) functions, enabling both short-term and longer-term bio-
logical adaptations [9]. Assessment of serum free thiol concentrations is 
an easy, minimally invasive and reproducible method of quantifying the 
degree of systemic oxidative stress [10]. Extracellular free thiol status 
has been investigated in relation to a variety of (cardiovascular) risk 
factors (e.g., smoking, alcohol consumption) and is known to be 
disturbed in a number of oxidative stress-mediated human diseases, e.g. 
cardiovascular disease, diabetes mellitus, and inflammatory bowel dis-
ease [11–14]. Previous studies have also demonstrated that serum free 
thiols may change upon acute kidney injury (AKI) and that higher levels 
of serum free thiols are associated with beneficial outcomes and favor-
able cardiovascular risk profiles in renal transplant recipients [15,16]. 

As oxidative stress has been acknowledged to play an important role 
in the pathophysiology of cardiovascular and renal disease [17,18], we 
hypothesized that free thiols may have merit as a prognostic tool for 
long-term renal health. However, the value of serum free thiols with 
regard to the development of CKD is still unclear. In this study, we aimed 
to investigate whether serum free thiol concentrations are associated 
with new-onset CKD in subjects derived from the general population. 

2. Materials and methods 

2.1. Study population and study design 

The Prevention of REnal and Vascular ENd-stage Disease (PREVEND) 
study is a large-scale, prospective cohort study which was started in 
1997 in Groningen, the Netherlands [19]. The PREVEND study was 
developed to investigate associations between urinary albumin excre-
tion and the occurrence of renal and cardiovascular disease. The study 
features data on many variables that are relevant to cardiovascular and 
renal disease from inhabitants of the city of Groningen, aged 28–75 
years. In the period of 1997–1998, many inhabitants (n = 85,421) were 
requested to send in a first morning urine sample as well as to complete a 
short questionnaire on demographics and history of cardiovascular 
diseases. Subsequently, pregnant women and subjects diagnosed with 
insulin-treated diabetes mellitus were excluded. A total of 40,856 people 
(47.8%) responded, of which participants with urinary albumin con-
centrations (UAC) >10 mg/L (n = 7,786) and a randomly selected 
control group with a UAC <10 mg/L (n = 3,395) were invited to 
participate in subsequent study investigations at the research clinic of 
the University Medical Center Groningen (UMCG). This screening pro-
gramme was completed by 8,592 subjects (n = 6,000 with UAC >10 
mg/L, n = 2,592 with UAC <10 mg/L) who eventually formed the full 
study cohort. A few years later, between 2001 and 2003, a second round 
of examinations was initiated to collect additional serum samples from 
6,894 of these participants. This second visit was considered as the 
baseline for the present study. From this cohort, patients with CKD (n =
1,082) or unknown CKD status (n = 337) at time of examination were 

excluded. Furthermore, participants with missing values on serum free 
thiols (n = 730, due to either missing serum samples or insufficient 
serum volume) were excluded, which resulted in a final sample size of 4, 
745 participants for analysis. These excluded participants did demon-
strate some statistically significant differences in baseline study popu-
lation characteristics compared with the included participants 
(Supplementary Table S1). The study was approved by the Institutional 
Review Board (IRB) (full name in Dutch: “Medisch Ethische Toetsings-
commissie, METc) of the UMCG. All participants provided written 
informed consent, and the study was conducted in accordance with the 
principles of the Declaration of Helsinki (2013). 

2.2. Data collection 

Study participants completed a questionnaire asking information 
about demographics, medical history (e.g. history of cardiovascular 
disease, renal disease, diabetes), lifestyle habits (e.g., smoking), and 
medication use. Anthropometric measurements (length, body weight, 
waist circumference) were performed as well as blood pressure mea-
surements. Blood pressure was automatically measured for 8 min in 
supine position (Dinamap XL Model 9300 series device, Johnson & 
Johnson Medical, Tampa, FL). Blood pressure was measured every 
minute, where the average of the last two measurements was registered 
as the ultimate blood pressure. Smoking status was noted as “never”, 
“former” or “current”. Waist circumference was measured on the bare 
skin at the natural indentation between the 10th rib and the iliac crest. 

Fasting blood samples were collected of which aliquots were stored 
at − 80 ◦C, while urine samples were stored at − 20 ◦C until further 
analysis. Serum creatinine was measured enzymatically (Roche 
Modular, Roche Diagnostics, Mannheim, Germany). Serum cystatin C 
was measured with the Gentian Cystatin C Immunoassay (Gentian AS, 
Moss, Norway) on a modular analyzer (Roche Diagnostics). Standards 
were used to calibrate cystatin C according to manufacturer’s in-
structions and following the International Federation of Clinical 
Chemistry Working Group for Standardization of Serum Cystatin C [20]. 
High-sensitive C-reactive protein (hs-CRP) was measured using nephe-
lometry (Dade Behring Diagnostics, Marburg, Germany). Participants 
collected 24-h urine samples for two consecutive days after they were 
provided with both oral and written instructions. Urinary albumin 
excretion (UAE) was determined by nephelometry (Dade Behring Di-
agnostics, Marburg, Germany). UAE was measured twice in two separate 
24-h urine collections, and for each participant the average of both was 
taken for analyses. 

2.3. Measurement of serum free thiols 

Serum free thiols (R-SH, sulfhydryl groups) were measured as 
described previously, but with minor modifications [21,22]. Serum 
samples were diluted 4-fold using 0.1 M Tris buffer (pH 8.2). Back-
ground absorbance was measured at 412 nm using the Varioskan 
microplate reader (Thermo Scientific, Breda, the Netherlands), together 
with a reference measurement at 630 nm. As a next step, 20 μL 1.9 mM 
5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB, Ellman’s reagent, CAS no. 
69-78-3, Sigma-Aldrich Corporation, St. Louis, MO, USA) was added to 
the samples in 0.1 M phosphate buffer (pH 7.0). Subsequently, samples 
were incubated for 20 min at room temperature, after which absorbance 
was measured again. Final serum free thiol concentrations were deter-
mined by parallel measurement of an L-cysteine (CAS no. 52-90-4, Fluka 
Biochemika, Buchs, Switzerland) calibration curve (15.6-1,000 μM) in 
0.1 M Tris/10 m EDTA (pH 8.2). Intra- and inter assay coefficients of 
variation (CV) of serum free thiol measurements were 1.9% and 5.0%, 
respectively. Finally, serum free thiol concentrations were adjusted to 
total serum protein (measured according to standard procedures) by 
calculating the free thiol/total protein ratio (μmol/g of protein). As 
serum proteins harbor the largest amount of free thiols in the extracel-
lular compartment and therefore largely determine the amount of 
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potentially detectable free thiol groups, this adjustment was performed 
to indirectly account for this phenomenon and fluid status [9]. 

2.4. Study outcomes and definitions 

The primary study outcome was incident CKD which was defined as 
the first occurrence of either an estimated glomerular filtration rate 
(eGFR) < 60 mL/min/1.73m2, UAE of >30 mg/24-h, or a combination 
of both. Secondary study outcomes included the first occurrence of an 
eGFR < 60 mL/min/1.73 m2 or UAE > 30 mg/24-h as individual out-
comes. Study follow-up ended on January 1, 2011. The eGFR was esti-
mated using the 2012 combined creatinine cystatin C-based Chronic 
Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [23]. 
Hypercholesterolemia at baseline was defined by either serum choles-
terol levels >6.5 mmol/L, the use of lipid-lowering drugs or serum 
HDL-cholesterol levels <0.9 mmol/L. Type 2 diabetes mellitus (T2DM) 
was defined as a fasting glucose level ≥7.0 mmol/L or the use of oral 
antidiabetics according to the American Diabetes Association (ADA) 
guidelines. 

2.5. Statistical analysis 

Baseline demographic and clinical characteristics of the study pop-
ulation were presented as means ± standard deviation (SD), medians 
with interquartile ranges (IQR) in case of skewed variables and as pro-
portions n with corresponding percentages (%) in case of nominal var-
iables. Normality was visually assessed using histograms and normal 
probability (Q-Q) plots. Differences across tertiles of serum free thiol 
concentrations were tested using one-way analysis of variance (ANOVA) 
or Kruskal-Wallis tests for continuous variables, while chi-square tests 
were performed for categorical variables. Univariable and multivariable 
linear regression analyses were performed to identify variables that 
were associated with serum free thiol concentrations, while adjusting for 
relevant covariates derived from univariable analysis (Pout > 0.05). 
Standard beta (β) coefficients with corresponding P-values were re-
ported indicating strength, direction and statistical significance of the 
associations. Standardized β-coefficients represented the difference in 
protein-adjusted serum free thiol levels per 1-SD increment for contin-
uous variables and the difference in protein-adjusted serum free thiols 
compared to the implied reference group for categorical variables. 
Linear regression assumptions of residual variance normality and ho-
moscedasticity were verified to confirm absence of violation. Kaplan- 
Meier survival analysis was performed to assess survival distributions 
across tertiles of serum free thiol concentrations, which were compared 
using log-rank tests. Survival time was defined from baseline (second 
visit, at time of sampling) until the date of the last examination that 
participants attended, at the incidence of CKD, death, or January 1st, 
2011 (end of follow-up). Cox proportional hazards regression analyses 
were performed to assess associations between protein-adjusted serum 
free thiols and the risk of incident CKD or all-cause mortality, expressed 
by hazard ratios (HRs) with 95% confidence intervals (CIs). Protein- 
adjusted serum free thiol concentrations were 2log-transformed before 
entry into Cox regression analyses to facilitate results interpretation (as 
per doubling). For each predictive factor, the proportionality of hazards 
assumption was verified to confirm absence of violation. Univariable 
models were followed by multivariable Cox regression models to adjust 
for relevant covariates. Stratified analyses were performed to assess HRs 
across relevant subgroups and to test for potential effect modification by 
fitting models containing cross-product terms (Pinteraction). Additionally, 
restricted cubic splines (RCS) with three knots were fitted to evaluate 
potential non-linearity of associations that were established in Cox 
regression models. Non-linearity was assessed using likelihood ratio 
tests in which nested models were compared using linear or linear and 
cubic spline terms. To evaluate the discriminative capacity of the 
different Cox regression models, receiver operating characteristics 
(ROC) statistics were computed by calculating the Harrell C-index, 

which represents the area under the ROC curve (AUC) and is an overall 
measure of discrimination performance compatible with time-to-event 
data. Data analysis was performed using R version 3.5.2. (Vienna, 
Austria) and SPSS Statistics 25.0 (SPSS Inc., Chicago, IL, (USA) and data 
visualization was performed using R Studio (v.1.2.1335, RStudio, Bos-
ton, MA) and the Python programming language (v.3.8.5, Python Soft-
ware Foundation, https://www.python.org), using the pandas (v.1.2.3.), 
numpy (v.1.20.0), matplotlib (v.3.4.1) and seaborn (v.0.11.1) packages in 
Python. Two-tailed P-values ≤0.05 were considered statistically 
significant. 

2.6. Selection of confounding factors: directed acyclic graph (DAG) 

Following previously published guidelines on adjustment for con-
founding factors, causal models (directed acyclic graphs, DAG, and its 
associated theoretical basis) were used to identify an appropriate set of 
confounding variables to consider while estimating our outcome of in-
terest [24–26]. The DAG represents the involved causal mechanisms 
that are hypothesized to underlie the variables at hand (Fig. 1). In this 
graph, arrows represent the hypothesized causal (direct) effects between 
variables, whereas the absence of such an arrow represents the 
assumption of no such a direct effect. Here, we focused on the associa-
tion between systemic oxidative stress and incident CKD, accompanied 
by a particular set of confounders for which conditioning was performed 
in order to produce an unconfounded effect estimate in statistical ana-
lyses [27–31]. Based on this framework, the following variables were 
selected as covariates in the analysis (in addition to age and sex): blood 
pressure, current smoking, diabetes, history of cardiovascular disease, 
chronic heart failure, dyslipidemia (defined as the composite of total 
cholesterol levels and the use of lipid-lowering drugs), and hs-CRP. 

3. Results 

3.1. Baseline cohort characteristics 

Baseline characteristics of the study cohort are presented in Table 1, 
stratified by tertiles of protein-adjusted serum free thiol concentrations 
(T1: <4.75 μmol/g; T2: 4.75–5.53 μmol/g; T3: >5.53 μmol/g). Mean 
(±SD) protein-adjusted serum free thiol concentrations were 5.13 
(±1.00) μmol/g of protein (median: 5.14 μmol/g of protein, full range: 
1.47–8.73 μmol/g). Median age of the study population was 51.4 [IQR: 
42.3–58.8] years and 2,551 (53.8%) participants were female. Median 
eGFR of the study population was 96 [IQR: 85–106] mL/min/1.73m2, 
with higher values among participants within the highest (T3) tertile of 
protein-adjusted serum free thiols (P < 0.001) compared to the 
remaining participants. Median UAE in the cohort was 7.7 [IQR: 
5.8–11.3] mg/24-h. Higher rates of new-onset CKD (all P < 0.001) were 
more often observed in the lowest tertile of protein-adjusted serum free 
thiol concentrations. 

Univariable and multivariable linear regression analyses were per-
formed to identify independent correlates of protein-adjusted serum free 
thiols (Table 2). In multivariable analysis, protein-adjusted serum free 
thiols were higher among current smokers (β = 0.068, P < 0.001) and 
positively associated with eGFR (β = 0.150, P < 0.001), whereas inverse 
associations were observed with age (β = − 0.135, P < 0.001), female sex 
(β = − 0.079, P < 0.001), BMI (β = − 0.065, P < 0.001), systolic blood 
pressure (β = − 0.075, P = 0.001), and hs-CRP (β = − 0.087, P < 0.001). 

3.2. Protein-adjusted serum free thiols and incident CKD 

During a median follow-up of 8.4 [IQR: 7.9–8.9] years, 482 partici-
pants had incident CKD, of which 155 participants based on eGFR (<60 
mL/min/1.73m2), 363 based on UAE (>30 mg/24-h) and 36 partici-
pants developed both. The highest rate of incident CKD occurred in the 
lowest tertile (T1) of protein-adjusted serum free thiols (n = 251, 15.9%, 
P < 0.001). Kaplan-Meier survival analysis demonstrated statistically 
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significant differences in survival distributions among tertiles of protein- 
adjusted serum free thiols for incident CKD, both for the composite 
outcome as well as for individual outcomes based on either eGFR or UAE 
(Fig. 2, log-rank tests, all P < 0.001). Cox proportional hazards regres-
sion analyses demonstrated a statistically significant association with 
the risk of incident CKD (Table 3A, Model 1, hazard ratio [HR] per 
doubling of protein-adjusted serum free thiols 0.42 [95% CI: 0.36–0.52], 
P < 0.001). After adjustment for the identified confounding factors (age, 
sex, systolic blood pressure, total cholesterol, use of lipid-lowering 
drugs, diabetes, current smoking, chronic heart failure, hs-CRP), this 
association remained statistically significant (Table 3A, Model 4, HR per 
doubling 0.67 [95% CI: 0.47–0.94], P=0.022). Discriminative capacity 
of these Cox proportional hazards regression models demonstrated sig-
nificant improvement after adjustment for potential confounding factors 
(Harrell C indices 0.58 and 0.73, respectively, Supplementary Fig. S1). 
Restricted cubic splines (RCS) showed no significant deviations from 
linear associations with the risk of incident CKD (Fig. 3, P=0.287 and 
P=0.292 for the crude and fully adjusted models, respectively). Subse-
quently, when analyzing prospective associations between protein- 
adjusted serum free thiols and the individual components of the com-
posite incident CKD outcome (i.e. eGFR <60 mL/min/1.73m2 and UAE 
>30 mg/24-h), similar associations were observed (eGFR: Table 3B, 
Model 1, HR per doubling 0.26 [95% CI: 0.17–0.40], P < 0.001; UAE: 
Table 3C, Model 1, HR per doubling 0.53 [95% CI: 0.38–0.72], P <
0.001). However, statistical significance vanished after adjustment for 
the identified confounding factors when protein-adjusted serum free 
thiols was examined as continuous variable. Still, the highest tertile (T3) 
of protein-adjusted serum free thiols was significantly associated with 
incident UAE >30 mg/24-h after full adjustment for confounding factors 
(Table 3C, Model 4, HR per doubling 0.70 [95% CI: 0.51–0.96], 
P=0.028). 

3.3. Stratified analyses 

Stratified analyses for the association between protein-adjusted 
serum free thiols and the risk of incident CKD demonstrated consis-
tently inverse associations in all analyzed subgroups (Fig. 4, Supple-
mentary Table S2). Notably, stratification by the presence of 
hypertension, chronic heart failure, and by median UAE showed sig-
nificant effect modification (Pinteraction <0.001, 0.024 and <0.001, 
respectively). Corresponding HRs were lower for participants without 
hypertension and with below-median UAE, whereas HRs were higher 
among participants without chronic heart failure. 

3.4. Sensitivity analyses 

Results of the fully adjusted model for the association between 
protein-adjusted serum free thiols and the risk of incident CKD did not 
substantially change when subjects with an UAE >25 mg/24-h (instead 
of 30 mg/24-h) at baseline were excluded from the analyses, in which 
2log-transformed protein-adjusted serum free thiols remained signifi-
cantly associated with incident CKD (HR 0.66 [95% CI: 0.45–0.96], 
P=0.029, respectively). Similarly, when subjects with eGFR <65 mL/ 
min/1.73 m2 (instead of <60 mL/min/1.73 m2) at baseline were 
excluded, the association between protein-adjusted serum free thiols 
and new-onset CKD remained similar, although lost statistical signifi-
cance (HR 0.75 [95% CI: 0.51–1.11], P=0.152). Furthermore, when we 
excluded subjects who used antihypertensive drugs at baseline, we 
observed the association between protein-adjusted serum free thiols and 
incident CKD to become even stronger (HR 0.55 [95% CI: 0.34–0.83], 
P=0.006, fully adjusted model). 

4. Discussion 

Protein-adjusted serum free thiols, as surrogate measure of systemic 
oxidative stress, are significantly associated with the risk of incident 

Fig. 1. Directed Acyclic Graph (DAG) showing causal relationships hypothesized to underlie the association between systemic oxidative stress (as reflected by serum 
free thiol levels) and the risk of incident CKD in the general population. Based on the DAG, a specific set of confounding factors was conditioned for in order to obtain 
an unconfounded effect estimate. 
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CKD in the general population within a follow-up of almost 10 years. 
After adjustment for traditional risk factors for CKD, the association 
between protein-adjusted serum free thiols and incident CKD remained 
statistically significant. Although individual determinants defining 
incident CKD (either <60 mL/min/1.73m2 or an UAE >30 mg/24-h) 
were not significantly associated to baseline protein-adjusted serum 
free thiols (as continuous parameter) when adjusting for confounders, 
the highest tertile of serum free thiols remained significantly inversely 
associated to incident UAE (defined as >30 mg/24-h). In addition, 
stratified analyses across various subgroups indicated consistently in-
verse associations between protein-adjusted serum free thiols and inci-
dent CKD. Collectively, these results highlight the potential of 
extracellular free thiols as a risk stratification tool in preventive settings 
in order to attenuate future CKD burden in the general population. 

Although the underlying etiology of CKD is complex, oxidative stress 
has previously been found to play an important role in the development 
of renal impairment [17]. The endothelium, which is an essential 
component in the regulation of physiological renal function, is highly 
susceptible to oxidative damage [32]. Moreover, there is increasing 
evidence that oxidative stress results in autophagy and apoptosis in 
podocytes and mesangial cells, promotes activation of profibrotic 
pathways and glomerulosclerosis, and directly influences the perme-
ability of the glomerular basement membrane, thereby altering 
glomerular filtration [33]. In addition, oxidative stress is also believed to 
be associated with complications (e.g., hypertension, atherosclerosis, 
inflammation) in patients with advanced CKD, and with the acceleration 
of kidney disease progression [34]. However, the potential role of 

oxidative stress in association with renal function impairment in the 
general population has not been clearly established. The current study is 
the first to clearly demonstrate the association between free thiols and 
kidney function decline in the general population. 

The current study included 482 (10.2%) participants who developed 
incident CKD within a follow-up of almost 10 years, with the highest rate 
of incident CKD found in participants within the lowest tertile (T1) of 
protein-adjusted serum free thiols (T1: 13.9% vs. T2: 9.0% and T3: 
7.6%). This finding is in line with previous studies that have shown a 
significantly increased level of oxidative stress even in patients who 
were in the early stages of CKD [35,36]. Moreover, we demonstrated a 
significant inverse association with the risk of incident CKD per doubling 
of protein-adjusted serum free thiols. This association remained statis-
tically significant after adjustment for potential confounding factors 
(including age, sex, systolic blood pressure, total cholesterol, use of 
lipid-lowering drugs, diabetes, current smoking, chronic heart failure, 
hs-CRP). However, statistical significance of this multivariable model 
disappeared when additional adjustment for baseline eGFR was per-
formed. Considering these observations, we hypothesize that the decline 
of renal function is preceded by endothelial dysfunction. Oxidative 
stress is known to damage the endothelial glycocalyx, a critical barrier 
on the surface of endothelial cells known to be involved in renal disease 
[37]. Damage to the glycocalyx causes mitochondrial deterioration with 
subsequent mitochondrial ROS production, thereby inducing a vicious 
circle of damage. In line with our findings, it was previously reported 
that plasma malondialdehyde (MDA), a marker of ROS-induced lipid 
peroxidation, is significantly associated with the prevalence of mild 

Table 1 
Baseline demographic and clinical characteristics of the study population, stratified by tertiles of protein-adjusted serum free thiols.   

Total T1 T2 T3 P-value   

4.75 μmol/g 4.75–5.53 μmol/g 5.53 μmol/g    
n = 1581 n = 1582 n = 1582  

Serum R-SH (protein-adjusted, μmol/g) 5.13 ± 1.00 4.05 ± 0.6 5.14 ± 0.2 6.19 ± 0.6 <0.001 
Demographics 

Age (years) 51.4 [42.3–58.8] 54.8 [45.7–65.9] 49.8 [42.6–57.8] 46.3 [40.3–53.6] <0.001 
Female, n (%) 2551 (53.8) 920 (58.2) 867 (54.8) 764 (48.3) <0.001 
Race, n (%)     0.769 

Caucasian, n (%) 4517 (95.9) 1512 (96.1) 1505 (95.6) 1500 (96.0)  
Negroid, n (%) 45 (1.0) 13 (0.8) 20 (1.3) 12 (0.8)  
Asian, n (%) 97 (2.1) 29 (1.8) 34 (2.2) 34 (2.2)  
Other, n (%) 52 (1.1) 19 (1.2) 16 (1.0) 17 (1.1)  

Anthropometrics 
BMI (kg/m2) 25.7 [23.4–28.5] 26.6 [24.1–29.5] 25.8 [23.4–28.4] 25.0 [22.9–27.7] <0.001 

Waist circumference (cm) 90 [81–98] 92 [83–100] 89 [81–98] 88 [80–97] <0.001 
Risk factors 

SBP (mmHg) 121 [111–113] 124 [112–137] 120 [111–132] 118 [110–130] <0.001 
DBP (mmHg) 72 [66–78] 72 [67–79] 72 [66–78] 71 [66–77] 0.006 

Heart rate (bpm) 68 [62–74] 68 [62–74] 68 [62–74] 67 [61–74] 0.450 
Smoking 4686 (98.8) 1564 (98.9) 1563 (98.9) 1559 (98.2) <0.001 

Never, n (%) 1466 (31.3) 514 (32.9) 473 (30.3) 479 (30.7)  
Current, n (%) 1914 (40.8) 378 (24.2) 429 (27.4) 499 (32.0)  
Former, n (%) 1306 (27.9) 672 (43.0) 661 (42.3) 581 (37.3)  

History of CVD, n (%) 125 (2.6) 55 (3.5) 39 (2.5) 31 (2.0) 0.025 
Diabetes, n (%) 71 (1.5) 44 (2.8) 14 (0.9) 13 (0.8) <0.001 

Medication 
Antihypertensive drugs, n (%) 647 (14.0) 296 (19.3) 190 (12.3) 161 (10.5) <0.001 
Lipid-lowering drugs, n (%) 237 (5.1) 108 (7.0) 77 (5.0) 52 (3.4) <0.001 
Antidiabetic drugs, n (%) 41 (1.0) 26 (1.9) 6 (0.4) 9 (0.7) <0.001 

Laboratory measurements 
Total cholesterol (mmol/L) 5.36 [4.72–6.09] 5.46 [4.85–6.16] 5.35 [4.73–6.13] 5.25 [4.57–6.01] <0.001 

hs-CRP (mg/L) 1.17 [0.56–2.68] 1.43 [0.70–3.37] 1.22 [0.56–2.60] 0.97 [0.46–2.21] <0.001 
eGFR (mL/min/1.73m2) 96 [85–106] 89 [79–101] 96 [86–106] 100 [91–109] <0.001 

UAE (mg/L) 7.7 [5.8–11.3] 7.9 [5.8–12.0] 7.7 [5.8–11.2] 7.6 [5.8–11.0] 0.118 
Urine creatinine (mmol/24-h) 11.9 [9.9–14.5] 11.5 [9.7–14.0] 12.0 [10.0–14.5] 12.3 [10.2–14.9] <0.001 

Urine urea (mmol/24-h) 353 [285–427] 350 [284–422] 356 [284–431] 355 [286–426] 0.626 
Study outcomes 

CKD (eGFR<60 mL/min/1.73m2), n (%) 155 (3.3) 83 (5.2) 47 (3.0) 25 (1.6) <0.001 
CKD (UAE >30mg/24-h), n (%) 363 (7.7) 155 (9.8) 106 (6.7) 102 (6.4) <0.001 

CKD (combination), n (%) 482 (10.2) 220 (13.9) 142 (9.0) 120 (7.6) <0.001 

Abbreviations: BMI, body-mass index; CHF, chronic heart failure; CKD, chronic kidney disease; CVD, cardiovascular disease; DBP, diastolic blood pressure; eGFR, 
estimated glomerular filtration rate; hs-CRP, high-sensitive C-reactive protein; SBP, systolic blood pressure; UAE, urinary albumin excretion. 
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insufficiency of kidney function and chronic kidney disease [38]. 
Serum free thiols (R-SH, sulfhydryl groups) are crucial components 

of the extracellular antioxidant machinery and reliably reflect the sys-
temic in vivo redox status, as they are able to readily scavenge ROS, 
while they also act as multimodal redox relays, kinetically controlling 
intra- and extracellular redox exchange reactions [39]. Extracellular free 
thiol groups mainly comprise circulating cysteine-based proteins, of 
which albumin is the most relevant example - not only because of its 
redox properties, but also because it is one of the most abundant plasma 
proteins [7,40]. In addition, free thiols occur in low-molecular-weight 
(LMW) compounds, e.g. glutathione and homocysteine. Collectively, 
the sum of low- and high-molecular weight thiols are referred to as total 
free thiols, which have a major impact on the net extracellular redox 
equilibrium [41]. Higher levels of extracellular free thiols indicate a 
more favorable redox status and associate with many health parameters, 
whereas reduced extracellular free thiol levels arise from oxidation due 
to ROS overproduction, which, in turn, is associated with various car-
diovascular risk factors, including ageing, obesity, alcohol consumption 
and hypertension [9,12]. Apart from rather statically reflecting the 
global extracellular redox status in health and disease conditions, 
extracellular free thiols may also be considered rather dynamic bio-
markers. Regardless of the potential factors that are responsible for 
dynamic changes in extracellular free thiols, rapid changes in their 
levels may be the result of a balanced act between oxidizing and 
reducing events targeting the single free cysteine thiol (Cys34) of albu-
min, the latter compound making the greatest contribution to extracel-
lular free thiol status [7]. For instance, a previous study observed a rapid 
increase in extracellular free thiols following transient 
hypothermia-induced vasoconstriction in patients with primary Ray-
naud’s phenomenon and systemic sclerosis [42]. Another example 
constitutes a study in which extracellular free thiols were observed to 
change dramatically over the course of several days in patients having 
critical illness [43]. These observations underscore the reversibility and 
dynamic nature of processes that are related to oxidative modification of 

Table 2 
Univariable and multivariable linear regression analyses showing associations 
between protein-adjusted serum free thiols and relevant study parameters.   

St. Beta (β) P-value St. Beta (β) P-value  

Univariable analysis Multivariable analysis 

Demographics 
Age (years) − 0.269 <0.001 − 0.135 <0.001 

Female, n (%) − 0.091 <0.001 − 0.079 <0.001 
Anthropometrics 

BMI (kg/m2) − 0.144 <0.001 − 0.065 <0.001 
Waist circumference (cm) − 0.110 <0.001   

Risk factors 
SBP (mmHg) − 0.127 <0.001 − 0.075 0.001 
DBP (mmHg) − 0.030 0.038   

Heart rate (bpm) − 0.017 0.242   
Current smoking 0.078 <0.001 0.068 <0.001 
History of CVD − 0.039 0.007   

Diabetes − 0.070 <0.001   
CHF − 0.060 <0.001   

Medication 
Antihypertensive drugs − 0.019 0.190   
Lipid-lowering drugs 0.012 0.401   
Antidiabetic drugs − 0.056 <0.001   

Laboratory measurements 
Total cholesterol (mmol/L) − 0.064 <0.001   

hsCRP (mg/L) − 0.132 <0.001 − 0.087 <0.001 
eGFR (mL/min/1.73m2) 0.270 <0.001 0.150 <0.001 

UAE (mg/L) − 0.028 0.055   
Urine creatinine (mmol/24-h) 0.089 <0.001   

Urine urea (mmol/24-h) 0.011 0.464   

Abbreviations: BMI, body-mass index; CHF, chronic heart failure; CVD, cardio-
vascular disease; DBP, diastolic blood pressure; eGFR, estimated glomerular 
filtration rate; hs-CRP, high-sensitive C-reactive protein; SBP, systolic blood 
pressure; UAE, urinary albumin excretion. 

Fig. 2. (A–C). Kaplan-Meier survival curves for tertiles of protein-adjusted 
serum free thiols, representing CKD-free survival based on the individual de-
terminants of eGFR (<60 mL/min/1.73 m2) and UAE (>30 mg/24-h) as well as 
on the composite outcome of incident CKD (eGFR, UAE or both). Highest rates 
of incident CKD were observed in the lowest tertile (T1) of protein-adjusted 
serum free thiols (log-rank tests, all P < 0.001). 
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extracellular free thiols, thereby lowering their total availability in the 
systemic circulation. As the availability of circulating proteins largely 
determines the amount of potentially detectable extracellular free thiol 
groups, an adjustment to total protein (or albumin) may be considered 
as an indirect approach to more accurately reflect the total extracellular 
free thiol pool [12,16,42,44,45]. A single, easily reproducible, robust, 
minimally invasive quantification of serum free thiols may become a 
useful screening tool for measuring whole-body redox status in a variety 
of clinical contexts. 

In stratified analyses, an important observation was that protein- 
adjusted serum free thiols and the risk of incident CKD remained 
consistently inversely associated in all analyzed subgroups, although 
few of them without statistical significance. Notably, associations be-
tween serum free thiols and the risk of incident CKD showed signifi-
cantly stronger associations in subgroups characterized by below- 
median UAE, the absence of hypertension, and the presence of chronic 
heart failure. A possible explanation for the latter result could be that 
chronic heart failure strengthens the prediction as this condition is 
already by itself accompanied by oxidative stress [11]. Furthermore, 

CHF is strongly associated with renal dysfunction, not only because of 
the use of medical therapies affecting renal haemodynamics and solute 
handling (diuretics), but also because the mutual interactions between 
the heart and the kidney are critical for proper execution of their 
physiological functions [46]. However, these findings should be inter-
preted with caution as several subgroup sizes were rather imbalanced, 
which may have introduced bias. 

Currently, serum creatinine remains the primary index for the 
detection and monitoring of the prevalence and severity of kidney dis-
ease [47]. More recently the KDIGO (Kidney Disease: Improving Global 
outcomes) classification was enriched with the addition of urinary al-
bumin to creatinine ratio (UACR) meant for CKD staging and prognos-
tication [1]. By doing so, CKD measures include both estimated kidney 
function (eGFR) as well as the endothelial injury-reflecting UACR. 
Additional markers related to damage of the tubular compartment such 
as kidney injury molecule-1 (KIM-1) and monocyte chemotactic 
protein-1 (MCP-1) have been investigated intensively and also add to the 
diagnosis of CKD [48,49]. Oxidative stress is an early event in hypoxic 
and inflammatory conditions and relates to various comorbidities of 

Table 3 
Cox proportional hazards regression analyses for associations between protein- 
adjusted serum free thiols and the risk of incident CKD, either as composite 
outcome or based on its individual determinants (eGFR and UAE).   

HR per doubling T1 T2 T3  

<4.75 
μmol/g 

4.75–5.53 
μmol/g 

>5.53 μmol/g 

A. CKD (composite outcome) (n ¼ 482) 
Model 

1 
0.42 

[0.32–0.56], 
P<0.001 

1.00 
(reference) 

0.58 
[0.47–0.72], 

P<0.001 

0.49 
[0.39–0.61], 

P<0.001 
Model 

2 
0.66 

[0.49–0.89], 
P¼0.007 

1.00 
(reference) 

0.72 
[0.58–0.89], 

P¼0.002 

0.72 
[0.57–0.90], 

P¼0.005 
Model 

3 
0.68 

[0.51–0.93], 
P¼0.015 

1.00 
(reference) 

0.73 
[0.59–0.91], 

P¼0.005 

0.74 
[0.58–0.93], 

P¼0.011 
Model 

4 
0.67 

[0.47–0.94], 
P¼0.022 

1.00 
(reference) 

0.77 
[0.60–0.98], 

P¼0.032 

0.67 
[0.51–0.88], 
P¼0.005 

B. CKD (eGFR<60 mL/min/1.73m2) (n ¼ 155) 
Model 

1 
0.26 

[0.17–0.40], 
P<0.001 

1.00 
(reference) 

0.52 
[0.37–0.75], 

P<0.001 

0.28 
[0.18–0.43], 

P<0.001 
Model 

2 
0.27 

[0.44–1.26], 
P=0.268 

1.00 
(reference) 

0.91 
[0.63–1.31], 

P=0.910 

0.71 
[0.45–1.13], 

P=0.712 
Model 

3 
0.79 

[0.46–1.34], 
P=0.374 

1.00 
(reference) 

0.94 
[0.65–1.36], 

P=0.725 

0.74 
[0.47–1.18], 

P=0.204 
Model 

4 
0.75 

[0.42–1.34], 
P=0.331 

1.00 
(reference) 

0.95 
[0.65–1.41], 

P=0.808 

0.60 
[0.35–1.01], 

P=0.056 
C. CKD (UAE >30mg/24-h) (n ¼ 363) 
Model 

1 
0.53 

[0.38–0.72], 
P<0.001 

1.00 
(reference) 

0.63 
[0.50–0.81], 

P<0.001 

0.60 
[0.47–0.77], 

P<0.001 
Model 

2 
0.68 

[0.48–0.95], 
P¼0.025 

1.00 
(reference) 

0.71 
[0.56–0.91], 

P¼0.008 

0.74 
[0.57–0.96], 

P¼0.024 
Model 

3 
0.71 

[0.50–1.00], 
P=0.052 

1.00 
(reference) 

0.73 
[0.57–0.94], 

P¼0.015 

0.76 
[0.58–0.99], 

P¼0.043 
Model 

4 
0.69 

[0.46–1.04], 
P=0.073 

1.00 
(reference) 

0.77 
[0.58–1.03], 

P=0.077 

0.70 
[0.51–0.96], 

P¼0.028 

Model 1, crude model. Model 2, model 1 with adjustment for age and sex. Model 
3, model 2 with adjustment for current smoking, systolic blood pressure, chronic 
heart failure, diabetes, total cholesterol, use of lipid-lowering drugs. Model 4, 
model 3 with adjustment for high-sensitive C-reactive protein (hs-CRP). Bold P- 
values indicate statistical significance. Abbreviations: HR, hazard ratio; CKD, 
chronic kidney disease; eGFR, estimated glomerular filtration rate; UAE, urinary 
albumin excretion. 

Fig. 3. (A–B). Restricted cubic splines (RCS) demonstrating the association 
between protein-adjusted serum free thiols and the risk of incident CKD for both 
(A) the crude model (Model 1) and (B) the fully adjusted model (Model 4). 
Estimated associations were derived from Cox proportional hazards regression 
models and RCS based on three knots (0.5th, 50th and 99.5th percentiles). 
Likelihood ratio tests for non-linearity were not significant for both models (χ2 

=1.32, P=0.287 and χ2 =1.11, P=0.292, respectively). Orange- and red-shaded 
areas represent 95% confidence intervals. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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CKD including high BMI and vascular damage. In the present study, we 
convincingly show that a robust biomarker of oxidative stress is strongly 
associated with incident CKD in the general population. This emphasizes 
that markers of oxidative stress may aid in predicting the occurrence of 
CKD. 

Aside from the potential prognostic value of protein-adjusted serum 
free thiols, our results also highlight opportunities for future develop-
ment of therapeutic and preventive interventions. As free thiols may be 
receptive to therapeutic modulation, exogenous administration of thiol- 
targeted agents could be a potential strategy as these compounds may 
restore extracellular thiol homeostasis in circumstances of pathological 
overproduction of ROS [50–52]. However, following this therapeutic 
approach, thiol-based antioxidants should ideally not disturb the 

physiological functions of ROS, but rather stay reserved for individuals 
who have evident free radical overproduction, which may be reflected 
by reduced levels of serum free thiols. Extracellular free thiols may be 
considered as an integrative marker of whole-body redox status and may 
serve as an important tool for interrogating an individual’s redox 
phenotype and aid in risk stratification in primary and secondary pre-
vention settings in the context of CKD. In this context, patient stratifi-
cation based on redox phenotyping would inform future therapeutic 
decision-making. Importantly, treatment decisions should be tailored 
to the specific level of “redox stresses”, selecting a personalized inter-
vention to achieve whole-body redox balance [53]. This, in turn, could 
improve the effectiveness of such therapies, as it may lower the risk of 
eliciting further perturbances to redox signaling systems by incautious 

Fig. 4. Stratified analyses for the association between protein-adjusted serum free thiols and the risk of incident CKD across various subgroups. Hazard ratios (HRs) 
are shown with corresponding 95% confidence intervals (CIs). HRs show consistently inverse associations between protein-adjusted serum free thiols and the risk of 
incident CKD in all subgroups. HRs were adjusted for potential confounding factors (based on the DAG), including current smoking, systolic blood pressure, chronic 
heart failure, diabetes, total cholesterol, use of lipid-lowering drugs, and hs-CRP. Abbreviations: BMI, body-mass index; CHF, chronic heart failure; CKD, chronic 
kidney disease; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; R-SH, protein-adjusted serum free thiols; UAE, urinary albumin excretion; 
HR, hazard ratio; CI, confidence interval. 
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administration of thiol-based antioxidants, instead of protecting them 
from the potential negative effects of additional stress events. In light of 
these considerations, the question whether incident CKD could be pre-
vented by modification of the extracellular free thiol content remains to 
be answered in future studies. 

Strengths of the present study include the size and extensive 
phenotypic characterization of the study cohort as well as the relatively 
long follow-up duration, which enabled us to prospectively evaluate the 
prognostic value of serum free thiols with regard to the development of 
CKD in a population-based setting, while controlling for relevant cova-
riates in the analysis. At the same time, several limitations of this study 
warrant recognition. For instance, the observational nature of the study 
limits causal inference for the relationship between free thiols and 
incident CKD. Another limitation constitutes the poor generalizability of 
our results to other ethnicities and geographical locations, as most 
participants in this study were Caucasians who lived in the northern 
parts of the Netherlands, respectively. In addition, we were forced to 
exclude a number of participants from the present study of whom no 
serum samples or insufficient serum volume was available to determine 
protein-adjusted serum free thiol concentrations. This group of partici-
pants demonstrated statistically significant differences in baseline study 
population characteristics, which might have introduced exclusion bias, 
which could, however, not be completely avoided. 

5. Conclusions 

Taken together, we conclude that serum free thiols are significantly 
associated with the risk of incident CKD in the general population. 
Serum free thiols might harbor considerable potential as an easily 
measurable biomarker for monitoring the risk of future renal function 
decline. Future prospective studies are warranted to further elucidate 
the clinical relevance of extracellular free thiols, which is also of po-
tential significance as these compounds may be amenable to therapeutic 
intervention. 
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