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Abstract 

Background  Recent data from the randomized SUSTAIN CSX trial could not confirm clinical benefits from periopera‑
tive selenium treatment in high-risk cardiac surgery patients. Underlying reasons may involve inadequate biosynthesis 
of glutathione peroxidase (GPx3), which is a key mediator of selenium’s antioxidant effects. This secondary analysis 
aimed to identify patients with an increase in GPx3 activity following selenium treatment. We hypothesize that these 
responders might benefit from perioperative selenium treatment.

Methods  Patients were selected based on the availability of selenium biomarker information. Four subgroups were 
defined according to the patient’s baseline status, including those with normal kidney function, reduced kidney func‑
tion, selenium deficiency, and submaximal GPx3 activity.

Results  Two hundred and forty-four patients were included in this analysis. Overall, higher serum concentrations 
of selenium, selenoprotein P (SELENOP) and GPx3 were correlated with less organ injury. GPx3 activity at baseline 
was predictive of 6-month survival (AUC 0.73; p = 0.03). While selenium treatment elevated serum selenium and SELE‑
NOP concentrations but not GPx3 activity in the full patient cohort, subgroup analyses revealed that GPx3 activity 
increased in patients with reduced kidney function, selenium deficiency and low to moderate GPx3 activity. Clini‑
cal outcomes did not vary between selenium treatment and placebo in any of these subgroups, though the study 
was not powered to conclusively detect differences in outcomes. 

Conclusions  The identification of GPx3 responders encourages further refined investigations into the treatment 
effects of selenium in high-risk cardiac surgery patients.
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Background
Cardiac surgery provokes a distinct systemic inflamma-
tory response syndrome (SIRS), which has important 
implications for patients’ mid- and long-term outcomes 
[1]. Perioperative inflammation and oxidative stress arise 
from iatrogenic tissue trauma, the use of cardiopulmo-
nary bypass (CPB) and ischemia–reperfusion injury and 
may represent a modifiable risk factor for the develop-
ment of organ dysfunction [2–4]. Although it has been a 
target of research for decades, the complex interactions 
of pro- and anti-inflammatory cytokines, their determi-
nants, and their influence on the development of SIRS 
and subsequent organ dysfunction are currently not well 
understood. In the human body, several endogenous 
mechanisms specifically protect tissues and organs from 
reactive oxygen species and their sequelae. The essen-
tial trace element selenium is a cornerstone in human 
antioxidant defense mechanisms due to the pleiotropic 
anti-inflammatory and immunomodulatory properties 
of selenoproteins [5–7]. This consideration provides a 
compelling rationale for selenium treatment in high-risk 
situations to attenuate the inflammatory response fol-
lowing cardiac surgery and ultimately to improve clinical 
outcomes. Several observational studies demonstrated 

a significant intraoperative decrease in selenium levels, 
and subsequent interventional studies suggested benefits 
for patients’ short-term outcomes after perioperative 
selenium supplementation [8, 9]. However, recent data 
from the multicenter, randomized, placebo-controlled 
Sodium Selenite Administration in Cardiac Surgery Trial 
(SUSTAIN CSX) challenged these findings and could not 
confirm any clinical benefits from intravenous selenium 
treatment in a broad population of high-risk patients 
[10]. Furthermore, blood analysis demonstrated that the 
perioperative provision of high-dose selenium led to a 
significant increase in serum selenium and selenoprotein 
P (SELENOP) levels but did not translate to an adequate 
downstream response, as selenium-dependent plasma 
glutathione peroxidase (GPx3) remained unaffected 
[10]. While SELENOP mainly serves as a selenium trans-
porter, kidney-derived GPx3 catalyzes the neutralization 
of reactive oxygen species and represents the key media-
tor of the antioxidant capacities of selenium [11–13]. The 
missing increase in GPx3 activity might therefore explain 
the absence of measurable clinical effects. Consequently, 
the objective of this secondary analysis was to identify 
and characterize subgroups of patients in whom GPx3 
activity increases in response to selenium treatment. We 
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hypothesize that these responders might benefit from 
perioperative selenium treatment.

Methods
SUSTAIN CSX overview
This was an a priori defined secondary analysis of the 
international, double-blind, randomized, placebo-con-
trolled SUSTAIN CSX trial (NCT02002247), which 
was conducted at 23 centers in Canada and Germany 
between 2015 and 2021 [10]. Adult patients undergoing 
elective or urgent cardiac surgery with the use of CPB 
were eligible if the European System for Cardiac Opera-
tive Risk Evaluation II (EuroSCORE II) predicted an 
operative mortality risk of at least 5% or if combined sur-
gical procedures were scheduled. Patients were randomly 
assigned to receive either selenium or placebo before 
surgery and postoperatively throughout the ICU stay 
[10]. There were no significant differences between the 
treatment and placebo groups with regard to primary or 
secondary endpoints, and the results did not identify any 
clinical benefits of selenium supplementation in high-risk 
cardiac surgery patients.

Patient selection and subgroup analyses
Participation in this nested substudy of SUSTAIN CSX 
was optional for the sites and within the framework of 
the existing ethical approval [14]. Blood samples were 
collected, and selenium, SELENOP and GPx3 activity 
were measured as described [10]. Patients were selected 
for the current secondary analysis if information on their 
respective biomarkers was available at any time point. 
Four subgroups were defined to identify patients who 
responded to high-dose selenium with an increase in 
GPx3 activity. These subgroups were as follows:

	 I.	 Patients with normal renal function (GFR ≥ 90 ml/
min/1.73 m2): As the kidneys are the primary 
source of GPx3, this subgroup may have optimal 
conditions for an adequate GPx3 response [15].

	II.	 Patients with reduced kidney function 
(GFR < 90 ml/min/1.73 m2): A common finding in 
organ injury is increased resistance to regulatory 
stimuli [16]. This resistance might be overcome by 
high-dose selenium supplementation and result in 
a GPx3 increase. The threshold of 90 ml/min/1.73 
m2 has been chosen in accordance with KDIGO 
guidelines.

	III.	 Patients with selenium deficiency (serum sele-
nium < 70  µg/l): Selenium supplementation might 
be most effective when serum levels are low and 
tissues are poorly supplied [7].

	IV.	 Patients with submaximal baseline activity of GPx3 
(GPx3 < 250 U/l): In the literature, a threshold of 

250 U/l has been established as the upper reference 
limit for GPx3 to distinguish patients with moder-
ate and high activity. This cutoff value also corre-
sponded to the average GPx3 activity of the pre-
sent patient population at baseline. By excluding all 
patients with a priori elevated GPx3 activity from 
this subgroup, the maximum potential for optimi-
zation might be ensured [10, 17].

Quantification of selenium biomarkers
Patient samples were analyzed at the Institute for Experi-
mental Endocrinology (Charité Berlin, Germany) as 
recently described [18–20]. Total reflection X-ray fluo-
rescence spectroscopy (S4 T-STAR, Bruker Nano GmbH, 
Berlin, Germany) was used to determine selenium con-
centrations. Selenium deficiency was defined as the 
presence of baseline serum selenium levels < 70 µg/l. For 
quantification of SELENOP, a commercial enzyme-linked 
immunosorbent assay kit (selenOtest ELISA, selenOmed 
GmbH, Berlin, Germany) was used. The activity of GPx3 
was assessed via the consumption of nicotinamide ade-
nine dinucleotide phosphate (NADPH) at 340  nm in a 
coupled enzymatic assay using hydrogen peroxide as a 
substrate [21]. Reference ranges were used as published 
elsewhere [22, 23]

Statistical analyses
The normality of the data was not assumed, and nonpara-
metric testing was applied throughout the manuscript. 
A p value < 0.05 was considered statistically significant 
(asterisk *), and a p value < 0.10 was considered a poten-
tial trend (wave ≈). Categorical variables were expressed 
as absolute numbers and percentages, while continuous 
variables were presented as the median and interquar-
tile range (IQR, 25–75%). To account for the clustering 
of sites, categorical outcomes were analyzed by a logistic 
generalized linear mixed effects model, while continuous 
outcomes were analyzed by generalized estimating equa-
tions. Outcome statistics (Additional file  1: S1, S3–S6) 
were either reported as odds ratios (ORs), hazard ratios 
(HRs) or mean differences with 95% confidence inter-
vals (CIs). Mann–Whitney U tests were used for further 
group comparisons.

The correlation coefficient (rho, r) quantified asso-
ciations between continuous variables according to 
Spearman. To estimate predictive values with regard to 
survival, receiver operating characteristic (ROC) analyses 
were conducted and areas under the curves (AUCs) were 
computed. Statistical analyses were performed using 
GraphPad Prism® Version 9.5 (GraphPad Software, San 
Diego, USA) and SAS® Version 9.4 (SAS Institute, Cary, 
USA).
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Results
Baseline characteristics and outcomes
Selenium biomarkers were available in n = 244 high-risk 

cardiac surgery patients who were recruited at 11 par-
ticipating sites (Fig. 1). Baseline characteristics and out-
comes did not differ between the treatment and placebo 
groups (Table  1; Additional file  1: S1). Five percent of 
patients died before ICU discharge, and a total of 8% 
within a 6-month period. Selenium levels at baseline 
were significantly higher in patients from Canada than 
in patients from Germany (150, 123–167 µg/l versus 60, 
51–74 µg/l; p < 0.0001; Additional file 1: S2).

Perioperative levels of selenium biomarkers
Baseline serum selenium was below the reference range 
in half of the patients, while preoperative SELENOP was 
mostly adequate. Both biomarkers were significantly 
increased in the treatment group and remained unaf-
fected in patients receiving placebo. The median GPx3 
activity was not affected by selenium treatment, as values 
did not differ between the groups throughout the obser-
vation period (Fig. 2A). ICU admission and day one after 
cardiac surgery were characterized by decreased sele-
nium (placebo group only), SELENOP and GPx3 levels 
in comparison to baseline and a distinct inflammatory 
reaction, as reflected by a pronounced spike in inter-
leukin-6 (IL-6) (Fig.  2B). Selenium and SELENOP were 
closely correlated throughout the study period (e.g., base-
line: r = 0.70; p < 0.0001), whereas GPx3 activity showed 

Fig. 1  Flow diagram of patient selection. SELENOP selenoprotein P, 
GPx3 glutathione peroxidase 3

Table 1  Demographics

GFR glomerular filtration rate, GPx3 glutathione peroxidase 3, IQR interquartile range, no. number of patients, SELENOP selenoprotein P

Selenium
(n = 123)

Placebo
(n = 121)

p

Baseline characteristics

 Age (years)—median (IQR) 70 (60–76) 71 (64–77) 0.17

 Female/male—no. (%) 29 (24)/94 (76) 25 (21)/96 (79) 0.58

 Germany/Canada—no. (%) 93 (76)/30 (24) 92 (76)/29 (24) 0.94

 Body mass index—median (IQR) 27 (25–30) 28 (25–30) 0.95

 Charlson comorbidity index—median (IQR) 1 (0–2) 1 (0–2) 0.41

 Clinical frailty score—median (IQR) 3 (2–3) 3 (2–3) 0.34

Baseline chemistry

 GFR (ml/min/1.73 m2)—median (IQR) 82 (68–97) 81 (69–97) 0.85

 Creatinine (µmol/l)—median (IQR) 84 (73–101) 86 (72–103) 0.94

 Interleukin-6 (pg/ml)—median (IQR) 44 (32–49) 36 (22–62) 0.92

Operative characteristics

 EuroSCORE II—median (IQR) 9 (6–16) 8 (6–14) 0.45

 Elective/urgent surgery—no. (%) 96 (78)/27 (22) 97 (80) / 24 (20) 0.68

 Cardiopulmonary bypass (min)—median (IQR) 140 (113–178) 141 (102–190) 0.90

Baseline micronutrient status

 Selenium (µg/l)—median (IQR) 68 (55—114) 65 (52–119) 0.67

 Deficiency (< 70 µg/l)—no. (%) 64 (52) 64 (53) 0.73

 SELENOP (mg/l)—median (IQR) 4.5 (3.4–5.7) 4.7 (3.5–6.0) 0.75

 GPx3 (U/l)—median (IQR) 273 (187–299) 253 (204–289) 0.62
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only a weak association with selenium (r = 0.23; p = 0.06) 
and was not correlated with SELENOP concentrations 
(r = − 0.09; p = 0.45).

Association of selenium biomarkers and clinical outcomes
An explorative correlation analysis revealed multiple sig-
nificant associations between perioperative selenium bio-
markers, clinical status, ICU course and patient-centered 
outcomes. Overall, higher selenium, SELENOP and GPx3 
levels were correlated with less organ injury and a bet-
ter patient outcome; however, it is important to note that 
these correlations were of weak and moderate strength, 
respectively (Fig. 3).

Low GPx3 activity was correlated with older age and 
reduced kidney function. Low GPx3 activity was also 
related to a higher score in the sequential organ failure 
assessment (SOFA), a longer duration of mechanical ven-
tilation and consequently an extended duration to ICU 
discharge alive.

Regarding long-term outcomes, adequate pre- and 
postoperative selenium indicated improved functional 
outcome measures after 3  months. Six-month survi-
vors had higher selenium (67, 55–119  µg/l versus 54, 
45–79  µg/l; p = 0.04), SELENOP (4.7, 3.5–6.0  mg/l ver-
sus 3.7, 2.3–5.3  mg/l; p = 0.05) and GPx3 levels (273, 
208–296 U/l versus 193, 166–256 U/l; p = 0.03) at base-
line than nonsurvivors. To assess the predictive potential 
of baseline biomarkers for 6-month survival after cardiac 
surgery, ROC curve analyses were performed. All three 
biomarkers were related to survival, with GPx3 activ-
ity (AUC 0.73; p = 0.03) outperforming serum selenium 
(AUC 0.64; p = 0.04) and SELENOP (AUC 0.66; p = 0.05) 
concentrations (Fig. 2C).

GPx3 activity in patients with normal versus impaired 
kidney function (subgroups I and II)
Subgroup I comprised n = 81 patients who had a glo-
merular filtration rate (GFR) of 90  ml/min/1.73 m2 or 

Fig. 2  Perioperative selenium status and inflammation. A Selenium treatment (blue) increased serum selenium and selenoprotein P (SELENOP) 
concentrations compared to placebo (black). However, this increase did not translate to altered glutathione peroxidase 3 (GPx3) activity. Gray 
coloration indicates values below the lower reference limit (selenium and SELENOP) and above the upper reference limit (GPx3). Reference ranges 
were used as published elsewhere. B Interleukin- (IL-) 6 levels reflect a significant inflammatory reaction following cardiac surgery. C Receiver 
operating characteristic (ROC) analyses on the predictive potential of the three selenium biomarkers at baseline regarding 6-month survival 
after cardiac surgery. Areas under the curves (AUCs) are listed in brackets. GPx3 outperformed the other two biomarkers of selenium status. Asterisks 
(*) indicate statistical significance, and waves (≈) indicate a trend. BL baselinẹ, ICU intensive care unit
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above at baseline. Biomarker levels exhibited the same 
dynamics as described above, and GPx3 activity did not 
increase in the treatment group compared to the placebo 
group (Fig. 4A). Furthermore, no significant outcome dif-
ferences between the groups were observed (Additional 
file 1: S3).

Subgroup II included n = 137 patients with impaired 
kidney function and a GFR below 90  ml/min/1.73 m2 
at baseline. Here, selenium supplementation not only 
increased serum selenium and SELENOP concentra-
tions, but also GPx3 activity at Day 4 (Fig. 4B). Regard-
ing clinical outcomes in this subgroup, there were no 
major differences between the treatment and placebo 
groups. However, the physical domain of the Short Form 
36 questionnaire after 3 months tended to be higher with 
selenium supplementation (46, 41–52 versus 43, 38–51; 
p = 0.05; Additional file 1: S4).

Overall, GPx3 activity was higher in patients with 
normal kidney function than in patients with renal 
impairment (291, 214–309 U/l versus 224, 185–290 U/l; 
p = 0.04).

GPx3 activity in patients with selenium deficiency 
(subgroup III)
Subgroup III comprised all patients with selenium defi-
ciency (< 70  µg/l, n = 128) at baseline. Again, selenium 
treatment elevated serum selenium and SELENOP. In 
this subgroup, selenium supplementation addition-
ally translated to increased GPx3 activity in compari-
son to the placebo group starting at postoperative Day 
2 (Fig.  5A). However, the evaluated outcomes did not 
show statistically significant differences between the 
groups (Additional file 1: S5).

Compared to subgroup III, the patients with pre-
operative selenium levels ≥ 70  µg/l (n = 109) also had 
higher GPx3 activity at baseline (279, 211–297 U/l ver-
sus 226, 178–293; p = 0.05). Here, GPx3 did not differ 
between patients receiving selenium supplementation 
and patients receiving placebo throughout the course of 
intensive care (Fig. 5C).

Fig. 3  Association between selenium biomarkers and organ injury. Correlation matrix of selenium biomarkers and continuous clinical (outcome) 
parameters at baseline (BL), admission to the intensive care unit (ICU) and postoperative day one. Positive associations are shown in red, inverse 
associations in blue. The strength of the relationship is depicted by color graduation. Two values specify each correlation: Spearman’s rho 
in the upper row and the p value in the lower row. Only significant p values and trends are shown. No relations were observed in the blank fields. 
The datasets are different in size for each biomarker, with selenium having the most pairs and GPx3 having the fewest. Overall, the associations 
were weak to moderate. It is important to note that these correlations do not imply causation. PODS persistent organ dysfunction and death, SOFA 
sequential organ failure assessment, SF 36 short-form 36 questionnaire
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GPx3 activity in patients with submaximal baseline GPx3 
levels (subgroup IV)
Subgroup IV consisted of patients with GPx3 baseline 
activity below 250 U/l (n = 32). Selenium treatment 
triggered an adequate biological response, including 
an increase in serum selenium, SELENOP and GPx3 
(Fig. 5B). GPx3 optimization was achieved until Day 2, 
when a stable plateau was reached. Similarly, the GPx3 
activity of patients receiving placebo remained below 
250 U/l throughout the observation period. Again, the 
outcome analysis did not reveal significant differences 
between the groups (Additional file 1: S6).

In contrast to subgroup IV, the patients with base-
line GPx3 activity ≥ 250 U/l (n = 38) were not affected 
by selenium supplementation. Their GPx3 activity 
constantly remained unchanged at the plateau level 
(Fig. 5C).

Discussion
The SUSTAIN CSX intervention trial is currently the 
most comprehensive study on selenium supplementa-
tion in high-risk cardiac surgery patients [10].

Consistent with the original report, intravenous 
selenium supplementation elevated serum selenium 
and SELENOP concentrations in the present sec-
ondary analysis. The increase of SELENOP ensured 
efficient uptake and metabolism of the supplemen-
tal trace element in the liver and further indicated an 
improved transport and distribution capacity of sele-
nium throughout the body [24, 25]. Surprisingly, GPx3 
failed to display a similar positive response to selenium 
supplementation and enhanced SELENOP status, with 
clinical outcomes being similar between the interven-
tion and placebo groups. Closer investigation revealed 
a transient decline in all selenium biomarkers and a 

Fig. 4  Subgroup I and II. A Selenium treatment (blue) increased serum selenium and selenoprotein P (SELENOP) but not glutathione peroxidase 3 
(GPx3) activity in patients with normal kidney function according to the KDIGO definition (I). B Selenium supplementation in patients with reduced 
renal function led to an increase in serum selenium, SELENOP and GPx3 at Day 4 (II). Gray coloration indicates values below the lower reference 
limit (selenium and SELENOP) and above the upper reference limit (GPx3). Reference ranges were used as published elsewhere. Asterisks (*) indicate 
statistical significance. BL baseline, GFR glomerular filtration rate, ICU intensive care unit
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simultaneous peak in inflammatory IL-6 upon surgery, 
which may indicate the consumption of antioxidant 
capacity during and after cardiac surgery [9, 26]. Not 
only did selenium and especially GPx3 activity corre-
late with kidney function, organ dysfunction and ICU 

length of stay, but GPx3 activity also emerged as a good 
predictive marker for long-term survival. This is in line 
with a recent study, that proposed an early GPx3-based 
prediction model for acute kidney injury after cardiac 
surgery [27].

Fig. 5  Subgroup III and IV. A In patients with selenium deficiency at baseline (defined as values < 70 µg/l), selenium treatment (blue) increased 
serum selenium, selenoprotein P (SELENOP) and glutathione peroxidase 3 (GPx3) activity (III). B In patients with GPx3 activity < 250 U/l at baseline, 
selenium treatment again successfully increased all biomarkers, including GPx3 (IV). C Subgroups III and IV are contrasted with the respective 
remainder of each patient population. High GPx3 activity remained unchanged throughout the observation period independent of selenium 
supplementation. For better presentation, error bars were removed, and connecting lines were inserted. Gray coloration indicates values 
below the lower reference limit (selenium and SELENOP) and above the upper reference limit (GPx3). Reference ranges were used as published 
elsewhere. Asterisks (*) indicate statistical significance, and waves (≈) indicate a trend. BL baseline, ICU intensive care unit
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Several subgroups were studied in this secondary 
investigation to facilitate the identification of a particu-
lar responder phenotype of high-risk cardiac surgery 
patients.

First, selenium biomarkers were analyzed with regard 
to current renal function, as the renal proximal con-
voluted tubules are the primary source of GPx3 (Sub-
groups I and II). As expected, GPx3 correlated with GFR 
and urine output and was low in patients with impaired 
kidney function. While selenium supplementation did 
not lead to increased GPx3 production in patients with 
normal kidney function, it gradually elevated GPx3 in 
patients with reduced kidney function. In this subgroup, 
a trend toward a better functional status after 3 months 
was observed for selenium treatment in comparison 
to placebo. While the exact reasons for these findings 
are unclear, chronic disease is often accompanied by 
increased resistance to finely adjusted regulatory path-
ways (e.g., treatment-resistant hypertension in kidney 
disease, insulin-resistance in metabolic syndrome) [28]. 
It seems conceivable that chronic renal impairment may 
elevate the threshold to induce a GPx3 response and that 
high-dose selenium supplementation could sufficiently 
provide the requisite signal in comparison to placebo.

Next, supplementation was analyzed in the context of 
selenium deficiency (Subgroup III). For ICU patients, 
strong correlations between selenium and GPx3, as well 
as favorable effects of selenium supplementation have 
been established [29–33]. Those patients were usually 
characterized by significantly decreased selenium levels 
due to SIRS and multiorgan failure [34]. In a previous 
supplementation trial in critical illness, Angstwurm et al. 
observed a significant GPx3 increase following selenium 
treatment in patients with sepsis and septic shock [35]. In 
line with these results, the present subgroup of patients 
with preoperative selenium deficiency exhibited an ade-
quate treatment response to selenium supplementation. 
Nevertheless, clinical outcomes did not differ between 
the groups, despite previous data considering low levels 
of selenium as a relevant preoperative risk factor [36, 37].

Finally, the potential for GPx3 optimization was consid-
ered the largest in patients with low and moderate GPx3 
activity at baseline (Subgroup IV). In healthy subjects, 
circulating SELENOP and GPx3 exhibited saturation 
kinetics as a function of serum selenium levels [38–40]. 
Similarly, a plateau of GPx3 activity was observed in the 
present cardiac surgery population. This might constitute 
a biological limit under perioperative conditions, where 
a surplus of selenium could not be translated into more 
antioxidant activity. Consequently, patients with above-
average GPx3 activity at baseline might only have a small 
biological margin for improvement. In agreement with 
this hypothesis, selenium supplementation in Subgroup 

IV led to a significant increase in SELENOP and GPx3 
activity. However, outcomes again did not differ between 
selenium treatment and placebo.

In summary, subgroup analyses revealed that patients 
with GFR below 90  ml/min/1.73 m2, selenium below 
70 µg/l and GPx3 activity below 250 U/l at baseline were 
likely to respond to selenium supplementation with an 
increase in GPx3 activity, which may be a prerequisite for 
clinical improvement. A common property of all three 
subgroups was submaximal GPx3 activity at baseline, 
which can therefore be considered a treatable trait. This 
concept refers to a clinically important patient charac-
teristic with direct physiological implications and a tar-
geted approach for individualized treatment intervention 
[41, 42]. In the future, preoperative GPx3 measurement 
as well as the identification of specific risk constella-
tions, including factors such as advanced age and the 
knowledge of the above defined subgroups, may help to 
improve the precision and success of adjuvant high-dose 
selenium treatment.

Despite these promising findings, the clinical relevance 
of adequate biological downstream translation could 
not be shown in the present study. Correlation analyses 
do not allow conclusions about causation, and outcome 
differences between GPx3 responders and nonrespond-
ers were not found. On the one hand, our dataset was 
not powered to reliably detect outcome differences. On 
the other hand, in  vitro and clinical data, as well as the 
present observations, suggest that at least a few days of 
selenium administration are required to stimulate a sig-
nificant increase in GPx3 activity [9, 43]. One could 
therefore argue that outcome-relevant GPx3 optimiza-
tion could not be achieved due to the dosing regimen 
of the SUSTAIN CSX trial: the first selenium dose was 
administered shortly prior to CPB and the inflammatory 
insult, leaving little time for selenoprotein biosynthesis 
and tissue protection. In fact, a previous study suggested 
that early initiation of micronutrient supplementation 
several weeks before elective cardiac surgery improved 
redox status and shortened the length of hospital stay 
[44].

Other limitations of the current secondary analysis 
include the small number of participating patients and 
the limited amount of biomarker datapoints, which ren-
der our investigation strictly hypothesis generating. For 
this reason, a subgroup analysis of patients with severe 
selenium deficiency below 45  µg/l could not be per-
formed, despite being highly relevant. In addition, GPx3 
regulatory mechanisms are far more complex than sele-
nium status alone, including peroxisome proliferator-
activated receptor signaling and hypoxia-inducible as 
well as other transcription factors [45]. In this context, 
a definite GPx3 target for optimal organ protection has 
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not been established yet. In this study, the hierarchy of 
selenoproteins was simplified, as GPx3 is only one mem-
ber of a large family of selenium-dependent enzymes 
and GPx isoforms [13]. However, it can be argued that 
SELENOP and GPx3, as the only actively secreted extra-
cellular selenoproteins, account for the majority of circu-
lating selenium in the serum and bear the most clinical 
relevance [17, 45].

Conclusions
A GPx3 increase in response to selenium treatment was 
observed in patients with GFR below 90 ml/min/1.73 m2, 
selenium below 70 µg/l and GPx3 activity below 250 U/l 
at baseline. These characteristics might constitute a spe-
cific responder phenotype, where further investigations 
regarding a potential positive treatment effect of sele-
nium supplementation seem promising.

Take‑home message
This secondary analysis of the SUSTAIN CSX trial iden-
tified different subgroups of GPx3 responders following 
selenium treatment. The baseline characteristics of these 
patients included impaired renal function, serum sele-
nium deficiency and submaximal GPx3 activity. Although 
clinical differences between selenium treatment and 
placebo could not be observed in any subgroup, fur-
ther studies may build on these findings to define a spe-
cific responder phenotype that may be susceptible to 
anti-inflammatory treatment strategies with high-dose 
selenium.
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