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ABSTRACT: Selenoprotein K (SELENOK), a protein residing in the endoplasmic reticulum (ER), is modulated by dietary
selenium and is expressed at elevated levels in neurons. SELENOK has been shown to participate in cellular antioxidant activity and
posttranslational palmitoylation. This study presents both in vivo and in vitro evidence that SELENOK deficiency reduces the
palmitoylation of TfR-1, thereby impairing transferrin transport and ultimately leading to a decrease in the intracellular iron content,
impaired mitochondrial respiratory chain activity and decreased ATP production. Remarkably, restoring SELENOK levels
significantly enhanced TfR-1 palmitoylation, increased intracellular iron levels, and restored mitochondrial function, thus
ameliorating cognitive deficits in 7 month-old SELENOK knockout mice. Consistent with these findings, iron supplementation also
improved mitochondrial function by elevating intracellular iron levels, thereby improving cognitive deficits in 7 month-old
SELENOK knockout mice. Therefore, SELENOK exerts its neuroprotective effect by regulating the palmitoylation of TfR-1 to
maintain iron homeostasis, thereby protecting mitochondrial function in neurons.
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1. INTRODUCTION regulatory proteins (IRPs)."” In iron-deficient cells, IRP binds
to iron responsive elements (IREs) on the 3’-untranslated
region (UTR) of target mRNAs (such as TfR-1), leading to
dria primarily function to manufacture ATP via the oxidative enhanced stability and transcription. Conversely, IRP binding

phosphorylation (OXPHOS) mechanism, which transforms to the IRE .in tbe 5,'U’I_'R of target mRNAs, including ferritin
chemical energy from FADH2 and NADH generated in the heavy chain/light-chain (FTHI/FTL), prevents transla-

Mitochondria are indispensable multifunctional organelles for
cellular metabolism in almost all eukaryotic cells." Mitochon-

citric acid (TCA) cycle into electron flow inside the electron tion."™"” Transferrin receptor-1 (TfR-1) facilitates the cellular
transport chain (ETC).> The ETC consists of four multi- uptake of iron-bound transferrin (Tf), serving as a major way
subunit complexes,‘g_6 in addition to a fifth complex, Complex for cells to obtain iron. Serum Tf can exist in noniron-bound
V, which is responsible for converting ADP and inorganic (apo—Tf), monoferric or diferric (holO—Tf) forms.”® On the cell
phosphate into ATP.” The number of mitochondria reflects surface, holo-Tf binds to TfR-1 and enters the cell via
the energy demand of a cell, with tissues such as muscles, endocy’cosis.21 In the acidic milieu of the endosome, Fe3*
myocardial cells, and neurons requiring increased mitochon- dissociates from Tf, followed by its conversion to Fe®" via
drial content.® Mitochondrial dysfunction contributes to metal reductase. Proper functioning of TfR-1 relies on post
various neurodegenerative diseases, as neuronal mitochondria translational palmitoylation modification while it resides on the
exhibit lower density than other cells, such as muscle cells. cell membrane.

Despite this, the brain uses nearly ten times more oxygen and Selenium is a crucial micronutrient that protects against

. 9,10
glucose than other tissues.

Iron—sulfur (Fe—S) clusters are common cofactors found in
many organisms and represent the largest group of metal-
loproteins. Their primary function is to participate in electron
transfer processes. Fe—S clusters play a crucial role in both the
TCA cycle and ETC within mitochondria."' Numerous Fe—S
clusters have been identified in mitochondrial complexes I, II,
and TIL"*7"* Complex IV functions as a haem aa3-copper
oxygen reductase."> More than 75% of the iron in the human
body is directly utilized in the production of haem or Fe—S§
cluster cofactors.'® Therefore, iron content is crucial for the
assembly of Fe—S clusters. The intracellular iron concentration
is strictly controlled by the iron responsive element—iron
regulatory protein (IRE—IRP) system, which involves iron

oxidative stress in cells.””** In cases of selenium deficiency, the
brain retains more selenium than other tissues.”* Selenium
mostly fulfills its biological purpose by being incorporated into
selenoproteins.”> Selenomethionine improves mitochondrial
function by upregulating mitochondrial selenoproteins.”® Se
supplementation effectively inhibits neuronal ferroptosis
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through the activation of GPX4 while also inducing an increase
in selenoprotein K (SELENOK) expression.”’

SELENOK, located on the ER membrane and abundantly
expressed in the brain, actively participates in regulating both
oxidative stress and endoplasmic reticulum stress.”* " Addi-
tionally, SELENOK modulates the activity of inositol-1,4,5-
triphosphate receptor (IP3R), a Ca** channel protein situated
in the ER membrane, through posttranslational palmitoyla-
tion.”’ The impaired palmitoylation of TfR-1 has been
reported to disrupt iron homeostasis in the brain.’*** Given
the close relationship between iron homeostasis and oxidative
stress and mitochondrial function, it is plausible that
SELENOK may be involved in regulating iron homeostasis
and mitochondrial function; however, no relevant reports on
this topic have been published thus far.

In this study, we observed that knockout/knockdown of
SELENOK resulted in a reduction in the palmitoylation of
TfR-1, thereby impacting Tf transport and ultimately leading
to decreased intracellular iron content, impaired mitochondrial
respiratory chain activity, and decreased ATP levels. Notably,
these effects were reversed upon the restoration of SELENOK
expression or the replenishment of iron.

2. MATERIALS AND METHODS

2.1. Mice. SELENOK™/~ mice developed on the C57BL/6]
background were graciously provided by the University of Hawaii.
This investigation involved housing CS7BL/6] mice and SELE-
NOK™/~ mice, aged 4, 7, and 12 months, individually in ventilated
cages (n = 3—4) based on their respective group. The living
circumstances consisted of a room temperature sustained at 22 + 2
°C, accompanied by a 12 h alternating light/dark cycle, with
unrestricted access to food and water. Body weight assessments were
conducted biweekly. At 6 months of age, the diet was switched to
either a control or high-iron diet (BIOPIKE M11102). All procedures
were conducted in accordance with the instructions sanctioned by the
Animal Ethical and Welfare Committee of Shenzhen University
(Permit Number: IACUC-202300052).

2.2. Cell Culture, Treatment, and Adenovirus Transfection.
The culture of N2a and SELENOK ™/~ N2a cells has been previously
described.*® In brief, the cells were grown in a 1:1 mixture of Opti-
MEM and DMEM, supplemented with 6% fetal bovine serum, 100
mg/mL streptomycin, and 100 U/mL penicillin. Primary neuronal
cultures were prepared as previously described.** The cerebral cortex
was dissected from CS7BL/6] and SELENOK ™/~ mouse offspring
after birth (P0—P1) and subjected to digestion with 2 mg/mL papain
at 37 °C for 30 min. The processed tissue was subsequently triturated
by pipetting in DMEM supplemented with 10% FBS. Dissociated cells
were cultivated in poly-D-lysine-coated six-well plates at a density of 1
X 10° cells/well for confocal microscopy or at a density of 1 X 10°
cells/well. Following a 2 h incubation, the medium was completely
substituted with neuron culture medium (50 U/mL penicillin, 0.5 mm
L-glutamine and 2% B27), followed by the replacement of half of the
culture medium every 2 days.

N2a cells were cultured on a 6-well plate, followed by treatment
with the respective drugs for 24 h. The drugs used in this study
included artesunate (100 nmol/mL), deferoxamine mesylate (DFOM,
10 ymol/mL), and Dp44 mT (2 pmol/mL). The AAVs used for the
overexpression of SELENOK in this research were genetically
constructed by OBiO Technology (Shanghai, China). Detailed
information can be found as previously described.*> SELENOK ™/~
N2a cells were plated in a 6-well plate and allowed to adhere. Then,
750 uL of serum-free culture media combined with virus (virus
volume = number of cells X MOI/virus titer; MOI = 200) was
introduced to each well and cultured for 2 h. Subsequently, an
additional 750 uL of complete culture medium was added. The
medium was substituted with new complete culture medium within

24 h. Forty-eight h after transfection, the cells were used for
subsequent experiments.

2.3. Western Blot Analysis. Brain tissue and cells were subjected
to total protein extraction utilizing RIPA buffer, followed by
centrifugation at 12,000g for 30 min at 4 °C. The protein
concentration was measured using a BCA protein assay kit (Beyotime,
Nanjing, China). Protein samples (10—20 ug) were subjected to 10—
12% SDS—polyacrylamide gel electrophoresis (SDS—PAGE) and
subsequently transferred to 0.45 pm polyvinylidene difluoride
membranes (Merck Millipore, Burlington, MA, USA). Then, the
membranes were treated overnight at 4 °C with primary antibodies
specific for tubulin (Proteintech 66031-1), GAPDH (Proteintech
10494), transferrin (Abcam ab278498), transferrin receptor (TfR-1)
(Thermo Fisher 13-6800), FTH1 (Abcam ab75973), IREB2 (Abcam
ab181153), and UQCRC2 (Proteintech 14742-1); SDHB (Protein-
tech 10620-1), MTCO2 (Proteintech 55070-1), and NDUFBS8
(Proteintech 14-794-1). Horseradish peroxidase-conjugated secon-
dary antibodies (antirabbit or antimouse, Abcam) were incubated for
1 h at 37 °C. Protein bands were detected using an enhanced
chemiluminescence assay kit (Epizyme, Shanghai, China) and
visualized using an automated chemiluminescence imaging system
(Tanon, Shanghai, People’s Republic of China). Band intensity
quantification was performed using Image] software (National
Institutes of Health, Stapleton, New York, USA).

2.4. Immunofluorescence. The cultivated cells were fixed with
4% paraformaldehyde (PFA) for 30 min, followed by three washes
with PBS, then incubated at room temperature in a solution of 0.5%
Triton X-100 and 10% normal goat serum for 30 min. The samples
incubated treated with the primary antibody at 4 °C overnight. After
washing, the samples were incubated with secondary antibodies in
blocking buffer for 1 h. Following another round of washing, the
samples were counterstained with DAPI. Imaging analysis was
conducted with a Zeiss LSM 880 laser scanning confocal microscope
(Carl Zeiss AG, Germany) equipped with z-stack and tile scan
capabilities.

2.5. Tf Internalization. Live cell imaging was employed to assess
the internalization of Tf. After incubation with Alexa S61—Tf (25 ug/
mL) at 37 °C for S min, Tf internalization was quantified. Imaging
analysis was performed using a SIM superresolution microscope (T12-
N-SIM-S) or an OLYMPUS (APX-1000) microscope.

2.6. Palmitoylated Proteins Profiling. Palmitoylated proteins
were enriched using the acyl-ABE assay with protocol optimization.*®
Briefly, protein lysates (1 mg) were alkylated with SO mM N-
ethylmaleimide in protease inhibitors overnight at 4 °C. Following
triple chloroform—methanol (CM) precipitation, samples were
bifurcated and subjected to hydroxylamine (+HA) and without
hydroxylamine (—HA). The + HA sample (200 L) was treated with
800 uL of Solution A which consisted of 700 uL of 1 M HA in PBS,
20 pL of 10% Triton X-100, 10 uL of protease inhibitor, 250 uL of 4
mM HPDP-biotin (A8008; APExBIO) and 20 uL of PBS. Conversely,
the -HA sample (200 pL) was incubated with 800 uL of Solution B,
comprising 670 uL of PBS, 20 uL of 10% Triton X-100, 10 uL of
protease inhibitor, 250 yL of 4 mM HPDP-biotin and 50 uL of 1 M
Tris—HCI (pH 7.4) at 25 °C for 2 h. After CM precipitation, the
samples were reconstituted in 50 uL of TB buffer and mixed with 0.9
mL of LB buffer (containing protease inhibitors) and 20 uL
streptavidin-agarose (20353; Thermo Fisher Scientific) at 25 °C for
3 h. The precipitates were eluted in S0 L LB containing 1% pf-
mercaptoethanol, denatured at 100 °C for 8 min and stored at —20
°C.

2.7. Isolation and Detection of Membrane Proteins. Cells
were inoculated on a 6-well plate at the density of 5 X 10° cells per
well and washed three times with PBS. Subsequently, 400 uL of
Sulfo—NHS—SS-Biotin was added to each well, followed by a 30 min
incubation at 4 °C. Afterward, the wells were rinsed three times with
precooled 50 mM glycine and soaked for 5 min each time. Then, 60
UL of IP buffer (precooled PBS containing 1% Triton X-100 and
protease inhibitor) was introduced into each well, followed by a 10
min incubation on ice and centrifugation at 14,000 rpm for 10 min at
4 °C; 10 uL of the supernatant was collected as input, while the
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Figure 1. SELENOK deficiency affects mitochondrial function in vitro and in vivo. (A,B) Proteomic analysis of the hippocampi of 7 month-old
SELENOK ™/~ mice. (C) The morphology of mitochondria in hippocampal neurons observed by electron microscopy. Scale bars, 10 um (upper
panel) and 2 ym (lower panel). (D,E) Mitochondrial ATP content in 7 month-old cortex (D) and hippocampal (E) brain homogenates (1 = 6).
(F-I) Activity of the mitochondrial respiratory chain complex in the cortex of 2 month-old and 9 month-old mice. (F) Mitochondrial complex I
(*p < 0.05, n = 6,9 month-old C57, n = 7). (G) Mitochondrial complex III (*p < 0.05, n = 6). (H) Mitochondrial complex IV (*p < 0.05, n =6, 2
month-old C57, n = S). (I) Mitochondrial complex V (*p < 0.0S, n = 6). (J,K) Activity of the mitochondrial respiratory chain complex in WT and
SELENOK ™/~ N2a cells (*#*p < 0.01, n = 4). (L) The relative Ox?rgen consumption rate (OCR) in WT and SELENOK ™~ N2a cells (*p < 0.01, n
= 3). (M) Mitochondrial ATP content in WT and SELENOK ™/~ N2a cells (**p < 0.01, n = 4).

12235 https://doi.org/10.1021/acs jafc.4c08266

J. Agric. Food Chem. 2025, 73, 12233—-12246


https://pubs.acs.org/doi/10.1021/acs.jafc.4c08266?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c08266?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c08266?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c08266?fig=fig1&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.4c08266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

residual supernatant was incubated with 50 and S uL of streptavidin
agarose at 4 °C for 2 h. After being washed S times with detergent
(precooled PBS containing 1% Triton X-100), the samples were
centrifuged at 5000 rpm for 1 min at 4 °C. Finally, the precipitates
were eluted in 30 uL of 6X loading buffer and incubated at 65 °C for
10 min, after which the supernatant was collected for WB analysis.

2.8. Intracellular Fe** Levels. The intracellular Fe** levels in
SELENOK-KO N2a cells and SELENOK-KD neurons were measured
using a multiwavelength microplate reader after labeling with
ferroOrange, which exhibits enhanced fluorescence upon binding to
free Fe?*. The cultured SELENOK-KO N2a and SELENOK-KD
neuronal cells were treated with 1 uM ferroOrange (DOJINDO,
F374) for 30 min at 37 °C, followed by immediate analysis using a
microplate reader with an excitation wavelength of 543 nm.

2.9. Mitochondrial Content. The intracellular mitochondrial
fluorescence levels in SELENOK-KO N2a cells and SELENOK-KD
neurons were measured using a multiwavelength microplate reader
after labeling with MitoBright LT Red, which exhibits enhanced
fluorescence upon binding to mitochondria. The cultured SELENOK-
KO N2a and SELENOK-KD neuronal cells were incubated with 0.1
M MitoBright LT Red working solution (DOJINDO, MT11) for 30
min at 37 °C, followed by immediate analysis using a microplate
reader with an excitation wavelength of 561 nm.

2.10. Mitochondrial Respiratory Chain Complex Activity.
The activity of the mitochondrial respiratory chain complexes was
assessed following the instructions provided with the respective
reagents. Mitochondrial complex I (Solarbio, BC0S51S), mitochondrial
complex III (Solarbio, BC3245), mitochondrial complex IV (Solarbio,
BC0945), and mitochondrial complex V (Solarbio, BC144S5) were
obtained.

2.11. Morris Water Maze Test. The Morris water maze is a well-
established test for evaluating the spatial learning and memory
abilities of mice. The experimental procedure of the Morris water
maze test consists of two stages: an initial 5 day period of positioning
and navigation, during which the mice are placed facing the wall in
various quadrants of a pool. Once the mouse of interest located the
platform, the recording time ceased. If the mouse failed to find and
mount the platform within 60 s, that mouse was guided to board the
platform and allowed to adapt for approximately 10 s. After S days of
training, the platform was removed for subsequent spatial exploration
experiments, which measured both the duration that the mice spent in
the original platform quadrant and their frequency of passing through
the original platform position after 24 and 72 h.

2.12. Y-Maze Test. The Y-maze test is a behavioral test that
capitalizes upon animals’ innate curiosity to explore, and spontaneous
alternation behavior in this test is considered an indicator of short-
term spatial working memory. The Y-maze apparatus consists of three
opaque plastic arms (designated I, II, IIT) with an angular separation
of 120° between two adjacent arms. The mouse was gently placed at
the center point of the maze and allowed to explore freely for 3 min.
Subsequently, the sequence in which the mice entered each arm was
recorded and analyzed.

2.13. Elevated Plus Maze. The elevated plus maze test is a
behavioral assay that capitalizes on innate exploratory curiosity and
conflicting behaviors related to fear of the open arms of animals: the
number of times the animals entered the open arms and the duration
spent in the open arms were considered indicators of anxiety in this
test. The mouse was gently placed at the center of the maze and
allowed to explore freely for 3 min. Finally, both the number of times
the mice entered the open arms and the time spent in the open arms
were recorded and analyzed.

2.14. Oxygen Consumption Rate. Oxygen consumption Rate
was quantified utilizing the Extracellular Oxygen Consumption Rate
Assay Kit (Elabscience, E-BC-F068) in accordance with the
manufacturer’s guidelines.

2.15. Statistical Analysis. GraphPad Prism 9 (GraphPad
Software, La Jolla, CA, USA) was utilized to analyze the data,
which were presented as the means + SD (*p < 0.05, **p < 0.01,
wikky < 0,001, **FFp < 0.0001). Experimental comparisons were
conducted utilizing ANOVA, succeeded by the relevant post hoc test

(Dunnett), or employing an unpaired Student’s t-test. The statistical
methods employed for each quantitated data, together with the
corresponding sample sizes, are detailed in the pertinent figure

legends.

3. RESULTS

3.1. SELENOK Deficiency Impairs Mitochondrial
Function. To validate the impact of SELENOK on the
brain function, SELENOK ™/~ mice and cells were generated
using the CRISPR-Cas9 system.”” SELENOK expression levels
were quantified by Western blot and a very low level of
SELENOK expression was observed in SELENOK™/~ N2a
cells and in SELENOK™'~ mice (Figure S1A,B). Proteomic
analysis of the hippocampi of 7 month-old SELENOK ™/~ mice
revealed a close association between SELENOK and
mitochondrial function (Figure 1A,B). The electron micros-
copy results confirmed that SELENOK deficiency led to
altered mitochondrial morphology in neurons, characterized by
decreased mitochondrial volume and loss of mitochondrial
cristae (Figure 1C). The major role that mitochondria play in
cells is to produce ATP through mitochondrial respiratory
chain complexes. Therefore, we detected ATP levels in 2- and
9 month-old SELENOK ™/~ mice. The results showed ATP
levels were significantly decreased in both cortical and
hippocampal regions (Figure 1D,E). Additionally, we observed
that the activities of complexes I and IV were significantly
increased, while those of complexes III and V were significantly
reduced in the cortical regions of 2- and 9 month-old
SELENOK ™/~ mice (Figure 1F-I). Consistent with these
findings, SELENOK™/~ N2a cells exhibited significantly
reduced complex V activity, OCR and ATP levels compared
to wild-type N2a cells (Figure 1J—M). Mitochondrial function
assessment also revealed a significant decrease in mitochon-
drial content and cell viability in SELENOK-knockdown
neurons (Figure S4C—F). These findings collectively suggest
that SELENOK expression is crucial for maintaining
mitochondrial homeostasis.

3.2. SELENOK Deficiency Reduces Iron—Sulfur Cluster
Protein Levels. Fe—S clusters serve as essential cofactors,
primarily facilitating electron transfer in the mitochondrial
respiratory chain. Therefore, we detected the expression levels
of the key subunit proteins NDUFB8, SDHB, UQCRC2 and
MTCO?2 in the mitochondrial complexes. Notably, a
significant reduction in UQCRC2 expression was observed in
the cortex and hippocampus of 7- and 12 month-old
SELENOK ™/~ mice (Figures 2A—D and S2E—G). In addition,
SELENOK ™/~ N2a cells (Figure 2E,F) and SELENOK-
knockdown primary neurons (Figure 2G,H) exhibited
significantly decreased levels of NDUFB8, SDHB, UQCRC2,
and MTCO2. Our results confirmed that SELENOK
deficiency impairs iron—sulfur [Fe—S] cluster/haem bio-
genesis.

3.3. SELENOK Deficiency Reduces the Intracellular
Iron Content. The assembly of iron—sulfur clusters is closely
associated with iron content; treatment with the iron chelating
agents DFOM or Dp44 mT significantly reduced both iron
content and iron—sulfur protein expression in vitro (Figure
S3A—F). Therefore, we detected changes in iron content after
knockout of the SELENOK gene. In SELENOK ™/~ N2a cells,
total iron content was significantly reduced (Figure 3A). Iron
exists in two interconvertible forms: ferric (Fe>*) and ferrous
(Fe?*). Therefore, we detected Fe?* levels in SELENOK ™/~
N2a cells and found a significant decrease (Figure 3B).
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Figure 2. SELENOK deficiency reduces iron—sulfur cluster protein
expression in vitro and in vivo. (A—D) Representative immunoblot
analysis of NDUFBS, SDHB, UQCRC2, and MTCO2 in 7 month-old
cortical (A,B) and hippocampal (C,D) brain homogenates (*p < 0.05,
n = 7). (E;F) Immunoblot analysis of NDUFB8, SDHB, UQCRC2,
and MTCO2 in WT and SELENOK ™/~ N2a cells (n = 3). (G,H)
Immunoblot analysis of NDUFB8, SDHB, UQCRC2, and MTCO?2 in
WT and SELENOK-knockdown nerve cells (¥p < 0.0S, n = 4).

Moreover, total iron, Fe?*, and Fe>* contents were significantly
reduced in the cortical regions of 12 month-old SELENOK ™/~
mice (Figure 3C—E). To corroborate these findings, ICP—MS
was utilized to measure the iron concentration in the cortex of
7 and 12 month-old SELENOK ™/~ mice, revealing a notable
decrease in iron levels (Figure 3F). Since most cellular iron is
transported into mitochondria for haem and Fe/S cluster
biogenesis,‘w’38 we assessed both the mitochondrial and
cytoplasmic iron content. The results demonstrated a
significant reduction in both the mitochondrial and cytoplas-
mic iron content in cortical brain homogenates from 7- and 12
month-old SELENOK ™/~ mice (Figure 3GH). All of the
above results confirm that SELENOK gene knockout leads to
decreased overall cellular iron levels.

Transferrin receptors (TfR) play a crucial role in facilitating
the cellular uptake of transferrin-bound ferric ions, serving as
the primary mechanism by which cells acquire extracellular
iron.”” Excess intracellular iron is sequestered into ferritin for
storage, and this polymeric protein consists of two subunits, H-
ferritin and L-ferritin. Cellular iron homeostasis is post-
transcriptionally regulated by IRPs.** Therefore, we assessed
the expression levels of those proteins involved in iron
homeostasis. The levels of IREB2, Tf, and TfR-1 significantly
increased in both cortical and hippocampal regions in 7
month-old SELENOK ™/~ mice. Additionally, there was a
significant reduction in FTHI levels in both regions (Figure
31J). Similar results were observed in primary neurons with
SELENOK knockdown: the levels of IREB2 and TfR-1 were

significantly increased, while the level of FTHI was
significantly decreased (Figure 3K,L).

3.4. SELENOK Deficiency Reduces TfR-1 Palmitoyla-
tion and Impairs Transferrin Endocytosis. The transferrin
receptor (TfR-1), which is responsible for facilitating cellular
iron uptake and regulating iron homeostasis, undergoes
posttranslational palmitoylation. SELENOK acts as a chaper-
one of DHHC6 and plays a crucial role in various protein
palmitoylation processes.41 Therefore, we detected the
palmitoylation levels of TfR-1 in SELENOK™/~ mice and
SELENOK ™/~ N2a cells. Our results showed significantly
reduced TfR-1 palmitoylation within the cortical areas of 7
month-old SELENOK ™/~ mice and SELENOK/~ N2a cells
(Figure 4A,B). Additionally, the expression level of TfR-1 on
the cell membrane was significantly decreased (Figure 4C,D).
A notable reduction in the Tf transport rate was also detected
in SELENOK ™/~ N2a cells (Figure 4E,F). Furthermore, both
the Tf transport rate and the Fe?* concentration was
significantly reduced in SELENOK-knockdown neurons
(Figure S4A,B).

3.5. Restoring Expression of SELENOK/Artesunate
Treatment Enhances Mitochondrial Function. SELE-
NOK ™/~ N2a cells were cultured with artesunate (100 nM)
(a TfR-1 palmitoylation enhancer) for 24 h or subjected to
SELENOK restoration (SELENOK-RE). Then, the palmitoy-
lation of TfR-1 and mitochondrial function were assessed. Our
findings demonstrated that both artesunate treatment and
SELENOK-RE significantly enhanced TfR-1 palmitoylation
and cell membrane expression (Figure SA—D). Moreover,
there was a significant increase in the rate of Tf transport and
Fe* content (Figure SE—G). Additionally, FTH1 levels were
considerably higher in both SELENOK-RE N2a cells and those
treated with artesunate (Figure SSB,C). Furthermore, the
levels of NDUFB8, SDHB, UQCRC2 and MTCO2 were
significantly increased in SELENOK-RE N2a cells (Figure
SH). Importantly, mitochondrial content, ATP content, and
cell viability were significantly improved in SELENOK-RE N2a
cells (Figure SI—K). These results confirm that SELENOK
restoration improves mitochondrial function by increasing the
palmitoylation level of TfR-1, thereby increasing the iron
content.

3.6. Restoring the Expression of SELENOK Enhances
Mitochondrial Function and Cognitive Function in
Mice. SELENOK levels were found to be significantly higher
in the hippocampal regions of 7 month-old SELENOK™/~-RE
mice (Figure SSD), in contrast to the significantly reduced
levels of IREB2 and TfR-1. Additionally, there was a significant
increase in FTHI levels in the hippocampal regions of 7
month-old SELENOK™/~-RE mice (Figure 6A). Restoration of
SELENOK expression also led to a significant increase in
UQCRC2 expression in the hippocampus of 7 month-old
SELENOK™/~-RE mice (Figure 6B). Electron microscopy
confirmed that restoring SELENOK expression reversed the
morphological changes in mitochondria caused by SELENOK
knockout, as indicated by an increase in the number of
mitochondrial cristae (Figure 6C). Furthermore, restoring the
expression of SELENOK increased the ATP content within the
hippocampus (Figure 6D). Spatial learning ability was assessed
by measuring escape latency, i.e, the time taken for mice to
locate hidden platforms in the Morris water maze test. As
depicted in Figure 6E, the escape latency did not vary
significantly between the groups of mice. However, the
SELENOK/~-RE mice spent a significantly greater amount
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Figure 3. SELENOK deficiency reduces the intracellular iron content in vitro and in vivo. (A,B) Total iron and Fe** content in SELENOK ™/~

N2a

cells (n = 4). (C—E) Total iron, Fe?*, and Fe** content in 12 month-old brain cortex homogenates (*p < 0.05, n = 5). (F) ICP—MS analysis of the

iron content in the cortex of mice. (GH) Mitochondrial and cytosolic

iron content in 7 and 12 month-old brain cortex homogenates. (LJ)

Representative immunoblot analysis of IREB2, Tf, TfR-1, and FTH1 in 7 month-old cortical (I) and hippocampal (J) brain homogenates (*p <
0.0, n = 7). (K) Representative immunoblot analysis of IREB2, TfR-1, and FTH1 in WT and SELENOK-knockdown primary neurons (1 = 3).
(L) Immunofluorescence images of TfR-1 in WT and SELENOK-knockdown primary neurons (scale bar: 10 ym).

of time in the original platform quadrant than the
SELENOK ™/~ control group during the probe trial at 24 and
72 h (Figure 6G,I). Moreover, the SELENOK/~-RE group
exhibited a significantly greater number of platform crossings
over the original platform location in the 72 h probe
experiment (Figure 6H). In the Y-maze test, restoring
SELENOK expression significantly increased the spontaneous

12238

alternation rate of the mice (Figure 6K). Moreover, compared
to SELENOK ™/~ mice, SELENOK/~-RE mice showed a
significant increase in open arm entries and time spent in the
open arms in the elevated plus maze test (Figure 6L,M).

3.7. Iron Supplementation Reverses the Mitochon-
drial Dysfunction Caused by SELENOK Deficiency. Iron

supplementation also significantly increased the protein
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(E;F) Relative mean fluorescence intensity of the Alexa S61—Tf signal after 30 min in wild-type (N2a) and SELENOK ™/~ N2a cells; n > 3
experiments were performed (scale bar: 10 um). (***%p < 0.0001, N2a cells, n = 35; SELENOK ™/~ cells, n = 20).

expression levels of FTH1 (Figure S6A,B) and UQCRC2
(Figure 7A,B) in both the cortex and hippocampus of 7
month-old SELENOK ™/~ mice, as well as the FTHI1
expression level in SELENOK ™~ N2a cells (Figure S6C).
Furthermore, cell activity initially increased with iron content
but subsequently decreased at higher concentrations in
SELENOK ™/~ N2a cells (Figure 7C). Additionally, iron
treatment significantly upregulated the protein expression
levels of NDUFB8, SDHB, UQCRC2, and MTCO2 in
SELENOK ™/~ N2a cells (Figure 7D). The results of electron
microscopy also confirmed that iron treatment reversed the
mitochondrial morphological changes caused by SELENOK
knockout (Figure 7E). Moreover, iron treatment significantly
increased the ATP content (Figure 7F). Even though there
were no notable differences in escape latency among the
various groups of mice (Figure 7G), during the 24 and 72 h
probe trial, iron-supplemented mice spent a significantly longer
duration in the original platform quadrant than did the mice in
the SELENOK ™/~ control group (Figure 7LK). In the Y-maze
test, iron treatment significantly increased spontaneous
alternation (Figure 7M). Moreover, iron supplementation led
to a significant increase in the number of open-arm entries and
time spent in the open arms in the elevated plus maze test
compared with those of the SELENOK™/~ mice (Figure
7N,0).

4. DISCUSSION

Selenium plays a key role as a trace element in ensuring the
brain functions normally. However, iron accumulation in
mouse brain tissue has been linked to excessive Na2SeO3
supplementation.”” Furthermore, a diet lacking selenium has
been reported to significantly raise the levels of transferrin and
transferrin receptor mRNA expression in rat liver.* These
findings suggest a possible role for selenium in modulating iron
metabolism. Although most research currently focuses on the
antioxidant function of selenium, particularly its involvement in
ferroptosis regulation through the activity of the selenium-
containing enzyme GPX4.,”"*" the precise regulatory mecha-
nism between selenium and iron homeostasis remains unclear.
Notably, selenium supplementation effectively inhibited neuro-
nal ferroptosis triggered by excessive iron while simultaneously
increasing SELENOK expression levels,”’ indicating the
possible involvement of SELENOK in the regulation of iron
homeostasis. This study revealed that SELENOK plays a
crucial role in coordinating brain iron homeostasis and
mitochondrial function and discovered a new mechanism by
which SELENOK regulates iron homeostasis.

Emerging research suggests that disrupted iron homeostasis
and mitochondrial dysfunction are key factors in various
neurodegenerative diseases.*>** Our previous study demon-
strated that SELENOK knockout leads to elevated intracellular
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Figure S. Restoring SELENOK expression increases iron content and improves mitochondrial function. (A,B) Levels of TfR-1 palmitoylation (A)
and cell membrane expression levels (B) in SELENOK-RE cells. (C,D) Levels of TfR-1 palmitoylation (C) and cell membrane expression (D) in
SELENOK ™~ cells treated with 100 nM artesunate for 24 h. (E) Relative mean fluorescence intensity of the Alexa 561—Tf signal after 15 min in
SELENOK-RE cells; n = 3 (scale bar: 20 um) (cells n = 18). (F) Fe** content in SELENOK-RE cells (*p < 0.0S, n = 4). (G) Fe** content in
SELENOK cells treated with 100 nM artesunate (*p < 0.0S, n = 3). (H) Immunoblot analysis of NDUFB8, SDHB, UQCRC2, and MTCO?2 in
SELENOK-RE N2a cells. (I) Mitochondrial content in SELENOK-RE N2a cells (***p < 0.001, n = 3). (J) ATP content in SELENOK-RE cells
(*p < 0.05, n = 3). (K) Viability of SELENOK-RE N2a cells (**p < 0.01, n = 4).
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Figure 6. Restoring the expression of SELENOK enhances mitochondrial function in vivo. (A) Representative immunoblot analysis of IREB2, TfR-
1, and FTH1 in 7 month-old SELENOK~/~-RE mouse hippocampal brain homogenates (*p < 0.05, n = 7). (B) Immunoblot analysis of NDUFBS,
SDHB, UQCRC2, and MTCO?2 in 7 month-old SELENOK™/~-RE mouse hippocampal brain homogenates (**p < 0.01, n = 7). (C) Electron
micrographs showing mitochondria in hippocampal neurons. Scale bars, 2 ym (upper panel) and 500 nm (lower panel). (D) ATP content in 7
month-old SELENOK™/~-RE mice (**p < 0.01, n = 6). (E) In the hidden platform test, the mice were tested for 4 days, and the escape latency of
each mouse was recorded. (F—I) In the 24 h (F,G) and 72 h (H-I) probe trials, the time required for the mouse to swim in the target quadrant
where the hidden platform was previously placed and the number of times the mouse crossed the position of the platform were recorded. A total of
8 mice were tested per group. (J,K) The frequency of mouse entry into each arm was recorded, and the alternation rate was calculated in the Y-
maze test. (L,M) For the elevated plus maze test, the number of times the mice entered the open arms and the time spent in the open arms are
shown. C57, SELENOK ™/~ n = 10, SELENOK/~-RE n = 9.

ROS levels in N2a cells.” Proteomic analysis of the function. Mitochondria primarily generate ATP through the
hippocampus of 7 month-old SELENOK ™/~ mice revealed a respiratory chain while concomitantly producing reactive
close association between SELENOK and mitochondrial oxygen species,”® thus rendering them highly susceptible to
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Figure 7. Reversal of SELENOK knockout-induced mitochondrial dysfunction by iron supplementation in vitro and in vivo. (A,B) Representative
immunoblot analysis of NDUFB8, SDHB, UQCRC2, and MTCO2 in cortex (A) and hippocampal (B) brain homogenates from 7 month-old iron-
supplemented mice (¥p < 0.05, n = 7). (C) Fe?* concentration and cell viability of SELENOK ™/~ cells (n = 4). (D) Representative immunoblot
analysis of NDUFB8, SDHB, UQCRC2, and MTCO2 in SELENOK ™/~ N2a cells (n = 6). (E) Electron micrographs showing mitochondria in
hippocampal neurons. Scale bars, 2 um (upper panel) and S00 nm (lower panel). (F) ATP content in 7 month-old iron-supplemented mice (*p <
0.05, n=35). (G) In the hidden platform test, the mice were tested for 5 days, and the escape latency of each mouse was recorded. (H—K) In the 24
h (H,I) and 72 h (J,K) probe trials, the time that the mouse swam in the target quadrant where the hidden platform was previously placed and the
number of times the mouse crossed the position of the platform were recorded. (L,M) The frequency of mouse entry into each arm was recorded,
and the alternation rate was calculated in the Y-maze test. (N,0) The data illustrated the number of times the mice accessed the open arms and the
amount of time they remained there in the elevated plus maze test. A total of 11 mice were tested per group.

12242 https://doi.org/10.1021/acs jafc.4c08266
J. Agric. Food Chem. 2025, 73, 12233—12246


https://pubs.acs.org/doi/10.1021/acs.jafc.4c08266?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c08266?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c08266?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c08266?fig=fig7&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.4c08266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

oxidative damage. Our results revealed that knockout of
SELENOK significantly upregulated the activity of mitochon-
drial complexes I and IV while downregulating the activity of
complexes III and V and ATP levels. Additionally, transmission
electron microscopy was used to assess morphological changes
associated with mitochondrial damage, and the results
confirmed that loss of SELENOK led to aberrant mitochon-
drial morphology in neurons. Collectively, these findings
highlight that loss of SELENOK disrupts mitochondrial
homeostasis in neurons.

Fe—S clusters play vital roles as cofactors, mainly by assisting
electron transfer in the mitochondrial respiratory chain. In this
process, through complexes I, II, and III, Fe—S clusters move
electrons to cytochrome c, which is accompanied by the
creation of mitochondrial ROS."" SELENOK deficiency causes
a drop in both the expression level and activity of the
mitochondrial respiratory complex III [Fe—S] cluster subunit
UQCRC2 (CIII) in SELENOK™~ mice. Our findings also
demonstrated significantly reduced levels of [Fe—S] cluster/
haem-containing subunits of individual mitochondrial respira-
tory complexes, NDUFB8 (CI), SDHB (CII), UQCRC2
(CIII), and MTCO?2 (CIV), in both SELENOK-knockdown/
knockout neurons and N2a cells. The above results indicate
that SELENOK deficiency impairs iron—sulfur [Fe—S] cluster/
haem biogenesis.

Research has found that iron sulfur clusters are closely
related to iron homeostasis, For instance, the deficiency of
NADH dehydrogenase [ubiquinone] iron—sulfur protein 4
(NDUFS4), a subunit of Complex I, may lead to iron
perturbations.*’ In humans, the majority of iron (over 75%) is
directly used for the synthesis of haem or Fe—S cluster
cofactors.' Hence, the concentration of iron is significant in
the assembly of Fe—S clusters. TfR-1 binds to and internalizes
ferric (Fe’")-loaded transferrin (Tf).>” Under conditions of
low iron, iron regulatory protein (IRP1/2) binds to the
conserved hairpin structure known as the IRE located in the
3’-UTR of TfR-1 mRNA, selectively stabilizing the mRNA and
ensuring appropriate TfR-1 cell surface expression and the
uptake of TfR-I-bound iron.”*>* Conversely, under con-
ditions of excess iron, IRP-1 becomes cytosolic aconitase,
which catalyzes the conversion of citrate into isocitrate, while
IRP-2 undergoes degradation by proteasomes; consequently,
these two proteins no longer connect with IREs, resulting in
diminished TfR-1 expression, which leads to less expression on
the cell surface and a decrease in the uptake of iron bound to
TfR-1,°>7° Our findings revealed a significant decrease in the
Fe content in the SELENOK ™~ cells and mice. Additionally,
both the mitochondrial and cytoplasmic iron contents were
significantly reduced. The significant upregulation of IREB2,
Tf, and TfR-1 and the downregulation of FTH1 also suggested
an iron starvation response and iron—sulfur cluster deficiency
in SELENOK-knockout or SELENOK-knockdown mice and
neurons.”® These findings provide further confirmation that
SELENOK deficiency leads to reduced intracellular iron
content and impairs iron—sulfur [Fe—S] cluster/haem bio-
genesis.

Iron transport primarily occurs through the endocytosis of
TfR-1, and the membrane localization of TfR-1 necessitates
posttranslational palmitoylation.”” SELENOK acts as a
chaperone for DHHCSG, participating in various protein
palmitoylation modification processes.”’ Consequently, a
significant reduction in TfR-1 palmitoylation and decreased
expression on the cell membrane were observed both in vitro

and in vivo, indicating that SELENOK knockout affects TfR-1
palmitoylation and subsequently alters the distribution of T{R-
1. Further investigation of the function of TfR-1 through the
Tf transport rate revealed a significant reduction in the Tf
transport rate in SELENOK knockout/knockdown cells.
Artesunate, an artemisinin derivative, is known to enhance
the palmitoylation of TfR-1,.>” Both artesunate treatment and
overexpression of SELENOK significantly enhanced TfR-1
palmitoylation and cell membrane expression in SELENOK ™/~
N2a cells. Moreover, this led to a notable increase in the Tf
transport rate and Fe®* content. These findings confirm that
SELENOK regulates the palmitoylation of T{fR-1 via DHHC6
and mediates its expression on the neuronal cytoplasmic
membrane, thereby influencing iron transport and causing
mitochondrial dysfunction.

Previous studies have demonstrated that knockout of the
SELENOK gene causes a marked drop in memory and an
increase in anxiety in mice.”’ However, supplementation with
iron or restoration of SELENOK expression reverses the
decline in learning and memory abilities and alleviates the
increase in anxiety caused by SELENOK gene knockout.
Furthermore, iron supplementation and restoration of
SELENOK expression significantly increased the iron content
and restored the ATP content. These results confirm that
SELENOK knockout/knockdown leads to a reduction in iron
content by decreasing the level of TfR-1 palmitoylation,
thereby impairing the assembly of mitochondrial iron—sulfur
clusters and compromising mitochondrial function. This is a
new mechanism, distinct from antioxidation, that directly
regulates iron homeostasis.

Iron is crucial for brain activities like neuron development,
electron transport and respiration.”® The absence of sufficient
iron impairs gene expression and energy metabolism in
neurons developing in the hippocampus.” Children suffering
from iron deficiency exhibited a significant reduction in
cognitive and motor abilities compared to their healthy
counterparts.”’ Low Se status has been linked to heightened
mortality risks and cognitive decline.®”®” Studies have
demonstrated that Se deficiency leads to cognitive problems,
including immature neurodevelopment, reduced long-term
potentiation (LTP) and learning abilities in experimental
animals.”*** Besides, supplementing with Se enhanced the
cognitive abilities and synaptic plasticity in mice.””*° So
adequate supplementation of iron and selenium is beneficial
for cognitive function in the elderly.”” However, while Se
supplementation inhibits ferroptosis by upregulating the
expression of selenoproteins such as GPX4, TXNRDI, and
SELENOK,””® there is limited research on the direct
interaction between selenium/selenoproteins and iron. Our
research uncovers that SELENOK maintains normal mito-
chondrial function and protects neurons by regulating iron
homeostasis, with its expression level being modulated by
dietary selenium. Therefore, this study presents innovative
ideas and solid evidence regarding the correlation between Se
and iron metabolism.

In summary, this study provides compelling evidence that
SELENOK modulates the palmitoylation of TfR-1, resulting in
decreased intracellular iron levels and impaired iron—sulfur
cluster assembly, and ultimately leading to mitochondrial
dysfunction and reduced cell viability. Our findings elucidate a
novel mechanism by which SELENOK regulates iron homeo-
stasis through its involvement in TfR-1 palmitoylation, and
provide new insights into the neuroprotective effects of

https://doi.org/10.1021/acs jafc.4c08266
J. Agric. Food Chem. 2025, 73, 12233—12246


pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.4c08266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

selenium and selenoproteins in the treatment of neuro-
degenerative diseases.
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