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Indoxyl Sulfate Contributes to Selenium Deficiency and
Renal Ferroptosis by Decreasing the Expression of Selenium
Transport Protein Selenoprotein P
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Key Points

 Indoxyl sulfate (IS) is involved in the liver-kidney axis by inducing renal ferroptosis by selenium deficiency due to
suppression of selenoprotein P (SEPP1) expression in the liver.

IS concentrations were negatively associated with selenium concentrations and SEPP1 concentrations in serum from
patients on dialysis.

» We propose the potential therapeutic strategy targeting the IS/SEPP1/glutathione peroxidase 4 pathway for CKD.

Abstract

Background The relationship between the progression of CKD and trace element deficiencies has attracted considerable
attention. However, many aspects of trace element deficiency and the molecular mechanisms of CKD pathology remain
unclear. In this study, we hypothesized that uremic toxins are involved in trace element deficiencies, which contribute to
the progression of CKD.

Methods Adenine-induced CKD mice were used for in vivo study. Cultured hepatocytes were used for in vitro study.

Results Seventeen trace elements in plasma of CKD mice were measured using inductively coupled plasma mass
spectrometry. Among these, selenium (Se) was identified as the trace element most significantly affected by the ad-
ministration of oral spherical activated carbon (AST-120), an oral spherical activated carbon. CKD mice displayed reduced
levels of Se in plasma, which was restored after the administration of AST-120. In vivo and in vitro experiments showed the
uremic toxin indoxyl sulfate (IS) decreased expression of the Se transport protein selenoprotein P (SEPP1) in the liver. IS
suppressed SEPP1 expression through increased production of reactive oxygen species by the organic anion transporting
polypeptide/aryl hydrocarbon receptor/NADPH oxidase pathway. Increased reactive oxygen species led to the down-
regulation of transcription factors for SEPP1, such as AMP-activated protein kinase/PGC-1a and microRNA-34a/HNF4a.
Analysis of serum from patients on hemodialysis also suggested that IS is involved in reducing serum SEPP1 levels and
exacerbating Se deficiency. Combination therapy with AST-120 and sodium selenite restored the supply of Se to the kidneys
and increased glutathione peroxidase 4 expression, thereby exerting renoprotective effects by suppression of ferroptosis.

Conclusions This study highlights the key role IS plays in Se deficiency and renal ferroptosis by suppressing hepatic
SEPP1 expression. The findings suggest potential therapeutic strategies that target IS and Se deficiency for the
management of CKD.
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Introduction

As renal function declines, the homeostasis of essential
elements, including major and trace elements, becomes
disrupted. Patients with CKD frequently develop ab-
normalities in mineral metabolism, such as hyperphos-
phatemia, hypocalcemia, and hyperkalemia, which are
associated with cardiovascular complications.! Abnor-
malities in iron (Fe) metabolism leads to renal anemia.?
It has become evident that patients with CKD are de-
ficient in essential trace elements such as zinc (Zn), mag-
nesium, and selenium (Se).? Indeed, deficiencies in these
trace elements are reported to contribute to declines in
renal function and the development of CKD-related
complications.*® Thus, controlling trace elements could
be an important therapeutic strategy for CKD.

Several mechanisms underlying Zn and magnesium de-
ficiencies have been reported, including (1) reduced intake
due to loss of appetite and low-protein diets, (2) decreased
absorption from the small intestine, (3) altered distribution
caused by hypoalbuminemia, and (4) increased excretion
by the kidneys.®~'* For Fe metabolism, the uremic toxin
indoxyl sulfate (IS) induces hepcidin production in the
liver, which inhibits ferroportin. This, in turn, reduces both
intestinal Fe absorption and Fe release from hepatocytes.!
Although there is a close relationship between the pro-
gression of CKD pathology and some trace element defi-
ciencies, several critical questions remain unanswered: (1)
which trace elements fluctuate in CKD?; (2) what causes
trace element fluctuations?; and (3) how is trace element
deficiency involved in the exacerbation of CKD pathology?

It was hypothesized that increased plasma levels of
uremic toxins in CKD affect trace element fluctuations.
Initially, a comprehensive measurement of 17 trace ele-
ments in CKD mice was performed to clarify the molecular
basis of trace element deficiencies associated with CKD
pathology. Having identified trace elements that showed
large fluctuations, we investigated the relationship be-
tween these fluctuations and uremic toxins. Finally, we
evaluated a potential therapeutic strategy for CKD target-
ing uremic toxins and trace element deficiency using a
CKD mouse model.

Methods
See Supplemental Methods and Supplemental Table 3
for detailed descriptions.

Animals

Institute of Cancer Research mice (male, 5 weeks old,
Japan SLC, Shizuoka, Japan) were used. The animal care
and use committee of Kumamoto University approved the
protocols for all animal experiments (A2023-018).

Trace Element Concentration Measurements

Inductively coupled plasma mass spectrometry (Agilent
7900; Agilent Technologies, Santa Clara, CA) was used to
measure trace element concentrations.

IS Concentration Measurements

High-pressure liquid chromatography (Extrema; Jasco
Inc., Tokyo, Japan) was used to determine the concentra-
tion of IS in samples as described previously.'®
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Se Dynamics

Food intake, water consumption, feces, and urine output
of mice were measured using a metabolic gauge (CL-0305/
CL-0355; CLEA Japan, Inc., Tokyo, Japan) to determine the
daily metabolic rate of Se.

In Vitro Experiments

HepG2 cells (RCB1886) were purchased from the
RIKEN bioresource cell bank (Ibaraki, Japan). Primary
cultured mouse hepatocytes were isolated from Institute
of Cancer Research mice (male, 5 weeks old) using the
collagenase perfusion method."”

Statistical Analyses

Experimental data are presented as mean*SEM. Statis-
tical significance was assessed using Student's ¢ test for
comparisons between two groups. For data involving three
or more groups, ANOVA followed by Tukey's multiple
comparison test was performed. A P value of <0.05 was
considered statistically significant.

Results
Effect of Oral Spherical Activated Carbon on Plasma Trace
Element Variability in CKD Mice

In all, 17 trace elements in plasma of adenine-induced
CKD mice were measured using inductively coupled
plasma mass spectrometry. To evaluate the effect of uremic
toxins on changes in plasma trace element concentration,
oral charcoal absorbent (oral spherical activated carbon
[AST-120]), which has a lowering effect on plasma uremic
toxins, was administered to CKD mice (Figure 1A and
Supplemental Table 1). Principal component analysis was
performed to evaluate variation in the plasma levels of 17
trace elements. This analysis confirmed that levels of trace
elements varied significantly in the CKD group compared
with the control group (Figure 1B). Moreover, administra-
tion of AST-120 significantly altered levels of trace ele-
ments in the CKD group (Figure 1B). To determine which
trace elements were most affected by AST-120 adminis-
tration, volcano plots were generated for the CKD and
CKD+AST-120 groups (Figure 1C). Of the 17 trace
elements, Se displayed the greatest variation. The ab-
normally low plasma Se concentration in CKD mice
significantly recovered after administration of AST-120
(Figure 1D).

Next, we evaluated whether the uremic toxin IS was
involved in changes in plasma Se concentration induced by
AST-120 administration. The plasma concentration of IS in
CKD mice was significantly suppressed after administra-
tion of AST-120 (Figure 1E). In this case, plasma IS con-
centrations were negatively correlated with plasma Se
concentrations (R?=0.854; P < 0.01; Figure 1F). These
findings suggested that IS may be involved in Se depletion
in the pathogenesis of CKD.

Effect of AST-120 on a Plasma Se Transport Protein in CKD
Mice

Selenoprotein P (SEPP1) is a Se-containing protein pro-
duced mainly in the liver that transports Se throughout the
body.!® Se deficiency occurs in humans with reduced
SEPP1 expression!® as well as in SEPP1 knockout mice.?’
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Figure 1. Effect of AST-120 on plasma trace element levels in CKD mice. (A) Experimental protocol for the effect of AST-120 on CKD
mice. After randomization at 2 weeks after feeding a 0.2% adenine-containing diet, the AST-120 group was fed a diet containing 8%
AST-120. (B) PCA score plot and (C) volcano plot of plasma trace element profiles in mice. The points indicate trace elements with content
that reached a statistical difference according to the nonparametric test (log;, of the P value) and were altered by at least two-fold (logy).
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Figure 1. Continued. (D) Se and (E) IS concentrations in plasma. (F) Correlation between IS and Se concentrations in plasma. (G) SEPP1
protein level in plasma. Each 1 ug plasma sample was loaded. (H) Correlation between Se and SEPP1 protein level in plasma.
(I) Correlation between IS and SEPP1 protein level in plasma. Data are expressed as mean®=SEM (n=4). As, arsenic; AST-120, oral
spherical activated carbon; Fe, iron; ICR, Institute of Cancer Research; IS, indoxyl sulfate; Mg, magnesium; Mn, manganese; PCA, principal

component analysis; Se, selenium; SEPP1, selenoprotein P; Zn, zinc.

We hypothesized that IS contributes to plasma Se depletion
by decreasing SEPP1 expression in CKD pathogenesis.

As shown in Figure 1G, plasma SEPP1 protein levels
were lower in CKD mice in comparison with control mice,
although the SEPP1 level recovered upon administration of
AST-120. Moreover, plasma SEPP1 expression was posi-
tively correlated with plasma Se concentration (R*=0.947;
P < 0.01; Figure 1H). Furthermore, plasma IS concentra-
tions were negatively correlated with plasma SEPP1 ex-
pression (R2=0.826; P < 0.01; Figure 1I). These results
suggest that IS could be involved in lowering plasma Se
by decreasing SEPP1 expression.

Effect of AST-120 on Hepatic SEPP1 Expression in CKD
Mice

Hepatic SEPP1 expression at the protein and mRNA
level in CKD mice, which was lower than that in control
mice, significantly recovered after administration of AST-
120 (Figure 2, A and B). Hepatic IS content was increased
in CKD mice but suppressed in AST-120-treated mice
(Figure 2C). In this case, hepatic SEPP1 expression was
negatively correlated with hepatic IS content (R2=0.69O;
P < 0.01; Figure 2D), suggesting that IS contributes to Se
deficiency by decreasing hepatic SEPP1 expression.

Similar studies were performed in other CKD model
mice (5/6 nephrectomy [5/6Nx] model; Supplemental
Figure 1A). Akin to adenine-induced CKD mice, decreased
hepatic SEPP1 expression (protein and mRNA) and hepatic
IS accumulation were observed in the 5/6Nx model (Sup-
plemental Figure 1, B-D), in which hepatic IS content was
negatively correlated with hepatic SEPP1 expression
(R?=0.711; P < 0.01; Supplemental Figure 1E). These ob-
servations suggest that IS also decreases hepatic SEPP1
expression in 5/6Nx model mice.

Effect of AST-120 on Se Dynamics in CKD Mice

Se from the diet is absorbed from the gastrointestinal
tract?! and undergoes primary metabolism in the liver to
become incorporated into Se-containing proteins, such as
SEPP1. Unwanted Se is excreted in urine as methylated
metabolites.?? In this study, we analyzed Se dynamics in
CKD mice. No significant differences in Se intake or fecal
Se excretion were observed among control mice and CKD
mice with or without AST-120 (Figure 2, E and F). Urinary
Se excretion was increased in CKD mice, but significantly
suppressed by AST-120 administration (Figure 2G). He-
patic SEPP1 expression negatively correlated with urinary
Se excretion (R?=0.672; P < 0.01; Figure 2H). For the
5/6Nx model, no significant differences in Se intake or
fecal Se excretion were observed (Supplemental Figure 1, F
and G), although urinary Se excretion was increased (Sup-
plemental Figure 1H). Hepatic SEPP1 expression also neg-
atively correlated with urinary Se excretion (R?>=0.608;
P < 0.01; Supplemental Figure 1I). These results indicate

that AST-120 suppresses urinary excretion of Se by inhib-
iting IS-induced hepatic SEPP1 suppression.

Effect of AST-120 on Renal Se Content in CKD Mice

SEPP1 produced in the liver is reabsorbed from the
luminal side of the renal tubules using megalin, located
on the plasma membrane of tubular epithelial cells, to
deliver Se to the kidney.?® SEPP1 tubular reabsorption
was reported to be reduced in megalin-mutant mice, result-
ing in decreased renal Se content.?* In this study, we
evaluated renal Se content in CKD mice. As shown in
Figure 2I, renal Se content was decreased in CKD mice, but
significantly recovered after AST-120 administration. Renal
Se content positively correlated with hepatic SEPP1 expres-
sion (R*=0.956; P < 0.01; Figure 2J), suggesting that IS is
involved in Se depletion in the kidney by decreasing
hepatic SEPP1 expression.

Effect of IS on SEPP1 Expression in Hepatocytes

Our data indicated that IS may have the ability to de-
crease hepatic SEPP1 expression. To clarify, HepG2 cells
were incubated with IS and SEPP1 expression evaluated.
As shown in Figure 3, A-D, SEPP1 expression was down-
regulated in a time- and concentration-dependent manner.
Similarly, IS also decreased SEPP1 expression in primary
cultured mouse hepatocytes (Figure 3, E and F). Therefore,
IS directly decreases SEPP1 expression in hepatocytes. To
confirm whether IS downregulates SEPP1 expression un-
der Se supply, we evaluated SEPP1 expression (mRNA and
protein) in HepG2 cells pretreated with sodium selenite®
(100 nM). As shown in Figure 3, G and H, the increase in
SEPP1 protein and mRNA expression by sodium selenite
was suppressed by IS. These results indicate that IS de-
creases SEPP1 expression in hepatocytes even under Se
supply.

Next, we compared the effects of seven albumin-binding
uremic toxins (IS, p-cresyl sulfate, phenyl sulfate, hippuric
acid, indole acetic acid, kynurenic acid, and 3-carboxy-4-
methyl-5-propyl-2-furanpropanoic acid) on SEPP1 expres-
sion in HepG2 cells. The sharpest decrease in SEPP1
expression was observed in the presence of IS (Figure 3,
I and J).

Molecular Mechanism of IS-Induced Decrease in SEPP1
Expression

HepG2 cells were used to elucidate the molecular
mechanism of the IS-induced decrease in SEPP1 expres-
sion. Hepatocytes take up IS into the cell using an organic
anion-transporting polypeptide (OATP). First, we evalu-
ated the effect of IS on SEPP1 expression in HepG2 cells
pretreated with three OATP inhibitors (probenecid, es-
trone sulfate, and rifampicin), according to a previous
report.26 As shown in Supplemental Figure 2A, the de-
crease in SEPP1 expression after addition of IS was
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Figure 2. Effect of AST-120 on hepatic SEPP1 expression and renal Se content in CKD mice. Expression of SEPP1 (A) protein and (B)
mRNA in the liver. (C) IS content in the liver. (D) Correlation between IS content and SEPP1 protein expression in the liver. (E) Daily Se
intake levels. (F) Daily Se fecal excretion levels. (G) Daily Se urinary excretion levels. (H) Correlation between SEPP1 protein expression in
the liver and daily Se urinary excretion levels. (I) Se content in the kidney. (J) Correlation between SEPP1 protein expression in the liver

and Se content in the kidney. Data are expressed as mean=SEM (n=6-8).

suppressed in the presence of these OATP inhibitors. The
IS-induced decrease in SEPP1 expression was signifi-
cantly suppressed in the presence of an OATP inhibitor
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(probenecid), aryl hydrocarbon receptor (AhR) inhibi-
tor (2-methyl-2H-pyrazole-3-carboxylic acid (2-methyl-4-o-
tolylazo-phenyl)-amide-223191), NADPH oxidase inhibitor
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Effect of IS (T mM) and sodium selenite (100 nM) on SEPP1 protein (G) and (H) mRNA expression in HepG2 cells for 48 hours. Effect of
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Figure 3. Continued. seven albumin-binding uremic toxins (IS, PCS, PS, HA, 1A, KA, CMPF: 1 mM) on SEPP1 protein (I) and (J) mRNA
expression in HepG2 cells for 48 hours. *P < 0.05 compared with IS (=) in the absence of sodium selenite. Data are expressed as
mean=SEM (n=3-6). CMPF, carboxy-4-methyl-5-propyl-2-furanpropanoic; HA, hippuric acid; IA, indole acetic acid; KA, kynurenic acid;

PCS, p-cresyl sulfate; PS, phenyl sulfate.

(diphenylene iodonium), antioxidant (ascorbic acid [AsA]),
and mitochondrial reactive oxygen species (ROS) scavenger
(mitochondria-targeted antioxidant compound piperidine
nitroxide [2,2,6,6-tetramethylpiperidin-1-oxyl]; Figure 4A).
These results suggest that after IS enters the cell using
OATP, there is a decrease in SEPP1 expression through
production of ROS (including mitochondrial ROS) upon
activation of NADPH oxidase by AhR signaling. In HepG2
cells, SEPP1 expression was also decreased when hydrogen
peroxide, an ROS inducer, was added, and suppressed in
the presence of an antioxidant (AsA; Figure 4B). Among
the seven albumin-bound uremic toxins, only IS was found
to significantly produce ROS (Figure 4C). These results
demonstrate that induction of ROS is important for IS-
induced SEPP1 suppression.

Transcription factors sterol regulatory element binding
protein 1c, PGC-le, and HNF4a bind to the promoter
region of SEPP1 and regulate SEPP1 transcription.?”-?8
Thus, IS may downregulate SEPP1 by altering the expres-
sion of these transcription factors. IS had no effect on sterol
regulatory element binding protein 1c mRNA expression
but significantly decreased PGC-1ae and HNF4« expression
(Supplemental Figure 2, B-D). IS decreases PGC-1a expres-
sion in myocytes?® and dephosphorylates AMP-acti-
vated protein kinase (AMPK) (upstream of PGC-1a) in
cardiomyocytes.®® We found IS also decreased AMPK
phosphorylation and PGC-1a protein expression in HepG2
cells, and these changes were suppressed in the presence
of an antioxidant (AsA) or AMPK activator (Figure 4D).
Moreover, IS-induced SEPP1 suppression was recovered
by the presence of the AMPK activator (Figure 4E). These
results indicate IS-derived ROS downregulates SEPP1 ex-
pression by dephosphorylating AMPK and decreasing
PGC-1a expression (ROSt/phospho-AMPK|/PGC-1arl/
SEPP1]).

IS is also reported to increase microRNA-34a-5p
(miR-34a-5p) expression in vascular endothelial cells,3!
and miR-34a-5p decreased HNF4a in hepatocytes.”* Here,
IS increased miR-34a-5p expression and decreased HNF4«
expression, and these changes were suppressed by AsA or
an miR-34a-5p inhibitor (Figure 4, F and G). Furthermore,
IS-induced SEPP1 suppression recovered in the presence of
an miR-34a-5p inhibitor (Figure 4H). These results indicate
that IS-derived ROS decreased SEPP1 expression by in-
creasing miR-34a-5p expression and decreasing HNF4«
expression (ROST/miR-34a-5p1/HNF4«|/SEPP1]). Thus,
IS increases ROS production through the OATP/AhR/
NADPH oxidase pathway and decreases SEPP1 expression
by modulating the AMPK/PGC-la and miR-34a-5p/
HNF4a pathways (Figure 4I).

Relationship between Serum Se and IS Concentrations in
Patients on Dialysis

Next, we investigated the relationship between serum Se
and IS concentrations in patients on dialysis. A total of 55
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patients on hemodialysis (33 male and 22 female patients)
were enrolled in this study. All blood samples were col-
lected before dialysis. The molecular weight of SEPP1 is
43.2 kDa, which means SEPP1 is not easily removed by
dialysis. Our findings showed that serum IS concentrations
negatively correlated with serum Se concentrations
(R2=0.824; P < 0.01; Supplemental Figure 3A). Further-
more, among patients on dialysis, those with high serum IS
(>100 uM) and low serum Se (<10.5 pg/dl) concentrations
had lower serum SEPP1 expression compared with those
with low serum IS and normal serum Se concentrations
(cutoff value for IS: 100 uM; normal value for Se®*:
10.5-17.3 ug/dl; Supplemental Figure 3B). Interestingly,
age of the patients on dialysis was negatively correlated
with serum Se concentration (overall: R*=0.322; P < 0.05,
male: R*=0.322; P < 0.05, female: R>=0.246; P < 0.05),
although serum IS concentration was a more important
factor (Supplemental Figure 3C). The results of this obser-
vational study indicate that IS could be involved in the
decrease in serum SEPP1 levels and Se deficiency in pa-
tients on hemodialysis.

Inhibition of Renal Ferroptosis By Therapeutic Intervention
Targeting IS/SEPP1/Glutathione Peroxidase 4 Pathway in
CKD Mice

Administration of AST-120 alone did not fully restore
renal Se content in CKD mice (Figure 2I). It is assumed that
Se delivered to the kidney as SEPP1 is resynthesized into
functional Se-containing proteins (e.g., glutathione peroxi-
dase 4 [GPX4]).3* GPX4 regulates intracellular redox bal-
ance by reducing lipid peroxides in cell membranes to
alcohols using reduced GSH as a cofactor, thereby less-
ening the accumulation of lipid peroxide. Indeed, GPX4
knockout mice developed AKI with renal tubular ferrop-
tosis, suggesting that GPX4 is deeply involved in the
redox balance of the renal tubules.” We hypothesized
that treatment of CKD using Se supplementation along-
side AST-120 would increase SEPP1 production in the
liver, resulting in enhanced renoprotection. The therapeu-
tic effects of (1) AST-120, (2) intraperitoneal sodium sel-
enite, and (3) a combination of AST-120 and sodium
selenite on adenine-induced CKD in mice were compared
(Figure 5A). A combination of AST-120 and Se supple-
mentation (Figure 5, B-D) upregulated hepatic SEPP1
expression, and plasma SEPP1 levels were restored to
normal. In addition, the decrease in Se content in plasma
and kidney of CKD mice largely recovered after combi-
nation treatment (Figure 5, E and F). Furthermore, de-
creased expression of GPX4 in renal tissues of CKD mice
was restored after combination therapy, which positively
correlated with renal Se content (R*=0.825; P < 0.01;
Figure 5, G and H). These results indicate that combined
treatment of AST-120 and Se supplementation for CKD
promotes Se supply to the kidneys by SEPP1, resulting in
restoration of GPX4 expression.
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Figure 4. Molecular mechanism of 1S-induced SEPP1 suppression. (A) Effect of an OATP inhibitor (probenecid [0.5 mM]), AhR inhibitor
(CH-223191 [10 uM]), NADPH oxidase inhibitor (DPI [10 uM]), antioxidant (AsA [0.5 mM]), and MitoTEMPO (10 uM) on IS (1 mM)-
induced SEPP1 suppression in HepG2 cells. Cells were exposed to each inhibitor for 1 hour and then incubated with IS for 48 hours. (B)
Effect of the oxidant (H,O, [100 uM]) and antioxidant (AsA [0.5 mM]) on SEPP1 protein expression in HepG2 cells. Cells were exposed to
AsA for 1 hour and then incubated with H,O, for 48 hours. (C) Effect of seven albumin-binding uremic toxins (IS, PCS. PS, HA, IA, KA,
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Figure 4. Continued. CMPF: 1 mM) on the production of ROS in HepG2 cells for 1 hour. (D) AMPK activity (p-AMPK/AMPK) and PGC-1a
protein expression in HepG2 cells were detected. Cells were treated with AsA (0.5 mM) or AICAR (0.5 mM) for T hour and then incubated
with IS (T mM) for 48 hours. (E) Effect of AICAR (0.5 mM) on IS (1 mM)-induced SEPP1 suppression in HepG2 cells. Cells were exposed to
AICAR for 1 hour and then incubated with IS for 48 hours. (F) miR34a-5p expression in HepG2 cells was determined. Cells were treated
with AsA (0.5 mM) for 1 hour and then incubated with IS (T mM) for 48 hours. (G) Effect of the miR34a-5p inhibitor (20 nM), miRNA-
negative inhibitor (20 nM), and AsA (0.5 mM) on IS (1 mM)-induced HNF4a mRNA suppression in HepG2 cells. Cells were exposed to
each inhibitor for 1 hour and then incubated with IS for 48 hours. (H) Effect of the miR34a-5p inhibitor and miRNA-negative inhibitor on
IS (1 mM)-induced SEPP1 suppression in HepG2 cells. Cells were exposed to each inhibitor for 1 hour and then incubated with IS (1 mM)
for 48 hours. () Schematic showing the molecular mechanism of IS-induced SEPP1 suppression. Data are expressed as mean=SEM
(n=3-4). AhR, aryl hydrocarbon receptor; AICAR, AMPK activator; AMPK, AMP-activated protein kinase; AsA, ascorbic acid; CH, 2-methyl-
2H-pyrazole-3-carboxylic acid (2-methyl-4-o-tolylazo-phenyl)-amide; DPI, diphenylene iodonium; miRNA, microRNA; MitoTEMPO,
Mitochondria-targeted antioxidant compound piperidine nitroxide (2,2,6,6-tetramethylpiperidin-1-oxyl); OATP, organic anion trans-
porting polypeptide; p-AMPK, phospho-AMPK; ROS, reactive oxygen species.

Finally, we evaluated the renoprotective effects of
AST-120 and sodium selenite combination treatment on
CKD mice. Decreased renal function (increased BUN, se-
rum creatinine, urine volume, and urinary protein and
decreased creatinine clearance) in CKD mice was signifi-
cantly suppressed by combination treatment as compared
with AST-120 or sodium selenite alone (Supplemental
Figure 4, A-E). In addition, increased expression of a
marker of tubular damage (kidney injury molecule-1
mRNA) in CKD mice was also significantly suppressed
after combination treatment (Supplemental Figure 4F). In-
crease of IS in plasma and kidney of CKD mice was also
markedly suppressed by the combination treatment (Sup-
plemental Figure 4, G and H). Renal histological analysis
(periodic acid-Schiff staining) identified abnormal tubules
in the renal cortical region of CKD mice. However, this
tissue damage was suppressed by the combination treat-
ment (Figure 6, A and B). Moreover, the combination
treatment significantly reduced the number of TUNEL-
positive cells (Figure 6, A and C). Enzyme immunostaining
for 4-hydroxynonenal was performed to evaluate the ac-
cumulation of lipid peroxides, a marker for ferroptosis.
The accumulation of lipid peroxides (brown) observed in
CKD mice was markedly suppressed by the combination
treatment (Figure 6, A and D). Next, we measured the
level of lipid peroxide (malondialdehyde) in renal tissues.
The increase in malondialdehyde in CKD mice was sup-
pressed after combination treatment (Figure 6E). Further-
more, the combination treatment reduced the elevated
plasma albumin oxidation levels, a marker of systemic
oxidative stress, in CKD mice (Figure 6F). Renal expres-
sion of a ferroptosis marker (hyperoxidized PRDX3) was
elevated in CKD mice but significantly decreased after
combination treatment (Figure 6G). On the basis of these
results, we found that the combination treatment of AST-
120 and Se supplementation exerted a renoprotective
effect through inhibition of ferroptosis. The mechanism
may involve restoration of Se supply to the kidneys
resulting in recovery of GPX4 expression and a conse-
quent decrease in lipid peroxide, a ferroptosis-inducing
factor (Figure 6H).

Discussion

Recently, the relationship between progression of CKD
and onset of its complications with trace element deficiency
has attracted attention.®> However, aspects of fluctuations
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in trace elements and their molecular mechanisms in CKD
pathology remain unclear. To clarify the molecular basis of
trace element deficiencies associated with CKD, we inves-
tigated the corresponding relationship with uremic toxin
accumulation.

We comprehensively measured 17 trace elements in
plasma of CKD mice. Among these, Se was identified as
the trace element most significantly affected by AST-120
administration. Indeed, AST-120 administration restored
the low levels of plasma Se found in CKD mice to normal
levels. Furthermore, IS decreased the expression of the Se
transport protein SEPP1 in the liver. In addition, using
HepG2 cells, we demonstrated that IS suppresses SEPP1
expression through increased ROS production through the
OATP/AhR/NADPH oxidase pathway. Increased ROS
leads to inhibition of transcription factors, such as
AMPK/PGC-1a and microRNA-34a (miR-34a)/HNF4a.
Moreover, studies using serum from patients on hemo-
dialysis also suggested that IS could contribute to reduced
serum SEPP1 levels and Se deficiency. Thus, we per-
formed a combination therapy using AST-120 and sodium
selenite. This combination therapy restored Se supply to
the kidneys and increased GPX4 expression by SEPP1,
thereby exerting renoprotective effects by suppression of
ferroptosis.

Trace element deficiencies have been reported in both
nondialysis patients with CKD and patients on hemodi-
alysis. Deficiencies in Fe, Zn, and Se were commonly
observed.336-3% In CKD mice, we also found that plasma
concentrations of Fe, Zn, and Se were significantly re-
duced (Supplemental Table 2). Furthermore, the plasma
concentrations of these trace elements in CKD mice were
within the range observed in human deficiency states,
supporting the usefulness of this CKD mice model for
evaluating trace element deficiencies in CKD.

We demonstrated that IS contributes to Se deficiency by
reducing SEPP1 expression. Dietary Se is incorporated into
Se-containing proteins, such as SEPP1, enabling its reten-
tion in the body.?! Se that is not retained is rapidly excreted
in urine.”? Therefore, when SEPP1 expression is downre-
gulated, the ability of the body to retain Se is diminished.
Indeed, increased urinary Se excretion observed in CKD
mice was suppressed after AST-120 administration, and
hepatic SEPP1 expression showed a negative correlation
with urinary Se excretion (Figure 2H). These data suggest
SEPP1 expression is an indicator of the capacity of the body
to retain Se. Renal Se content of CKD mice was not fully
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Figure 5. Therapeutic intervention targeting the IS/SEPP1 pathway in CKD mice. (A) Experimental protocol for the effect of AST-120 and
Se supplementation on CKD mice. After randomization at 2 weeks after feeding 0.2% adenine-containing diet, the AST-120 group was fed
a diet containing 8% AST-120 and the Se supplementation group received sodium selenite (0.5 ug/g BW intraperitoneally, daily).
Expression of SEPP1 (B) protein and (C) mRNA in the liver. (D) SEPP1 protein and (E) Se levels in plasma. (F) Se content and (G) GPX4
protein expression in the kidney. (H) Correlation between Se content and GPX4 protein expression in the kidney. Data are expressed as
mean®=SEM (n=4-9). GPX4, glutathione peroxidase 4.

Kidney360 6: 1448-1461, September, 2025 1457



BASIC RESEARCH | www.kidney360.org
A

CKD-mice H
Control (-) AST-120 Se AST + Se ( )

Combination of
AST-120 and selenium

PAS

TUNEL
ulebapy

4-HNE

O Proteolysis ->

B C oo 22001 D Resynthesis
g 5 ©

(& oy < .

254 2 i Glute_lthlone

‘@ € 2 w o Peroxidase 4

o353 @ Z S

O += o

o @ 2 + T q>)

fe 3 g

i ; N '

= LOOH LOH

(Lipid peroxides) (Lipid alcohols)

CKD-mice l ‘

Ferroptosis

CKD-mice

-

E peoor P00

P<0.05

n
(&}

Proximal tubule

n
o

—_ -
o o,

MDA (umol/g protein)
Oxidized Albumin (%)

CKD-mice CKD-mice

CKD-mice
Control (-) AST-120 Se AST + Se

SO,/5-PRDXS [ S

GAPDH | s s s —

S0O,/3-PRDX3/GAPDH
(Fold change)

CKD-mice

Figure 6. Renal protection by combination of AST-120 and Se supplementation in CKD mice. (A) Representative images of PAS staining
(upper), TUNEL staining (middle), and immunostaining (lower) for 4-HNE. Scale bars=100 um. (B) Tubular injury scoring. Quantification
of (C) TUNEL-positive cells and (D) 4-HNE-positive area. (E) The MDA content in the kidney was determined using an MDA assay kit.
(F) Oxidized albumin ratio was measured by ESI-TOF MS. (G) Hyperoxidized-PRDX3 (SO,;3-PRDX3) protein expression in the kidney.
(H) Schematic showing the molecular mechanism of renal protection by a combination of AST-120 and Se supplementation. Data are expressed
as mean®=SEM (n=4-9). 4-HNE, 4-hydroxynonenal; ESI-TOF MS, electrospray ionization time-of-flight mass spectrometry; MDA, malon-
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restored by sodium selenite supplementation. Thus, ex- with AST-120 resulted in a significant recovery of renal
ogenous supplementation of Se alone does not improve Se content (Figure 5F). These findings suggest restoring
systemic Se deficiency. However, combination therapy SEPP1 expression is crucial in CKD. Hence, the Se retention
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capacity (e.g., SEPP1 expression) of each patient should be
assessed before administering Se supplementation. As
shown in Supplemental Figure 4G, Se treatment alone
significantly decreased plasma IS levels and improved
kidney function. Although the reduction in plasma IS
levels was smaller compared with AST-120 administration,
other parameters, including plasma Se levels, SEPP1 ex-
pression, and protective effects on the kidney, are all
comparable (Figures 5 and 6). As shown in Figure 5, F
and G, Se treatment alone significantly increased renal Se
content and GPX4 expression. This suggests that Se treat-
ment also partially enables to supply Se to the kidney,
which could exert its renal protective effects. These reno-
protective effects by Se treatment could lead to reduced
plasma IS levels (Supplemental Figure 4G). This suggests
that Se treatment could partially exert its renoprotective
effects through a different mechanism of action, inde-
pendent of IS. Regarding the possible additive or syner-
gistic effects of Se supplementation and AST-120, the
combination index would be needed in the future. To
clarify the contribution of Se deficiency on CKD progres-
sion, the experiment using mice with Se-deficient diet
may be needed. In addition, the experiment in female
mice to assess potential sex-specific differences would be
needed in the future.

IS exhibited a dose-dependent suppressive effect on
SEPP1 expression in HepG2 cells (Figure 3, C and D).
Serum IS levels in uremic patients are typically approxi-
mately 100 uM but may be 1 mM.* These observations
suggest that CKD patients with higher serum IS levels are
more likely to exhibit Se deficiency because of reduced
hepatic SEPP1 expression. Analysis of serum from patients
on hemodialysis showed IS is associated with decreased
serum SEPP1 levels and Se deficiency (Supplemental Fig-
ure 3, A and B). Therefore, serum IS levels could serve as a
useful diagnostic marker for Se deficiency in CKD to guide
decisions regarding Se supplementation therapy. Further
clinical trials are needed to validate these findings.

Among seven albumin-binding uremic toxins (IS,
p-cresyl sulfate, phenyl sulfate, hippuric acid, indole acetic
acid, kynurenic acid, and carboxy-4-methyl-5-propyl-2-fur-
anpropanoic), the strongest suppressive effect on SEPP1
expression was observed with IS (Figure 3, I and ]). IS acts
as a ligand for the AhR*® and EGF receptor,*! leading to
the production of ROS. Activation of NADPH oxidase is
involved in each ROS production pathway.***> The de-
crease in SEPP1 expression induced by IS was signifi-
cantly suppressed by inhibitors of AhR (CH-223191) and
NADPH oxidase (diphenylene iodonium; Figure 4A). In
addition, among the seven uremic toxins tested in HepG2
cells, IS showed the greatest increase in ROS production
(Figure 4C). When hydrogen peroxide, a ROS inducer,
was added to HepG2 cells, SEPP1 expression decreased,
and this effect was suppressed in the presence of AsA
(Figure 4B). Thus, the increase in ROS production by IS is
involved in the suppression of SEPP1 expression. To
validate the mechanism that connects renal ferroptosis
and IS to Se deprivation, it would be desirable to evaluate
the in vivo effect of OATP/AhR/NADPH oxidase path-
way inhibitor in the future.

We identified involvement of the AMPK/PGC-1a path-
way and miR-34a/HNF4a pathway in IS-induced ROS

IS Induces Selenium Deficiency by SEPP1 Downregulation, Nakano et al.

production (Figure 4, D-H). Previous studies reported that
IS induces dephosphorylation of AMPK,394344 but this is
the first to demonstrate a relationship with ROS produc-
tion. ROS increases miR-34a expression through the kelch-
like ECH-associated protein 1/Nuclear factor erythroid
2-related factor 2 pathway.*> Intriguingly, miR-34a is as-
sociated with kidney aging by suppressing mitochondrial
antioxidant enzymes, such as superoxide dismutase 2 and
Txnrd2, as well as with kidney fibrosis through the sup-
pression of Klotho expression in renal tubules.*¢4” These
findings suggest that, in addition to its effect on SEPP1
expression, miR-34a may also be involved in the progres-
sion of CKD.

The redox balance in renal tubules is closely regulated by
the Se-containing protein GPX4. Indeed, GPX4 knockout
mice develop AKI associated with tubular ferroptosis.3
Several studies have aimed to elucidate mechanisms that
maintain GPX4 expression in renal tubules and suppress
ferlrop’cosis.%’50 In this study, we demonstrated that the
reduction in renal Se content in CKD mice contributes to
decreased GPX4 expression (Figure 5, F-H). We also
showed that combination therapy with AST-120 and so-
dium selenite restored Se supply and GPX4 expression in
the kidneys, leading to kidney protection by suppression of
ferroptosis (Figure 6). A therapeutic approach aimed at
preventing Se reduction in CKD, thereby restoring GPX4
expression and inhibiting ferroptosis in renal tubules, has
not previously been reported. Spherical adsorbent carbon,
represented by AST-120, is marketed as a drug to suppress
CKD progression in several countries (Japan [since 1991],
South Korea [since 2004], Taiwan [since 2007], and the
Philippines [since 2010]).>' In addition, sodium selenite
injection is approved as a treatment of Se deficiency>?
and its safety in patients on hemodialysis confirmed.’®
Therefore, there would be few barriers to the clinical
application of this combination therapy. This study pro-
vides foundational data for the potential application of a
combined therapy comprising spherical adsorbent carbon
and injection of sodium selenite for patients with CKD.
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