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A B S T R A C T   

Introduction: Selenium (Se) is an essential trace element that exerts its effects mainly as the proteinogenic amino 
acid selenocysteine within a small set of selenoproteins. Among all family members, selenoprotein P (SELENOP) 
constitutes a particularly interesting protein as it serves as a biomarker and serum Se transporter from liver to 
privileged tissues. SELENOP expression is tightly regulated by dietary Se intake, inflammation, hypoxia and 
certain substances, but a systematic drug screening has hitherto not been performed. 
Methods: A compound library of 1861 FDA approved clinically relevant drugs was systematically screened for 
interfering effects on SELENOP expression in HepG2 cells using a validated ELISA method. Dilution experiments 
were conducted to characterize dose-responses. A most potent SELENOP inhibitor was further characterized by 
RNA-seq analysis to assess effect-associated biochemical pathways. 
Results: Applying a 2-fold change threshold, 236 modulators of SELENOP expression were identified. All initial 
hits were replicated as biological triplicates and analyzed for effects on cell viability. A set of 38 drugs suppressed 
SELENOP expression more than three-fold, among which were cancer drugs, immunosuppressants, anti- 
infectious drugs, nutritional supplements and others. Considering a 90% cell viability threshold, resveratrol, 
vidofludimus, and antimony potassium-tartrate were the most potent substances with suppressive effects on 
extracellular SELENOP concentrations. Resveratrol suppressed SELENOP levels dose-dependently in a concen
tration range from 0.8 μM to 50.0 μM, without affecting cell viability, along with strong effects on key genes 
controlling metabolic pathways and vesicle trafficking. 
Conclusion: The results highlight an unexpected direct effect of the plant stilbenoid resveratrol, known for its 
antioxidative and health-promoting effects, on the central Se transport protein. The suppressive effects on 
SELENOP may increase liver Se levels and intracellular selenoprotein expression, thereby conferring additional 
protection to hepatocytes at the expense of systemic Se transport. Further physiological effects from this inter
action require analyses in vivo and by clinical studies.   

1. Introduction 

The essential trace element selenium (Se) is required in sufficient 
amounts to support and maintain the biosynthesis of selenoproteins 
[1–3]. The trace element is integrated into proteins in the form of 
selenocysteine (Sec) or selenomethionine (SeMet), the latter event 
occurring randomly at AUG codons, while the former is a tightly regu
lated process [3–5]. The amino acid Sec confers unique catalytic 

properties to the family of Sec-containing selenoproteins that serve 
critical functions in human physiology, including controlling thyroid 
hormone metabolism, redox status, immune cell function and ensuring 
targeted distribution of Se within the organism to sites of highest de
mand and requirements [6–8]. To this end, hepatocytes synthesize and 
secrete the Se transporter selenoprotein P (SELENOP), which also serves 
as a suitable biomarker for assessing Se status [9–12]. 

The decoding efficiency of UGA as a Sec-insertion codon can be 
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modulated by various endogenous and external factors such as gender, 
age, nutritional status, current disease states and certain medication [3, 
13–15]. Among the drugs known to affect selenoprotein biosynthesis are 
some antibiotics of the aminoglycoside family, immunosuppressants, 
metformin and statins [16–19]. Some of the serious side effects observed 
with these drugs can be explained in part by their adverse effects on Se 
homeostasis and selenoprotein expression, e.g. aminoglycoside-induced 
ototoxicity [20] or statin-related myopathy [21]. However, the data 
base for these potential interferences in human subjects is small. 

Prescription rates and drug use increase with age [22]. Poly
pharmacy in the background of inadequate micronutrient supply and 
malnutrition is a relevant health problem [23,24], as the side effects on 
metabolic pathways may adversely affect energy metabolism, tissue 
maintenance and promote degenerative processes. The trace element Se 
and the enzymatically active selenoproteins have been directly impli
cated in age-related diseases, as the proteins affect important 
biochemical pathways controlling thyroid hormone metabolism, redox 
status, antioxidative defence and death from ferroptosis [3,25,26]. To 
obtain a first global view of possible disruption of regular selenoprotein 
biosynthesis by drugs, a compound library of nearly two thousand 
substances, composed of clinically used FDA-approved drugs, was tested 
with human hepatocellular carcinoma cells in vitro for effects on SELE
NOP expression, i.e. by analysing extracellular SELENOP concentrations 
that reflect cellular SELENOP translation and secretion. The results 
indicate critical interactions and highlight several particularly relevant 
compounds that may be important for better understanding the 
health-promoting or harmful side effects of pharmacological in
terventions, especially given the trend towards polypharmacy in the 
elderly. 

2. Materials and methods 

2.1. Cell culture 

Human hepatocellular HepG2 cells were seeded with DMEM/F12 
(Gibco, Thermo Fisher Scientific GmbH, Dreieich, Germany) +10% (v/ 
v) FCS (Sigma-Aldrich, Steinheim, Germany) at 2 × 104 cells per well in 
96-well plates, at 5 × 105 cells per well in 6-well plates, or at 1.5 × 106 

cells per 25 cm2 flask, and cultivated at 37 ◦C and 5% CO2 under stan
dard conditions. Medium was exchanged after 24 h, and cells were 
cultivated for 48 h in serum-free DMEM/F12 + 100 nM sodium selenite 
(Sigma-Aldrich) ± compound. The initial screen and follow-up experi
ments were performed using the FDA-approved Drug Library L1300 
(Selleck Chemicals LLC, Houston, TX, USA), or Resveratrol (SRT501, 
Selleck Chemicals), Resveratrol 3-sulfate (sc-213070, Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) or Resveratrol 3-O-β-D-glucuro
nide (sc-213069, Santa Cruz). Final medium DMSO concentrations were 
set to 0.5% (v/v) (D8418, Sigma-Aldrich). After 48 h, 200 μL of medium 
was harvested and stored at − 20 ◦C for further analysis. For isolation of 
total RNA cells were washed twice with 500 μL PBS. RNA was isolated 
using Aurum™ Total RNA Mini Kit (#732–6820, Bio-Rad Laboratories 
GmbH, Feldkirchen, Germany) and RNA Clean & Concentrator-5 
(R1013, Zymo Research Corporation, Irvine, CA, USA) according to 
the manufactures’ instructions. For the analysis of total protein con
centration and intracellular SELENOP concentration, cells in 6-well 
plate were washed with 500 μL PBS, scratched in 200 μL homogeniza
tion buffer (250 mM sucrose, 20 mM HEPES, 1 mM EDTA, 0.1% (v/v) 
Triton X-100, pH 7.5) and stored at − 20 ◦C for homogenization. 

2.2. Assessment of glutathione peroxidase (GPx) activity 

Cell pellets were homogenized on ice using an ultrasonic homoge
nizer (Labsonic®M, B. Braun Biotech International GmbH, Melsungen, 
Germany) applying 2 × 3 homogenization steps (0.8 cycles at 100% 
amplitude). The activity of glutathione peroxidase (GPx) was assessed 
by a coupled enzymatic test procedure monitoring nicotinamide adenine 

dinucleotide phosphate (NADPH) consumption at 340 nm, as described 
earlier [27]. Briefly, 5 μL cell lysate samples were incubated with 
enzyme buffer containing 3.4 mM reduced glutathione (GSH), 0.27 
mg/mL NADPH, 1.0 mM NaN3, and 0.3 U/mL glutathione reductase. 
The enzymatic reaction was started by hydrogen peroxide (H2O2), and 
consumption of NADPH was monitored at 340 nm. Coefficients of 
variation (CV) between measurements were below 7.5%, as determined 
with a standard preparation. 

2.3. Quantification of SELENOP and ceruloplasmin 

Extracellular and intracellular SELENOP concentrations were 
measured with a sandwich ELISA using 50 μL of cell culture medium or 
homogenate. Briefly, monoclonal antibodies to human SELENOP (sele
nOmed GmbH, Berlin, Germany) were purchased, and 96-well plates 
were prepared and used for SELENOP assessment as described earlier 
[28]. A serum pool of self-reported healthy individuals (n = 25) with a 
known SELENOP concentration was purchased from a commercial 
supplier (inVent Diagnostica GmbH, Hennigsdorf, Germany) and used as 
calibrator ranging from 5.6 μg/L to 720 μg/L of SELENOP. A working 
range was determined according to the coefficient of variation (CV <
15%), ranging from 9.8 μg/L to 583.8 μg/L. SELENOP concentrations 
were calculated from the dose-response curve using a nonlinear 
four-parameter logistic (4-PL) regression model in GraphPad Prism 
9.3.1. software. Assay accuracy was confirmed by three commercially 
available SELENOP control samples of low (Con L), medium (Con M) 
and high (Con H) SELENOP contents with the following concentrations; 
Con L = 14.6 ± 2.2; Con M 58.5 ± 8.8 and Con H 234.2 ± 35.1 ng/mL 
(selenOtest, LOT: STE.21002, selenOmed). SELENOP calibrators were 
prepared according to the manufacturer’s instructions and 50 μL were 
applied in duplicate in every 96-well plate ELISA analysis (n = 2, in 3 
runs). During the screening assay precision was calculated with a diluted 
serum sample, yielding a mean SELENOP concentration of 86.6 ± 11.1 
μg/L and a CV = 12.8% by n = 132 measurements in 33 runs. Cerulo
plasmin (CP) concentrations were measured with a modified sandwich 
ELISA using 50 μL of cell culture medium as described in detail earlier 
[28]. 

2.4. Western blot analysis 

SDS-PAGE was performed using 10% or 15% polyacrylamide gels in 
combination with Lämmli buffer (25 mM TRIS, 192 mM Glycine, 0.1% 
(w/v) SDS, pH 8.3). A total of 15 μg protein of homogenized cell culture 
samples or 20 μL of cell culture medium were diluted 1:4 in sample 
buffer (250 mM TRIS, 4% (w/v) SDS, 40% (v/v) glycerol, 20% (v/v) 
β-mercaptoethanol, 0.02% (v/v) bromophenol blue) and heated at 95 ◦C 
for 5 min. Protein concentrations were determined by Bradford analysis 
(Bio-Rad Laboratories, Munich, Germany). Protein samples were blotted 
onto a 0.2 μm PVDF membrane (Thermo Fisher) in Lämmli transfer 
buffer containing 20% (v/v) methanol. Ponceau S (Sigma) was used for 
the visualization of the transferred proteins, until albumin as main 
secretory product of HepG2 cells in serum-free medium became clearly 
visible. Primary monoclonal antibodies recognizing SELENOP were 
detected using anti-mouse IgG-HRP (NXA931, GE Healthcare GmbH, 
Solingen, Germany). Primary antibodies to Retinol-Binding Protein-4 
(RBP4; Dako A0040, Dako Denmark, Glostrup) and to Transthyretin 
(TTR monomer; Dako A0002, Dako Denmark, Glostrup), respectively, 
were detected using anti-rabbit IgG-HRP (P0448, Dako Denmark, 
Glostrup) in combination with ECL Western Blotting Detection Reagents 
and Hyperfilm™ (GE Healthcare). 

2.5. RNA sequencing 

Triplicates of isolated RNA samples were diluted to a final concen
tration of 15 ng/mL. RNA-library was prepared with NEB-Next Ultra II 
RNA Kit including a Poly-(A)-Selection step (New England Biolabs Inc., 
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USA). The library quality control was done using TapeStation, resulting 
in RNA integrity numbers >8.0 for all samples. To this end, RNA samples 
were applied to v2.5 flow cell, and single end 75 cycles sequencing were 
performed using Next Seq 500 Sequencing System (Illumina Inc., San 
Diego, CA, USA). Raw data were evaluated, annotated and provided for 
further analysis by the local Core Unit Genomics (Berlin Institute of 
Health, Charité-Universitätsmedizin, Berlin, Germany). FDR was set to 
0.05. The DEseq2 package in R was used to calculate differential gene 
expression [29]. 

2.6. Statistical analysis 

All continuous data was presented as means ± standard deviations 
(SD). Fold change in expression of SELENOP was calculated by dividing 
expression under drug application by expression under the DMSO con
trol. First drug screening was presented as jitter plot, second verification 
screening was presented as mean ± (SD) waterfall plot. Wilcoxon rank- 
sum test was used to compare two groups of continuous data. 

Adjusted p-values below 0.05 and Log2 fold change expression of 
>0.58 or < − 0.58 were used as cut-offs to determine differentially 
expressed genes (DEGs) generated by DEseq2 [29]. Volcano and MA 

Fig. 1. Identification of drugs affecting hepatic SELENOP expression. (A) From a total of n = 1861 compounds, a set of 236 were identified with modulating effects 
on hepatic SELENOP expression (experimental setup; n = 1). Red lines at y = 0.5 and y = 2.0 indicate the cut-off values. Compounds yielding a relative SELENOP 
expression <0.1 were excluded (n = 146). (B) Validation of the identified 236 compounds revealed (C) resveratrol, vidofludimus and antimony potassium tartrate as 
most relevant hits complying with stringent screening criteria; relative SELENOP expression <35% (red dots) and mean cell viability >90% (green dots) in com
parison to 0.5%(v/v) DMSO-treated cells (experimental setup; n = 3). (D) Overview of the fields of application of the 38 identified suppressors. (E) Mean SELENOP 
expression of the 38 identified suppressors according to field of application. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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plots were used to visualize DEGs, separate for each treatment dose. 
Gene sets in the molecular functions ontology of Gene Ontology (GO) 
database were used to assess gene set enrichment [30]. clusterProfiler 
package was used to carry out gene set enrichment analysis [31]. 
Calculation of semantic similarity between gene sets was carried out 
using revigo package in R [32]. Calculation parameter were set to c =
0.5, species = Homo Sapiens, and semantic similarity measure of Lin 
was used. GO Terms were plotted as scatter plot and sorted by the value 
of dispensability. R language (R Foundation for Statistical Computing, 
Vienna, Austria, version 4.1.2) on the R Studio environment was used to 
compute statistical analyses and visualize data. All statistical analyses 
were conducted two-sided. 

3. Results 

A set of n = 1861 FDA-approved compounds was tested in vitro in an 
attempt to identify commonly used drugs and related compounds with 
relevant interfering effects on the expression of hepatic SELENOP. The 
systematic screening was conducted 48 h after applying 10 μmol/L of 
compound (f.c.) in DMSO (0.5% v/v, f.c.) by quantification of extra
cellular SELENOP concentrations in cell culture medium (Fig. 1). 
Applying an initial fold-change threshold of <0.5 and >2.0, a total of 
236 modulators of hepatic SELENOP expression were identified 
(Fig. 1A). Replication of the findings were conducted in triplicates with a 
parallel assessment of cell viability (Fig. 1B). None of the substances 
with apparent positive effects in the initial assessment displayed an ef
fect of >2.0 during the verification. Two criteria were applied to further 

Fig. 2. Resveratrol but not its main metabolites re
duces SELENOP expression in HepG2 cells. (A) 
SELENOP expression was reduced in a concentration- 
depended manner by resveratrol but not by its me
tabolites (n = 3). (B) Cell viability of HepG2 cells was 
not affected by resveratrol (Res) or its metabolites 
resveratrol 3-O-β-D-glucuronide or resveratrol 3-sul
fate, in a range from 0.8 to 50.0 μmol/L (n = 3). 
(C) Extracellular SELENOP concentrations were 
decreased at 10 and 25 μmol/L resveratrol, but 
intracellular SELENOP was not affected (n = 6). (D) 
Western blot analysis of treated HepG2 cells with 10 
or 25 μmol/L resveratrol for 48 h showed a dose- 
dependent reduction in extracellular SELENOP in 
comparison to control (DMSO). In parallel, RBP4 and 
albumin (PS, Ponceau stain) decreased upon exposure 
to 25 μM, while TTR increased, and (E) Cerulo
plasmin concentrations decreased. (F) Treatment 
with 10 μmol/L resveratrol or resveratrol 3-O-ß-D- 
glucuronide for 48 h did not alter GPx activity in the 
cell lysates. Comparisons between groups were con
ducted by Wilcoxon rank-sum test. p-values <0.05 
were considered statistically significant; n. s. in
dicates p ≥ 0.05; **** indicates p < 0.0001.   
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narrow down the number of the most relevant interfering substances, 
namely an effect size of more than three-fold (final SELENOP concen
tration of <35% as compared to DMSO control) without eliciting 
toxicity (final mean cell viability of >90%). From all the substances, 
resveratrol, vidofludimus and antimony potassium tartrate fulfilled the 
criteria and qualified as efficient negative modulators of SELENOP 
expression (Fig. 1B&C). 

Categorizing the group of verified active substances (n = 38) ac
cording to their primary field of application, more than half of the drugs 
are related to the treatment of malignant diseases, whereas the 
remainder of the substances belong to the group of immunosuppres
sants, therapeutics for infectious diseases, dietary supplements or belong 
to other more specific categories (Fig. 1D&E). The candidates known 
from prior work, i.e., aminoglycosides and metformin, caused a relative 
moderate suppression of SELENOP only (Supplementary Table 1). 
Among the statins, a heterogeneous picture across the different statin 
compounds emerged, with some toxic effects (e.g. pitavastatin and 
simvastatin) and a consistent suppression of SELENOP in particular by 
fluvastatin and atorvastatin. A detailed overview on all the drugs, their 
efficiency of SELENOP suppression, and the corresponding effects on cell 
viability are provided (Supplementary Excel File 1). 

Due to the fact that vidofludimus and antimony potassium tartrate 
have a rather limited area of application, additional detailed analyses 
were conducted with resveratrol. First, the dose-dependency of the ef
fects of resveratrol on SELENOP expression was determined. Resveratrol 
reduced extracellular concentrations of SELENOP in a concentration 
dependent manner, down to <25% of control at a concentration of 50.0 
μmol/L (f.c.) (Fig. 2A). Under these conditions, cell viability was not 
negatively affected (Fig. 2B). The two major metabolites of resveratrol, 
namely the 3-O-ß-D-glucuronide and resveratrol-3-sulfate, were without 

effect and did neither alter extracellular SELENOP concentration nor cell 
viability in a concentration range from 0.8 μmol/L to 50.0 μmol/L 
(Fig. 2A&B). Using resveratrol at 10 μmol/L (f.c.), intracellular SELE
NOP was not altered as compared to control, while extracellular SELE
NOP concentration decreased from 64.5 ± 4.6 μg/L to 33.8 ± 2.9 μg/L 
(p < 0.0001) (Fig. 2C). Similarly, resveratrol at 25 μmol/L caused a 
further reduction in extracellular SELENOP to 23.7 ± 6.3 μg/L (36.7% of 
control, p < 0.0001) (Fig. 2C). These effects were confirmed by Western 
blot analysis (Fig. 2D). Under the same conditions, the concentration of 
extracellular RBP4 declined, albeit not as strongly as SELENOP, and 
albumin concentrations detected by Ponceau S staining showed a similar 
pattern of changes as observed for RBP4. Extracellular concentrations of 
TTR were elevated upon exposure to 25 μM resveratrol (Fig. 2D). 
Ceruloplasmin concentrations were elevated in response to 10 μM 
resveratrol, and suppressed in response to 25 μM resveratrol (Fig. 2E). 
Under these conditions, glutathione peroxidase (GPx) activity in the cell 
lysates form the treated HepG2 cells showed no significant difference in 
response to 10 μM resveratrol or its metabolite (Fig. 2F). 

To shed light on the potential mechanism behind the effects of 
resveratrol on SELENOP, and identify differentially expressed genes 
(DEG) under these conditions, RNA sequencing with poly-A selection of 
treated HepG2 cells was performed. The resveratrol treatment at 10 
μmol/L (Fig. 3A, Supplementary Fig. 1A) and at 25 μmol/L (Fig. 3B, 
Supplementary Fig. 1B) disclosed a significant downregulation of 98 and 
489 genes, respectively, and a significant upregulation of 145 and 1079 
genes, respectively (Fig. 3C). RNA-seq analysis of the cells treated by 
resveratrol at a concentrations of 25 μmol/L showed a DEG coverage of 
99.4% of down regulated genes and 98.6% of upregulated genes 
(Fig. 3C). The FC-FC regression of DEG and non-DEG yielded a corre
lation coefficient of R = 0.824; p < 0.001 (Fig. 3D), indicating a 

Fig. 3. Analysis of differently expressed genes (DEGs) 
of resveratrol treated HepG2 cells. Volcano plots with 
the log2 fold changes (x-axis) in gene expression for 
(A) 10 μmol/L or (B) 25 μmol/L resveratrol treatment 
and statistical significance (− log10 adjusted p value) 
on the y-axis. Blue circles represent down regulated 
genes, red circles represent up regulated genes, and 
dashes lines indicate cut-off values of log2(1.5) and 
-log2(1.5). (C) Comparison of fold-change of DEGs at 
10 and 25 μmol/L resveratrol treatment yielded a 
Spearman’s correlation coefficient of 0.824, p <
0.001. (D) Expression pattern of DEGs were attuned 
to resveratrol treatment. 99.4% of down-regulated 
genes and 98.6% of up-regulated genes were identi
fied in both treatments. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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consistent effect on gene expression in a concentration dependent 
manner. Resveratrol treatment of HepG2 cells resulted in no significant 
effect on the mRNA expression of any of the 25 human genes encoding 
selenoproteins or of any of the key selenoprotein-relevant transcription 
factors (SRY, NFAT or SP1). Within the group of key factors involved in 
Se metabolism and selenoprotein biosynthesis, three genes were differ
entially expressed, namely SCLY (log2 FC: − 0.6; p adj.: 6.2 × 10− 5), 
SEPSECS (log2 FC: 0.7; p adj.: 8.2 × 10− 11) and SECISBP2L (log2 FC: 
0.59; p adj.: 6.9 × 10− 5); Supplementary Table 2). All three genes are of 
particular importance for controlling selenoprotein expression patterns 
and Se-dependent pathology, as shown in specifically targeted animal 
models [33–35]. 

In order to reduce redundancy in the gene set enrichment analysis, 
the calculation of semantic similarity measures between gene ontology 
(GO) terms was calculated (Fig. 4). The top six overrepresented GO 
terms correlating with decreased SELENOP concentration were related 
to GO:0004553 (hydrolase activity and hydrolyzing O-glycosyl com
pounds), to GO:0005215 (transporter activity), to GO:0005509 (calcium 
ion binding), to GO:0008093 (cytoskeletal anchor activity), to 
GO:0008569 (minus-end-directed microtubule motor activity), and to 
GO:0046873 (metal ion transmembrane transporter activity) (Fig. 4A). 
The top six inverse correlated GO terms were related to GO:0003735 
(structural constituent of ribosome), to GO:0005198 (structural mole
cule activity), to GO:0008574 (plus-end-directed microtubule motor 
activity), to GO:0009055 (electron transfer activity), to GO:0031386 
(protein tag), and to GO:0046982 (protein heterodimerization activity) 
(Fig. 4B). 

4. Discussion 

The hepatic transport protein SELENOP is essential for the distribu
tion of the trace element Se within the organism to the sites of need, 
especially in times of Se deficiency [10,11,36]. Uptake at privileged 
target tissues is tightly controlled and mediated by the lipoprotein re
ceptors LRP2 (megalin) and LRP8 (ApoER2), respectively [37,38]. In 
serum, SELENOP accounts for 39%–61% of circulating Se, with the 
remainder mainly due to extracellular glutathione peroxidase (GPx3) 
and other Se-containing proteins, in particular SeMet-containing albu
min [39–41]. Se deficiency may result from insufficient supply [42], 
mutations in genes with key importance for selenoprotein biosynthesis 
[43], disease [12] or from gene disruption in model systems [36]. Tar
geted deletion of SELENOP expression in mice has indicated its essential 
role for regular development under limiting Se supply, causing restricted 
growth, male infertility, and severe neurological defects [44–49]. The 
severe phenotype has been recently verified in a dog model of SELENOP 

loss [50]. A disruption of regular SELENOP biosynthesis and secretion 
therefore constitutes a relevant health risk. 

Endogenous and external factors have been identified that modulate 
SELENOP expression, yet a systematic examination of pharmacological 
drugs and other substances was missing. This study presents an experi
mental strategy to conduct such a screening, using HepG2 cells as a 
robust human cell line known for a relatively high and modifiable 
SELENOP expression level [51–54]. Using a cut-off for the effect size of 
at least 2-fold, a total of 236 substances out of 1861 FDA approved drugs 
(12.7%) were identified as potentially relevant modulators, the majority 
of which suppressing extracellular SELENOP concentrations. Applying 
more stringent criteria considering both viability of the cells and an 
effect size of at least three-fold, the number of hits was reduced to three 
paradigmatic compounds, namely vidofludimus, antimony potassium 
tartrate and resveratrol. 

Vidofludimus is a second-generation inhibitor of dihydroorotate 
dehydrogenase and a novel candidate for the treatment of a variety of 
immune-related diseases by inhibiting the proliferation of activated T 
and B cells [55]. It is characterized by a positive safety profile with some 
efficiency in patients with rheumatoid arthritis [56] or multiple sclerosis 
[57]. Strong effects have been observed in rodent models of 
non-alcoholic fatty liver disease (NAFLD), where vidofludimus was 
identified as a potent modulator of farnesoid X receptor, reducing 
dextran sulfate-induced colitis [58]. In a small human intervention trial, 
vidofludimus proved of some efficiency in primary sclerosing chol
angitis without displaying drug-related adverse events [59]. These re
sults would be compatible with an interference of SELENOP secretion, as 
loss of the essential trace element from liver into the circulation would 
be minimized, raising intracellular Se availability in hepatocytes for 
biosynthesis of protective selenoproteins supporting treatment. How
ever, in case the present in vitro findings were relevant in human phys
iology, long-term application of vidofludimus might impair systemic Se 
transport, with potential adverse effects in target tissues like brain or 
endocrine glands [12,60]. 

The application of antimony-containing drugs has a long history in 
traditional and anthroposophic medicine to address tropical diseases, in 
particular in the treatment of leishmaniasis and schistosomiasis [61]. In 
an attempt of repurposing existing drugs for chemotherapy, antimony 
potassium tartrate was identified to inhibit several receptor tyrosine 
kinases, impair tumour angiogenesis and tumour growth in a mouse 
model of lung cancer [62]. In addition, antimony can induce apoptosis 
in lymphoid tumour cells by enhanced production of reactive oxygen 
species and associated loss of mitochondrial potential [63]. Positive 
effects of antimony compounds were also reported on keratinocytes, 
highlighting a potential suitability for the topical treatment of mild 

Fig. 4. Differentially expressed biological processes 
in HepG2 cells treated with 25 μmol/L resveratrol. 
(A) Overrepresented and (B) non-overrepresented GO 
terms underwent the clustering algorithm analysis 
REVIGO to reduce redundancy. Top six GO Terms are 
labeled with numbers. The dot size indicates the 
number of genes in each gene set. Dot color indicates 
adjusted p-values form gene set enrichment analysis. 
Statistical significance is color coded: red equals p 
adj. = 0.05, yellow equals p adj. = 1 × 10− 6 and 
green equals p adj. = 1 × 10− 10. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   
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forms of psoriasis [64]. Severe side effects have been reported from 
experimental animal studies, where reactive oxygen species increased 
upon antimony exposure along with elevated autophagy and suppressed 
Akt/mTOR activity, finally causing neuronal apoptosis [65]. Collec
tively, antimony compounds must be classified as toxic substances, 
inducing an oxidative dysbalance and cell death at higher concentra
tions, with potential benefits upon low dose exposure and under short 
course regimens [66]. Again, a concurrent suppression of SELENOP 
secretion from liver would positively increase bactericidal and anti-virus 
activities in the circulation that are elicited via an increased tone of 
reactive oxygen species, and long-term applications may necessitate a 
monitoring of Se status and potential supplementation efforts to avoid 
systemic deficiency. 

The polyphenol resveratrol emerged as the third and most prominent 
potent negative modulator of hepatic SELENOP expression, causing two- 
fold reduced SELENOP levels in the cell culture medium at an exposure 
concentration of 25 μmol/L. Resveratrol is an over the counter (OTC) 
drug that is also available as a nutritional supplement, and occurs 
naturally in grape skin, seeds, wine and berries in varying amounts [67, 
68]. Its beneficial effects on human health have been intensively studied 
and discussed since decades [69–72], including efficient protection from 
tumorigenesis, cardiovascular disease, neurodegeneration, and sup
porting wound healing [73–76]. Collectively, the effects of resveratrol 
along with other plant-derived polyphenols e.g. quercetin, procyanidin 
C1 or catechin are manifold, and include senolytic activities, i.e., enable 
the clearing of inflammation- and cancer-promoting senescent cells in 
the ageing organism and thereby extending lifespan [77,78]. The 
additional metabolic benefits are ascribed mainly to a positive modu
lation of the family of sirtuins [79,80], and by reducing intracellular 
H2O2 concentration [81]. In addition, proteins involved in nitric oxide 
and insulin signalling, and certain nuclear hormone receptors, such as 
PPAR-gamma, are identified as direct targets of resveratrol action [82, 
83]. A better understanding of the concentrations needed and syner
gistic interactions with other senolytic drugs holds great therapeutic 
promise [84]. 

Typical intakes in human subjects are in the range of 500 mg 
resveratrol per day, leading to serum peak concentrations of the un
modified compound of 71.2 ± 42.4 μg/L, i.e. 0.3 ± 0.2 μmol/L, with a 
serum half-life of 5.1 h [85]. While this concentration is below the range 
studied in the present analysis, the direct comparison of serum and local 
hepatic concentrations may be misleading as the nutritional intake of 
resveratrol will first yield relatively high local concentrations in liver 
due to the direct supply via the portal vein, accumulation processes in 
hepatocytes and enterohepatic cycling [86]. Accordingly, health effects 
from supplemental resveratrol are consistently observed in models of 
liver injury, where the stilbenoid accumulates [87,88]. Consecutively, a 
majority of resveratrol becomes then conjugated with sulphates or 
glucuronides by hepatic biotransformation yielding a range of secondary 
metabolites. Interestingly, our study indicated that neither resveratrol 
3-O-β-D-glucuronide nor resveratrol 3-sulfate had modulating effects on 
hepatic SELENOP expression, highlighting high specificity of the effect 
for the unmodified resveratrol. Suppressed hepatic SELENOP expression 
would again negatively affect systemic Se supply, causing an exposure of 
most sensitive tissues to elevated oxidative stress, e.g. the brain [89], 
kidneys [90], immune cells [91] or endocrine tissues [92]. Conse
quently, an impaired SELENOP secretion would shift the trace element 
balance in favor of hepatocytes and at the expense of target tissues with 
potential benefits in the short run, but considerable and growing health 
risks from Se deficiency for SELENOP-dependent tissues upon chronic 
exposure. Again, a close monitoring of subjects actively taking phar
macological dosages of resveratrol is necessary in order to better un
derstand the potential side effects on Se metabolism, and whether the 
findings reported in this study may be of relevance for Se-dependent 
health risks [1,2]. 

The exposure to resveratrol affects a large number of direct and in
direct target genes and several liver-derived serum proteins. Our 

analysis indicated a suppressing effect on extracellular concentrations of 
RBP4, CP and albumin, albeit not yet at 10 μM but at the high exposure 
level of 25 μM only. In this respect, SELENOP secretion appears more 
sensitive to resveratrol, thereby indicating some specificity of the ef
fects. This notion is further underlined by the effects observed on TTR, 
where a stimulating effect on extracellular levels is detected at 25 μM 
resveratrol. Collectively, the comparison of the five secreted trans
porters analyzed in our study (albumin, CP, RBP4, SELENOP and TTR) 
highlights protein-specific effects, likely due to a varying sensitivity of 
different secretory vesicles to the modulating effects of resveratrol on 
movement, membrane fusion and content release. This interpretation is 
in line with other hepatic vesicle-associated proteins, like the insulin 
receptor, glucose transporter GLUT4, or the LDL-receptors [93]. Given 
that SELENOP is specifically recognized and bound by members of the 
low-density lipoprotein receptor-related protein (LRP) family, namely 
LRP1, LRP2 and LRP8 [11], it is conceivable that its transport and 
secretion may be controlled via specific retention and release mecha
nisms involving certain subsets of secretory vesicles. This notion de
serves to be experimentally studied in order to gain a better 
understanding of SELENOP trafficking, its release and hepatic Se 
metabolism. 

Accordingly, among the large number of molecular targets affected 
by resveratrol exposure, several genes and molecular processes related 
to ion transport, cytoskeleton formation and in particular to microtubule 
activity were among the top over- and underrepresented GO terms. 
Particularly the downregulation of plus-end directed microtubule motor 
activity, and simultaneously the inverse upregulation of minus-end 
directed activity argue for a direct effect on the intracellular cargo 
transportation to the plasma membrane [94,95]. These combined effects 
may impair the intracellular traffic of certain vesicles and affect cargo 
transport. This interpretation is supported by a lack of effects of 
resveratrol on SELENOP mRNA concentrations or other selenoprotein 
genes. Resveratrol has been reported to affect vesicle trafficking before, 
in particular in adipocytes and hepatocytes [96,97]. Direct effects on 
SIRT1-dependent autophagy in liver have been described, positively 
affecting ER stress and in favor of resolving steatosis [98]. 

Beside resveratrol, we have identified a second relevant and common 
dietary constituent, namely ellagic acid, abundant in many fruits and 
vegetables [99]. Its effect on SELENOP expression would synergize with 
resveratrol, and may be of specific relevance for a vegetarian diet, that is 
known to be relatively low in Se supply in Europe anyhow [42,100]. 
Among other compounds with considerable effects on SELENOP 
expression are several commonly used drugs such as the immunosup
pressant mycophenolic acid. The negative effect observed is compatible 
to clinical studies, where mycophenolic acid suppressed serum Se con
centrations in female renal transplant recipients [101]. 

Surprisingly, anti-cancer drugs made up the most frequent category 
of the compounds identified (53%, i.e., 20/38). Some of these drugs 
efficiently suppressed SELENOP despite relatively moderate effects on 
cell viability only, including common therapeutic agents in breast can
cer like capecitabine, gemcitabine or abemaciclib [102,103]. This 
finding deserves particular attention when considering the recent find
ings on the inverse dose-dependent relation between serum Se status 
biomarkers and breast cancer recurrence and death [104]. In how far an 
adjuvant Se supplementation may support the immune system and 
survival under such adverse chemotherapeutic drug exposure needs to 
be determined in clinical studies, but drug effects on systemic Se 
transport would constitute a relevant but readily addressable health 
issue [60,105]. The findings may most notably concern individuals with 
an already low Se status, e.g. due to inadequate supply, genetic pre
disposition or disease-driven deficiency, as known from injury, sepsis, 
cancer or severe COVID-19 [106,107]. Particularly under such condi
tions, a low Se status is associated with mortality risk, hence further 
drug-mediated impairment of Se transport, even to a small degree, may 
further exacerbate the clinical phenotype. 

Overall, the high frequency of substances with notable, negative 
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effects on SELENOP, and therefore on Se distribution, underlines the 
necessity to evaluate treatments and combinations of drugs on their 
potential effects on the Se status of the patients. While the discussion on 
potential physiological consequences includes a high range of uncer
tainty by extrapolation into the intact organism, it still points out the 
potential of individual drugs and drug combinations to aggravate and 
contribute to Se-deficiency. 

Our study has several strengths, including the unbiased, systematic 
approach to identify potent regulators of SELENOP expression, and the 
relatively large set of well-characterized substances that have been 
evaluated and are mostly of clinical relevance. The standardized 
screening protocol provides good opportunities for future research to 
identify specific modifiers of hepatic SELENOP expression, alone and in 
combinations, with relevant consequences for avoiding side effects, 
maintaining health and supporting recovery from disease. 

Among the notable limitations of our study is the moderate robust
ness of the initial screening, which is a common limitation in high 
throughput analyses. Although we have observed similar results for 
most of the hits when we re-screened the drugs in triplicates, the main 
screening result was recorded from a single measurement. Secondly, we 
have selected and used a single cancer cell line to conduct the screening 
and to validate our results. There are several advantages of the HepG2 
cells used, including the reliable, sensitive, dynamic and relatively high 
expression of SELENOP and other secreted proteins, however, general
izability of the results still needs to be proven in additional model 
systems. 
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