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A B S T R A C T

Background: Chronic Kidney Disease (CKD), is often detected late due to its asymptomatic nature in the early 
stage of the disease. Overproduction of reactive oxygen species contributes to various pathological processes 
through oxidative stress (OS), impacting on cellular structures and functions with previous studies suggesting a 
link between OS and CKD progression. This study investigated the association between serum peroxiredoxin-4 
(Prx4), a biomarker of oxidative stress, and the development of CKD in the general population.
Methods: This study featured data from the Prevention of REnal and Vascular ENd-stage Disease (PREVEND) 
cohort, involving 5341 participants without CKD at baseline who underwent extensive prospective health 
evaluations. Serum Prx4 levels were quantified using an immunoluminometric assay. The primary outcome was 
new-onset CKD as defined by the composite of urinary albumin excretion (UAE) > 30 mg/24-h, an estimated 
glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2, or both.
Results: Baseline median Prx4 level was 0.65 [interquartile range (IQR): 0.42–1.04] U/L, median eGFR was 98 
[IQR: 87–108] mL/min/1.73 m2, and median UAE was 8.1 [IQR: 6.0–12.1] mg/L. During a median follow-up of 
10.4 [IQR: 6.3–11.4] years, 867 (16.2 %) patients developed new-onset CKD. Higher Prx4 levels were signifi
cantly associated with an increased risk of CKD (hazard ratio (HR) per doubling: 1.29 [95 % confidence interval 
(CI): 1.21–1.37], p < 0.001), also after adjustment for risk factors including sex, smoking status, systolic blood 
pressure, high-sensitive C-reactive protein, chronic heart failure, diabetes mellitus and dyslipidemia (HR per 
doubling: 1.16 [1.06–1.24], p < 0.001). Sensitivity analyses confirmed the robustness of these findings.
Conclusions: This study supports the hypothesis that systemic oxidative stress, reflected by higher serum Prx4 
levels, is significantly associated with the risk of developing CKD in the general population. These findings 
suggest that Prx4 could be a valuable biomarker for early risk stratification and prevention strategies in CKD 
management.

1. Introduction

Chronic Kidney Disease (CKD) is a global health challenge with 
profound implications for individuals and healthcare systems [1]. 
Defined by a progressive loss of kidney function over time, CKD is 
usually diagnosed through declining glomerular filtration rates (eGFR) 

and signs of kidney damage [2]. Its stages range from mild dysfunction 
to complete kidney failure, necessitating dialysis or transplantation. 
Patients with progressive loss of kidney function remain asymptomatic 
most of the time, presenting complications typically associated with 
kidney dysfunction only in more advanced stages [1]. Given its insidious 
onset and progression, early detection and prevention of CKD are 
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crucial, underscoring the urgent need for effective prognostic 
biomarkers.

Reactive oxygen species (ROS), unstable and reactive molecules that 
are natural byproducts of various cellular processes, including mito
chondrial aerobic respiration and peroxisome activity, have functions as 
regulators of cellular signaling and immune responses [3]. However, 
large quantities of ROS can be produced in specific circumstances, which 
can extensively damage cellular structures leading to inflammation and 
tissue destruction [4]. This process is also referred to as oxidative stress 
(OS): an imbalance between oxidants and antioxidants, favoring oxi
dants and causing disruptions in redox signaling and molecular damage 
[5]. Prior studies established a correlation between oxidative stress and 
an increased risk or worse disease outcome of various conditions 
including neurodegenerative diseases, cardiovascular diseases (CVD), 
inflammatory bowel diseases (IBD), and several types of cancers [6–9]. 
The role of oxidative stress in the development of chronic kidney disease 
(CKD) is well-established [10]. However, the role of oxidative stress in 
disease onset has been relatively underexplored.

Living organisms have developed a variety of both enzymatic and 
non-enzymatic antioxidants, such as glutathione, thioredoxin, vitamin 
C, free thiols, catalase, and peroxiredoxins, and some of these bio
markers can be used to measure systemic oxidative stress [3,11]. Per
oxiredoxins are antioxidant proteins that actively break down 
endogenously generated peroxide radicals in a thiol-dependent manner 
[12]. To date, six isoforms have been identified, but only 
peroxiredoxin-4 (Prx4) is detectable in the circulation [13]. Generally, 
increased peroxiredoxin levels are representative of higher oxidative 
stress burden, serving as a compensatory response [14]. Previous studies 
have shown that elevated serum Prx4 levels are linked to the develop
ment of nephropathy in diabetic patients and cardiovascular disease 
(CVD) in the general population, including those with microalbuminuria 
[15–17]. Additionally, higher serum Prx4 levels are associated with 
cardiovascular and all-cause mortality in individuals with type 2 dia
betes [18].

While prior research indicates the potential use of serum 
peroxiredoxin-4 as a biomarker for incident cardiometabolic diseases, its 

Fig. 1. CONSORT Flowchart of participant selection within the PREVEND cohort study.
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potential utility as a prognostic indicator for CKD has not been investi
gated. In this study, we hypothesized that serum concentrations of 
peroxiredoxin-4, representing a biomarker of systemic oxidative stress, 
are associated with the development of CKD in the general population. 
Therefore, we aimed to explore the association between serum Prx4 
levels and the incidence of newly developed CKD.

2. Materials and methods

2.1. Study population and study design

This research incorporated individuals without CKD at baseline, 
drawn from the Prevention of REnal and Vascular ENd-stage Disease 
(PREVEND) study. PREVEND is a prospective, population-based cohort 
study executed in the Netherlands, aimed at examining the link between 
urinary albumin excretion and the development of kidney and cardio
vascular diseases [19,20]. The study features data on many variables 
that are relevant to cardiovascular and kidney disease collected from 
residents of the city of Groningen aged 28–75 years (Fig. 1) (see Sup
plementary Materials for additional information).

2.2. Data collection

This study involved participants completing a comprehensive ques
tionnaire designed to gather information on their demographic details, 
medical history (including cardiovascular and kidney diseases, and 
diabetes mellitus), lifestyle practices (such as smoking habits), and 
medication intake. As a known predictor for CKD, data concerning Race 
was collected via self-reporting. Anthropometric measurements were 
taken, blood pressure was measured and blood and urine were taken for 
several analyses (e.g. high-sensitivity C-reactive protein (hs-CRP), cys
tatin C, and creatinine) (see Supplementary Materials for detailed de
scriptions of these measurements). Missing values for each variable were 
recorded and documented accordingly (see Supplementary Materials).

2.3. Study outcomes and definitions

The study’s follow-up period concluded on January 1, 2011. We 
estimated GFR with the combined creatinine cystatin C-based Chronic 
Kidney Disease Epidemiology (CKD-EPI) Collaboration equation from 
2012, taking into account age, sex, and race [21]. The primary outcome 
for this study was CKD as a composite outcome of: 1. Urinary albumin 
excretion (UAE) > 30 mg/24-h; 2. an estimated GFR <60 mL/min/1.73 
m2. Secondary outcomes were based on UAE of estimated GFR sepa
rately. At the study’s onset, dyslipidemia was identified through any of 
the following criteria: serum cholesterol levels exceeding 6.5 mmol/L, 
the utilization of lipid-lowering medications, or serum HDL-cholesterol 
levels <0.9 mmol/L. Participants were considered to have diabetes if 
they met one or more of the following conditions: a fasting glucose 
concentration of 7.0 mmol/l or higher, a non-fasting glucose level of 
≥11.1 mmol/l, or if they were taking antidiabetic medication following 
the guidelines established by the American Diabetes Association (ADA) 
[22]. Prx4 levels were determined using a validated immunolumino
metric sandwich assay [23] (see Supplementary Materials for details).

2.4. Statistical analysis

Data are presented as median [interquartile range] or n (%). Data 
distributions were visually inspected through histograms and normal 
probability plots (Q-Q plots) for assessment of normality. For analysis, 
serum Prx4 levels were 2log-transformed, enabling the reporting of 
hazard ratios (HRs) in relation to each doubling of Prx4 levels. In 
addition, three groups (tertiles T1, T2 and T3) were created based on 
Prx4 levels across the entire cohort. Differences in baseline character
istics across these tertiles were examined using one-way analysis of 
variance (ANOVA) or Kruskal-Wallis tests for continuous variables, and 

Chi-square tests for categorical variables. To evaluate survival distri
butions among tertiles of serum Prx4 concentrations, Kaplan-Meier 
survival analysis was conducted, and comparisons were drawn using 
log-rank tests. Survival duration was measured from the baseline to the 
date of the last follow-up visit, occurrence of CKD, death, or until 
January 1st, 2011, which marked the end of study follow-up. More 
specifically, participants attended two outpatient visits separated by 
three weeks during a second (2001–2003), third (2003–2006), fourth 
(2006–2008), and fifth (2009–2011) round of study investigations. At 
all these visits, eGFR and urine albumin was measured. Univariable and 
multivariable Cox proportional hazards regression analyses were per
formed to explore the relationship between serum Prx4 levels and the 
incidence of CKD. This was done by using four models based on a priori 
selected confounders (see section 2.7).

Findings from Cox regression analyses were presented as hazard 
ratios (HRs) along with their respective 95 % confidence intervals (95% 
CIs). Stratified analyses were then conducted to investigate the associ
ation of serum Prx4 levels and new-onset CKD across various subgroups. 
Possible interactions with particular variables were examined by fitting 
models including interaction terms, where a Pinteraction value of <0.05 
was considered to indicate significant effect modification. Cutoffs for 
variables were obtained by splitting the cohort based on the median of 
the event group. Multiple sensitivity analyses were performed by 
running the fully adjusted model (model 4) after; adjusting CKD defini
tion at baseline (eGFR from <60 to <65 mL/min/1.73 m2 and UAE from 
>30 to >25 mg/24-h), excluding the first and 99th percentile of serum 
Prx4 outcomes, excluding participants with a short duration of follow- 
up (<2 years), and adding baseline eGFR to the fully adjusted model.

Data analysis was performed using R version 4.2.2 (Vienna, Austria) 
and data visualization was performed using RStudio v2023.12.1–402.

2.5. Ethical considerations

This study was approved by the Institutional Review Board (IRB) 
(full name in Dutch: “Medisch Ethische Toetsingscommissie”, IRB no. 
01/139) of the University Medical Centre Groningen. All participants 
provided written informed consent, and the study was conducted in 
accordance with the principles of the Declaration of Helsinki (2013).

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

Aligning with established guidelines for confounder adjustment, we 
utilized causal models, referred to directed acyclic graphs (DAGs), and 
their underpinning theoretical concepts, to select confounding variables 
for estimating the outcome of interest [24–26]. The DAG visually rep
resents hypothesized causal mechanisms underlying the variables in 
question (Fig. 2). Within these graphs, arrows represent the assumed 
direct causal influences among variables, whereas the lack of an arrow 
between any two variables implies no such direct effect. Our focus was 
on examining the association between serum Prx4 levels, representative 
of systemic oxidative stress, and new-onset CKD, with a particular 
emphasis on identifying and conditioning on a precise group of con
founders to obtain a statistically unconfounded estimate of the effect 
[27–31]. Using this approach, the following variables were selected for 
incorporating into statistical analysis: age, sex, smoking status, systolic 
blood pressure, chronic heart failure, diabetes mellitus, total cholesterol 
and use of lipid-lowering drugs (dyslipidemia), and high-sensitive 
C-reactive protein.

3. Results

3.1. Baseline characteristics of the study population

In total, 5341 participants were included in the study, of which 
baseline demographic, clinical and laboratory characteristics are pre
sented in Table 1. Age, body mass index (BMI), systolic blood pressure 
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(SBP), hs-CRP, cystatin C, percentage of participants with chronic heart 
failure (CHF) and diabetes mellitus were all significantly higher in the 
highest tertile (T3) of serum Prx4 levels compared with the lower two 
tertiles (all p < 0.001). Conversely, percentage of current smokers was 
significantly lower in T3 compared to the lower tertiles (p < 0.001). 
Median eGFR was significantly lower in T3 compared to T2 and T1 (96 
vs 98 vs 100 mL/min/1.73 m2, p < 0 0.001), with the reverse pattern 
visible in median UAE with T3 having the highest UAE (8.4 vs 8.1 vs 7.9 
mg/24-h, p < 0.001).

3.2. Serum Prx4 levels and the risk of new-onset CKD

During a median follow-up of 10.4 [IQR: 6.3–11.4] years, 867 (16.2 
%) patients developed new-onset CKD. While handling serum Prx4 as 
continuous (2log-transformed) variable, a significant association be
tween serum Prx4 and the risk of new-onset CKD was found for all three 
outcomes (HR per doubling: 1.29 [95 % CI: 1.21–1.37] (composite 
outcome) vs. 1.33 [95 % CI: 1.20–1.47] (eGFR) vs 1.29 [95 % CI: 
1.20–1.38] (UAE), all p < 0.001) (Table 2). When adjusting for con
founding variables (Model 4), the association between serum Prx4 levels 
and the composite and UAE outcome for CKD were still significant (HR 
per doubling: 1.16 [95 % CI: 1.08–1.24], p < 0.001) (HR per doubling: 
1.19 [95 % CI: 1.10–1.29], p < 0.001). The fully adjusted model (Model 
4) for new-onset CKD based on solely eGFR, however, did not show a 
significant association (HR per doubling: 1.10 [0.97–1.25], p = 0.127). 
Across all measures, CKD-free survival rates decline over time (Fig. 3). 
The survival curves show that the steepest decline is observed in the 
composite measure, where the CKD-free survival rate drops to around 
70 % at 10 years for the third tertile group.

When tertiles of serum Prx4 levels were used instead of serum Prx4 
levels as continuous variable, the highest tertile (T3) of Prx4 levels was 

consistently significantly associated with the risk of new-onset CKD as 
defined through the composite outcome (HR per doubling 1.94 (95%CI: 
[1.64–2.29], p < 0.001) (Table 2), also after adjustment for confounding 
variables as described (Model 4) (HR per doubling:1.46 (95%CI: 
[1.22–1.74], p < 0.001). When these analyses were performed for the 
individual components of the composite outcome (eGFR <60 ml/min 
per 1.73 m2 and UAE >30 mg/24h), a stronger association was found for 
UAE as individual outcome (Model 4) (HR per doubling:1.58 (95%CI: 
[1.29–1.94], p < 0.001) compared to eGFR decline as individual 
outcome (Model 4) (HR per doubling: 1.33 (95%CI: [0.97–1.74], p =
0.077).

3.3. Stratified analyses

Following these observations, we conducted additional in
vestigations to determine the link between Prx4 serum levels and the 
incidence of CKD within different subgroups (see Fig. 4). Two variables, 
baseline eGFR (p = 0.003) and baseline UAE (p < 0.001), showed sig
nificant interactions for the association between serum Prx4 and the risk 
of new-onset CKD. Participants with a relatively lower eGFR (<87.76 
mL/min/1.73 m2) showed lower HR per doubling (HR: 1.08) compared 
to participants with a higher eGFR (>87.76 mL/min/1.73 m2) (HR: 
1.22). Participants with a lower UAE (<13.42 mg/24-h) demonstrated 
an overall higher HR per doubling (HR: 1.23) compared with partici
pants with a higher UAE (>13.42 mg/24-h) (HR: 1.05).

3.4. Sensitivity analyses

Four different sensitivity analyses were performed to evaluate the 
robustness of the observed association (Table 3). Firstly, the cutoff 
values for CKD at baseline were adjusted by changing the definition of 

Fig. 2. A Directed Acyclic Graph (DAG) illustrates the hypothesized causal relationships that underlie the connection between systemic oxidative stress (indicated by 
serum Prx4 levels) and the likelihood of developing chronic kidney disease (CKD) in the general population. Following the DAG, a distinct set of confounding factors 
were accounted for through conditioning to ensure the derivation of an unconfounded effect estimate.
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baseline CKD to eGFR <65 mL/min/1.73 m2 (<60 mL/min/1.73 m2 

initially) and UAE to >25 mg/24-h (>30 mg/24-h initially). This did not 
materially change the association, showing a significant association and 
comparable HR (HR per doubling 1.14, 95%CI: [1.06–1.22], p < 0.001). 
Secondly, the first and 99th percentile of serum Prx4 values were 
excluded, which again did not substantially change the association (HR 
per doubling 1.17, 95%CI: [1.08–1.27, p < 0.001). Thirdly, all partici
pants with a follow-up less than two years were excluded, resulting once 
again in a similar HR, and maintained statistical significance (HR per 
doubling 1.14, 95%CI: [1.05–1.22], p < 0.001). Lastly, baseline eGFR 
was added to the Cox regression model of Model 4, resulting in a similar 
HR per doubling (1.14, 95%CI: [1.06–1.22, p < 0.001).

4. Discussion

This study provides support to the hypothesis that systemic oxidative 
stress is associated with the development of CKD in the general popu
lation, by demonstrating a robust association between serum Prx4 levels 
and the risk of new-onset CKD. The observation that higher Prx4 values 
corresponded to an increased risk of CKD, irrespective of traditional risk 
factors such as age, sex, and other comorbidities, highlights the potential 
of serum Prx4 levels as a novel biomarker for early CKD risk 

stratification. Further, when we additionally adjusted for baseline eGFR 
in our models, the association between serum Prx4 levels and incident 
CKD remained statistically significant, affirming the robustness of our 
findings in associating Prx4 levels with CKD risk. Moreover, stratified 
analyses revealed that UAE (>13.42 mg/24-h) and eGFR (<87.76 mL/ 
min/1.73 m2) (Pinteraction <0.001, Pinteraction = 0.003, respectively) were 
the only variables with a significant difference in HR across subgroups. 
This observation suggests that the role of serum Prx4 as a biomarker for 
new-onset chronic kidney disease (CKD) may be less pronounced in 
individuals already exhibiting signs of kidney function decline. The 
performed sensitivity analyses also consistently demonstrated a robust 
association with the risk of CKD progression. Collectively, these findings 
indicate that oxidative stress may play an important role in the devel
opment of CKD.

One plausible mechanism pertaining to the observed association 
between serum Prx4 levels and the risk of developing CKD involves 
endothelial dysfunction, which is a well-documented consequence of 
oxidative stress, and impairs renal blood flow regulation and filtration 
[32–34]. Furthermore, higher oxidative stress and an impaired renal 
blood flow can cause a hypoxia and low-grade inflammation, which 
exacerbating oxidative stress and kidney injury even more [33–35]. 
Prior studies on peroxiredoxins and kidney diseases, including those in 

Table 1 
Baseline demographic, clinical characteristics of the study population and study outcomes, stratified by tertiles of serum Prx4 levels.

Total T1 T2 T3 P-value

​ ​ <0.50 U/L 0.50–0.87 U/L >0.87 U/L ​
​ ​ n=1781 n=1780 n=1780 ​
Prx4 (U/L) 0.65 [0.42–1.04] 0.37 [0.37–0.42] 0.65 [0.57–0.75] 1.30 [1.04–1.81] <0.001
Prx4 (U/L) (Females) 0.64 [0.41–1.01] 0.37 [0.37–0.42] 0.65 [0.57–0.74] 1.29 [1.03–1.78] <0.001
Prx4 (U/L) (Males) 0.67 [0.43–1.07] 0.37 [0.37–0.42] 0.66 [0.57–0.75] 1.32 [1.04–1.84] <0.001
Demographics
Age (years) 47.0 [38.8–56.4] 45.6 [37.7–53.8] 47.2 [38.7–55.9] 48.3 [40.2–60.2] <0.001
Female, n (%) 2820 (53) 969 (54) 945 (53) 906 (51) 0.106
Race, n (%) <0.001
Asian, n (%) 104 (2) 16 (0.9) 29 (2) 59 (3) ​
Black, n (%) 53 (10) 6 (0.3) 15 (0.8) 32 (2) ​
Other, n (%) 61 (1) 21 (1) 19 (1) 21 (1) ​
White, n (%) 5086 (96) 1723 (98) 1707 (96) 1656 (94) ​
Anthropometrics
BMI (kg/m2) 25.2 [23.0–27.8] 24.6 [22.6–27.0] 25.3 [22.9–27.8] 25.8 [23.3–28.7] <0.001
Waist circumference (cm) 86.5 [77.5–95.0] 84.5 [77.0–92.5] 86.5 [77.0–95.0] 89.0 [80.0–98.0] <0.001
Risk factors
SBP (mmHg) 123 [112–136] 121 [111–133] 123 [113–136] 126 [114–140] <0.001
DBP (mmHg) 72 [66–79] 71 [65–77] 72 [66–79] 74 [68–80] <0.001
Heart rate (bpm) 68 [62–75] 68 [61–74] 68 [62–74] 69 [63–76] <0.001
Smoking <0.001
Never, n (%) 1691 (32) 523 (30) 587 (33) 581 (33) ​
Current, n (%) 1687 (32) 662 (37) 541 (31) 491 (28) ​
Former (<1 year), n (%) 200 (4) 79 (5) 58 (3) 63 (4) ​
Former (>1 year), n (%) 1735 (33) 511 (29) 585 (33) 639 (36) ​
History of CHF, n (%) 146 (3) 23 (1) 46 (3) 77 (4) <0.001
History of diabetes, n (%) 77 (1) 10 (0.6) 25 (1) 42 (2) <0.001
Medication use
Antihypertensive drugs, n (%) 532 (12) 122 (9) 174 (12) 236 (16) <0.001
Lipid-lowering drugs, n (%) 162 (4) 46 (3) 46 (3) 70 (5) 0.055
Antidiabetic drugs, n (%) 50 (0.9) 9 (0.5) 15 (0.9) 26 (2) 0.010
Laboratory measurements
Total cholesterol (mmol/L) 5.50 [4.80–6.30] 5.50 [4.80–6.30] 5.40 [4.76–6.20] 5.55 [4.80–6.30] 0.019
hs-CRP (mg/L) 1.07 [0.49–2.56] 0.84 [0.39–1.84] 1.05 [0.48–2.45] 1.42 [0.63–3.38] <0.001
Cystatin C (mg/L) 0.86 [0.77–0.95] 0.85 [0.76–0.93] 0.85 [0.77–0.94] 0.88 [0.79–0.98] <0.001
Creatinine (mmol/L) 69.6 [61.0–79.3] 69.6 [61.0–79.3] 69.6 [61.0–79.3] 69.6 [61.0–78.3] 0.866
eGFR (mL/min/1.73 m2) 98 [87–108] 100 [89–109] 98 [88–103] 96 [84–107] <0.001
UAE (mg/L) 8.1 [6.0–12.1] 7.9 [5.8–11.4] 8.1 [6.0–12.0] 8.4 [6.1–13.0] 0.001
Urine creatinine (mmol/24-h) 8.2 [6.0–11.1] 8.1 [5.9–10.9] 8.2 [6.0–11.2] 8.2 [6.1–11.1] 0.428
Urine urea (mmol/24-h) 223 [165–308] 223 [165–307] 225 [162–309] 224 [166–310] 0.866
Study outcomes
CKD (eGFR <60 mL/min/1.73 m2), n (%) 289 (5) 65 (4) 86 (5) 138 (8) <0.001
CKD (UAE >30 mg/24-h), n (%) 667 (13) 166 (9) 199 (11) 302 (17) <0.001
CKD (combination), n (%) 867 (16) 218 (12) 257 (14) 389 (22) <0.001

Data are presented as median [interquartile range] or n (%). Abbreviations: Prx4, peroxiredoxin 4; U/L, units per liter; T1, tertile 1; T2, tertile 2; T3, tertile 3; BMI, body 
mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; bpm, beats per minute; CHF, congestive heart failure; hs-CRP, high-sensitivity C-reactive 
protein; eGFR, estimated glomerular filtration rate; UAE, urinaryalbumin excretion; CKD, chronic kidney disease.
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the context of diabetes, provide a foundation for understanding the role 
of oxidative stress in kidney pathology [36,37]. Oxidative stress triggers 
mitochondrial destabilization, resulting in reduced cellular energy 
production and increased cell death through apoptosis, which can lead 
to loss of renal tubular epithelial cells [37]. By drawing parallels with 
these studies, our findings may suggest a potential role for Prx4 in 
signaling early oxidative damage within the kidneys and the connection 
with oxidative stress.

Prx4 is a key player in the body’s antioxidant defense system, serving 
as a biomarker of oxidative stress by neutralizing peroxides and pro
tecting cells from oxidative damage [12,13,15]. While our study focused 
on Prx4 concentrations, it is important to note that we do not distinguish 
between the oxidized and reduced forms of Prx4, which is a limitation 
given the significance of the redox state in Prx4 activity. Prx4 undergoes 
redox-dependent conformational changes that influence its enzymatic 
activity, as described in previous studies [38,39]. Reduced Prx4 plays a 
role in scavenging ROS by forming disulfide bonds between cysteine 
residues, while the oxidized form may lose its ROS-neutralizing capa
bilities due to overoxidation [39]. Understanding these distinct redox 
states is critical because the reduced and oxidized forms of Prx4 
contribute differently to cellular protection against oxidative stress. 

Similarly, the distinction between free thiols (FTs) and total thiols 
(reduced plus oxidized) is crucial when evaluating the thiol redox 
metabolome [40]. Systemic free thiols primarily reflect the antioxidant 
capacity of the extracellular space, while total thiols would provide a 
broader view, including oxidized forms, which indicate oxidative stress 

Table 2 
Serum Prx4 levels and the risk of new-onset CKD in the general population.

HR per doubling 
of serum Prx4

T1 T2 T3

<0.50 U/L 0.50–0.87 U/L >0.87 U/L

CKD (composite outcome) (n¼867)
Model 

1
1.29 
[1.21–1.37], p 
< 0.001

1.00 
(reference)

1.19 
[0.99–1.43], p 
= 0.060

1.94 
[1.64–2.29], p 
< 0.001

Model 
2

1.20 
[1.12–1.28], p 
< 0.001

1.00 
(reference)

1.10 
[0.92–1.32], p 
= 0.037

1.60 
[1.36–1.90], p 
< 0.001

Model 
3

1.16 
[1.09–1.24], p 
< 0.001

1.00 
(reference)

1.09 
[0.91–1.31], p 
= 0.353

1.48 
[1.25–1.76], p 
< 0.001

Model 
4

1.16 
[1.08–1.24], p 
< 0.001

1.00 
(reference)

1.09 
[0.91–1.32], p 
= 0.355

1.46 
[1.22–1.74], p 
< 0.001

CKD (eGFR <60 mL/min/1.73 m2) (n¼229)
Model 

1
1.33 
[1.20–1.47], p 
< 0.001

1.00 
(reference)

1.33 
[0.96–1.84], p 
= 0.082

2.21 
[1.64–2.96], p 
< 0.001

Model 
2

1.19 
[1.06–1.33], 
p¼0.003

1.00 
(reference)

1.18 
[0.85–1.63], p 
= 0.317

1.56 
[1.16–2.11], 
p¼0.003

Model 
3

1.12 
[1.00–1.27], p 
= 0.057

1.00 
(reference)

1.17 
[0.84–1.61], p 
= 0.352

1.39 
[1.02–1.88], 
p¼0.036

Model 
4

1.10 
[0.97–1.25], p 
= 0.127

1.00 
(reference)

1.12 
[0.81–1.56], p 
= 0.500

1.33 
[0.97–1.81], p 
= 0.077

CKD (UAE >30 mg/24-h) (n¼667)
Model 

1
1.29 
[1.20–1.38], p 
< 0.001

1.00 
(reference)

1.21 
[0.99–1.49], p 
= 0.068

1.95 
[1.61–2.35], p 
< 0.001

Model 
2

1.21 
[1.13–1.31], p 
< 0.001

1.00 
(reference)

1.13 
[0.92–1.39], p 
= 0.235

1.67 
[1.38–2.03], p 
< 0.001

Model 
3

1.20 
[1.11–1.30], p 
< 0.001

1.00 
(reference)

1.12 
[0.91–1.39], p 
= 0.269

1.60 
[1.32–1.95], p 
< 0.001

Model 
4

1.19 
[1.10–1.29], p 
< 0.001

1.00 
(reference)

1.24 
[0.91–1.40], p 
= 0.268

1.58 
[1.29–1.93], p 
< 0.001

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. Bold P-values 
indicate statistical significance. Abbreviations: HR, hazard ratio; CKD, chronic 
kidney disease; eGFR, estimated glomerular filtration rate; UAE, urinary albu
min excretion.

Fig. 3. Kaplan-Meier survival curves for tertiles of Prx4, representing CKD-free 
survival based on the composite outcome of incident CKD (eGFR, UAE or both 
(A), as well as the individual determinants of eGFR (<60 mL/min/1.73 m2) (B) 
and UAE (>30 mg/24-h) (C). Highest rates of incident CKD were observed in 
the highest tertile (T3) of Prx4 (log-rank tests, all p < 0.001).
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burden and which is referred to as the ‘redox reserve’ [40]. Both thiol 
states offer valuable insight into the redox balance, and incorporating 
measurements of reduced and oxidized forms of Prx4 or thiols could 
provide a more detailed understanding of the redox landscape in chronic 

kidney disease (CKD). While these measurements can be challenging due 
to sample handling requirements, they are meaningful for assessing 
enzyme activity and redox status [40].

In related studies, higher circulating Prx4 levels have been associated 
with an increased risk of developing nephropathy in patients with type 2 
diabetes and with end-stage kidney disease [15,17]. The results of our 
study underscore those findings, with serum Prx4 fulfilling its role as a 
potential biomarker for detecting early kidney damage through oxida
tive stress. However, like other biomarkers such as uric acid, homo
cysteine and FTs, the use of a single biomarker has limitations in 
accurately diagnosing disease and clarifying pathophysiological mech
anisms [11,22,41,42]. The human redox system encompasses various 
complex and intertwined mechanisms, including the oxidative stress 
response, redox signaling, and metabolic balance, which are integral to 
cellular homeostasis [43]. To effectively map the redox landscape in 
diseases such as CKD, combining individual biomarkers that represent 
different components of these mechanisms could be a promising alter
native. When comparing Prx4 to other redox biomarkers tested for CKD, 
it is also important to consider the specificity and sensitivity of these 
markers in reflecting oxidative stress and their relationship with kidney 
damage. For example, FT have also shown associations with the 

Fig. 4. Stratified analyses for the association between serum Prx4 levels and the risk of incident CKD across various subgroups. Hazard ratios (HRs) are shown with 
corresponding 95 % confidence intervals (95%CIs).

Table 3 
Sensitivity analysis of serum Prx4 levels and the risk of new-onset CKD in the 
general population.

HR per doubling of serum Prx4 (Model 
4, composite outcome)

Cutoff adjustments for CKD 1.14 [1.06–1.22], p < 0.001
Exclusion of participants within the 
first and 99th percentile

1.17 [1.08–1.27]. p < 0.001

Exclusion of participants with <2 years 
follow-up time

1.14 [1.06–1.22], p < 0.001

Addition of baseline eGFR to the Cox 
regression model

1.14 [1.06–1.22], p < 0.001

Cutoff adjustments for CKD were eGFR <65 mL/min/1.73 m2 & UAE to >25 
mg/24-h. Bold P-values indicate statistical significance. Abbreviations: HR, 
hazard ratio; CKD, chronic kidney disease; eGFR, estimated glomerular filtration 
rate.
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development of CKD, but represent another level of the redox balance, 
and provide an indication of the presence of antioxidants that can 
neutralize ROS [11,40]. FTs, representing free sulfhydryl groups 
(R–SH), provide a read-out of the systemic in vivo redox status and are 
considered reflective of the body’s ability to combat oxidative stress. 
These FTs, largely harbored by blood proteins such as albumin, reflect 
not only the antioxidant capacity, but also play a central role in the 
dynamic regulation of the extracellular redox environment as trans
ducers of redox exchange reactions [44,45]. While both Prx4 and FTs 
may be considered indicative of systemic oxidative stress, Prx4 specif
ically reflects the oxidative burden that has reached a level requiring 
enzymatic neutralization. In contrast, FTs are deemed to more generally 
reflect the antioxidant capacity, and are essential in counteracting 
overproduction of reactive species, thereby indicating a more favorable 
redox status when present in high concentrations. Combining these two 
biomarkers, and preferably complemented by others, would provide a 
more comprehensive characterization of the redox system alterations 
involved in CKD development. To achieve this, high-throughput mea
surement platforms such as mass spectrometry-based techniques should 
be considered to map the entire redox metabolome. This approach 
would allow for the simultaneous quantification and identification of 
multiple redox-sensitive molecules, providing a broader coverage of the 
redox state and the potential for yielding more accurate biomarkers for 
disease progression [40].

One of the main strengths of this study includes its embedding in a 
large, prospective cohort from the PREVEND study. By using this well- 
characterized dataset, our statistical models could be complemented 
with known risk factors of CKD, allowing a comprehensively adjusted 
analysis while preserving sufficient statistical power. Further, by con
ducting additional stratified- and sensitivity analyses, we have validated 
the consistency and robustness of the association between serum Prx4 
levels and CKD risk. Even after correcting for baseline eGFR, the asso
ciation between serum Prx4 levels and incident CKD did not drastically 
change. Likewise, when excluding participants who had less than two 
years of follow-up, the association between serum Prx4 levels and the 
risk of new-onset CD was sustained, reducing the likelihood of reverse 
causation. Interestingly, in this dataset, smoking did not appear to 
correlate with higher Prx4 levels. In a previous study linking FTs to new- 
onset CKD, current smokers had significantly increased FT levels 
compared to non-smokers [35]. This might suggest that smoking may 
lead to an overcompensation of extracellular antioxidant capacity. 
However, these findings contrast with another study where Prx4 was 
increased in patients with lung cancer, suggesting that the relationship 
between smoking and Prx4 may be more complex or influenced by other 
factors [46]. The integration of serum Prx4 measurement into clinical 
practice could be a valuable addition to the management of CKD, 
shifting the focus toward prevention and early intervention. Prx4 levels 
in our cohort align closely with another Dutch cohort studying cardio
vascular mortality in type 2 diabetes mellitus (median 0.79 U/L; IQR 
0.53–1.25 U/L) but are significantly lower than levels reported in 
studies involving sepsis and SIRS, which is expected given the patho
physiological differences and the healthy nature of our cohort [23,47,
48]. However, there are several study limitations that need consider
ation. First, the observational nature of the study does not allow to infer 
causality with regard to the association between serum Prx4 levels and 
CKD development. Although causality is very likely based on our 
finding, we would not conclude that elevated Prx4 is a direct contributor 
to kidney damage. We theorise, based on the function of Prx4 as an 
antioxidant protein that actively break down endogenously generated 
peroxide radicals in a thiol-dependent manner, it is part of an oxidative 
stress defense pathway that influences possible kidney damage [12,14]. 
Secondly, the most significant differences in HR in the tertile analysis 
were found between T1 and T3, suggesting that only the highest thirds of 
serum Prx4 levels could predict CKD incidence. Although this is not a 
pure limitation by itself, further studies also need to be conducted to 
determine specific cutoff values to strike a balance between sensitivity 

and specificity. Lastly, the PREVEND cohort study encompasses pre
dominantly Caucasian participants living in the northern parts of the 
Netherlands, which may limit the external generalizability of our find
ings to ethnically and geographically distinct populations. This aspect 
warrants cautious interpretation of our results, since CKD prevalence 
and risk factors may significantly vary across different ethnicities and 
geographies [49,50].

Our study lays the foundation for future longitudinal and interven
tional studies aimed at further elucidating the role of oxidative stress in 
kidney disease and exploring Prx4-targeted strategies for CKD detection, 
prevention, and management. Prx4 possibly has the potential to detect 
CKD in an early stage of the disease, wherein kidney function is still 
preserved and treatment could be started to prevent further deteriora
tion. In addition, CKD might be prevented through management of hy
pertension, which has been linked to and is at least partially mediated by 
oxidative stress [51]. Moreover, interventional studies looking at the 
impact of antioxidant therapy on serum Prx4 levels and CKD risk could 
provide insight into potential therapeutic strategies. These strategies 
could also involve lifestyle- and dietary interventions [52]. Prx4 is 
involved in cellular antioxidant systems and provides a direct measure 
of peroxide activity, which other markers may not capture so specif
ically. This specificity makes Prx4 an excellent candidate for inclusion in 
a broader panel of biomarkers that assess various aspects of redox 
biology, potentially yielding a more comprehensive understanding of 
the oxidative state and its impact on renal health [12,13].

In conclusion, this study contributes to the emerging evidence of the 
role of oxidative stress, here reflected by serum Prx4 levels, in the 
development of CKD. While promising, these findings call for further 
investigation to fully understand the utility of serum Prx4 as a biomarker 
associated with CKD and its potential in guiding preventive and thera
peutic interventions.
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