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Preface

The idea for this Special Issue originated from the growing recognition that selenium, while
indispensable for human health, operates within a narrow window of efficacy. The global prevalence
of selenium deficiency, coupled with the potential toxicity of excess intake, calls for a deeper
understanding of how selenium-rich products can be developed and applied safely. This Reprint
brings together a collection of studies that not only advance our knowledge of selenium biology but
also translate these insights into practical applications in food innovation and disease prevention.

The contributions in this volume encompass a broad research spectrum, ranging from mechanistic
studies that elucidate selenium’s roles in antioxidant defense, radiation protection, and metabolic
regulation, to translational investigations into selenium-enriched products derived from plant sources
and nano-formulations. A particular strength of this collection lies in its emphasis on the precision
assessment of selenium nutritional status, with erythrocyte selenium emerging as a promising
long-term biomarker for guiding personalized supplementation. These findings collectively underscore
the importance of balancing efficacy and safety in selenium intervention.

We are grateful to all the authors who contributed their outstanding research to this issue, and to
the reviewers who dedicated their time and expertise to ensure the quality of the manuscripts. Special
thanks go to the editorial team at MDPI for their continuous support throughout the process. We hope
that this compilation will inspire further investigations into the precise roles of selenium in nutrition

and health, ultimately contributing to evidence-based dietary strategies worldwide.

Jiaqiang Huang
Guest Editor
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Editorial

Towards Precision and Balance in Selenium Nutrition: From
Innovation to Application

Jiagiang Huang * and Kongdi Zhu

Beijing Advanced Innovation Center for Food Nutrition and Human Health, Department of Nutrition and Health,
China Agricultural University, Beijing 100083, China
* Correspondence: jghuang@cau.edu.cn

Selenium (Se) is an essential trace element for human health, primarily functioning
through its incorporation into selenoproteins, which play critical roles in antioxidant de-
fense, immune regulation, and thyroid hormone metabolism [1,2]. While Se deficiency
remains a global public health concern linked to various pathologies [3], the safe and
effective dietary supplementation of Se continues to be a central focus in nutritional and
food science. This Special Issue, “Se-Rich Products: Their Development and Regulation of
Human Health,” compiles cutting-edge research that not only showcases innovative path-
ways for developing Se-enriched products but also delves into the complex mechanisms by
which Se maintains health and counteracts disease. Collectively, these studies converge on
a core theme: the dual imperatives of balance and precision are paramount to realizing the
full health benefits of Se intervention.

The contributions in this issue deepen our understanding of the Se-health nexus
from multiple dimensions. First, regarding biological mechanisms, several studies eluci-
date the role of Se in protection against specific environmental and metabolic stressors.
Zhang et al. [4] systematically delineate the mechanisms through which Se and seleno-
proteins exert radioprotective effects via antioxidant actions, DNA repair, and immune
enhancement, providing a theoretical foundation for developing radioprotective agents.
Concurrently, the study by Li et al. [5] innovatively reveals the mediating role of oxidative
stress (marked by albumin and vitamin D) in the association between dietary Se intake
and cognitive function in middle-aged and older adults. This work directly links Se’s
antioxidant properties to neurological outcomes, offering fresh insights for nutritional
strategies aimed at mitigating cognitive decline. The theme of precision is further ex-
emplified by studies on specific selenoproteins. An emerging study [6] reveals a novel
mechanism by which the selenoprotein I regulates ferroptosis in colitis and colorectal
cancer, independent of the well-known suppressor GPX4. Expanding this understanding
of selenoprotein specificity, research on Selenoprotein V (SELENOV) has uncovered its
critical in vivo functions. Studies demonstrate that SELENOYV knockout in mice leads to
increased fat accumulation, attenuated energy expenditure, and heightened susceptibility
to pro-oxidant-induced liver injury and endoplasmic reticulum stress [7,8]. These findings
establish SELENOV as a novel regulator of lipid metabolism, thermogenesis, and cellular
redox resilience, highlighting the diverse and targeted roles individual selenoproteins play
in metabolic health and stress response.

Complementing these mechanistic advances, the field is witnessing significant innova-
tion in the development and validation of novel Se-rich products and sophisticated delivery
systems. For instance, Zhu et al. [9] demonstrated the development of a functional product
using the Se hyperaccumulator Cardamine violifolia, while concurrently highlighting the
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critical issue of co-accumulated heavy metals. This case underscores the imperative for
rigorous safety assessments throughout the development of natural Se sources, a point
reinforced by broader reviews advocating for full “soil-to-table” chain control to ensure
safety and efficacy [10]. Beyond plants, the biotransformation capabilities of food-grade
microorganisms offer a compelling strategy. Lactic acid bacteria (LAB) and bifidobacteria
can accumulate inorganic Se and convert it into more bioavailable organic forms, such as
selenocysteine and selenomethionine. Enriching these probiotics with Se not only creates
a safe and nutritious source of this essential element but may also enhance the bacteria’s
intrinsic functional properties, including antioxidative and anti-inflammatory activities.
This approach represents a synergistic “dual-benefit” strategy for functional food design,
targeting both improved Se nutrition and modulation of gut health [11]. In the realm of
advanced delivery, Liu et al. presented an orally administrable, fungus-based Se microcar-
rier for protection against radiation-induced heart disease [12]. Advancing the frontiers of
targeted therapy, Li et al. [13] developed a biomimetic platelet membrane-cloaked selenium
nanoparticle (SeNP) system co-delivering a microRNA inhibitor for the precise treatment of
hyperlipidemia. This system demonstrated prolonged circulation, liver-targeting capability,
and dual-pathway efficacy, representing a sophisticated example of “precision nutrition” at
the nanoscale.

The search for optimal Se forms and composites remains an active area of product
innovation. Reviews on chitosan-based Se composites summarize how combining this bio-
compatible polymer with Se can enhance stability, gastrointestinal retention, and bioactivity,
showecasing potential applications in functional foods and nutraceuticals [14]. Similarly, the
field of selenopolysaccharides—organic compounds that combine Se with polysaccharide
activities—is gaining attention. These compounds, derived from natural sources or through
chemical synthesis and microbial enrichment, exhibit enhanced antioxidant, immunomod-
ulatory, antitumor, and hypoglycemic activities compared to their separate components,
offering a promising avenue for developing novel Se supplements [15].

This issue also places critical emphasis on the precision of Se status assessment and
supplementation strategies. Accurate assessment of long-term Se status is fundamental.
Emerging evidence suggests that biomarkers such as erythrocyte Se may provide a more re-
liable reflection of tissue reserves than short-term indicators like plasma Se. Equally vital is
the recognition of Se’s narrow therapeutic window; both deficiency and excess intake—the
latter potentially inducing adverse metabolic effects such as insulin resistance—underscore
the imperative for dose-specific precision in intervention strategies [16].

The research frontier continues to expand into Se’s role against emerging health chal-
lenges. The protective role of Se in gastrointestinal health is further reinforced by studies
utilizing advanced models. For example, research employing a gut-on-a-chip system
revealed that biogenic SeNPs can ameliorate intestinal barrier oxidative damage by sup-
pressing harmful epithelial-immune crosstalk, a finding validated in animal models [17].
Furthermore, the synthesis of highly stable, GroEL-stabilized biogenic SeNPs using probi-
otics has shown efficacy in alleviating experimental colitis, highlighting the potential of
bio-engineered Se forms for managing inflammatory bowel diseases [18].

In summary, this Special Issue clearly illustrates that the science of Se nutrition is
advancing in depth along the path of “mechanistic elucidation—product innovation—
application evaluation.” Future research faces both challenges and opportunities. First,
achieving “form-specific precision” requires a deeper understanding of the distinct phar-
macokinetics, bioavailability, and bioactivity profiles of various Se species (e.g., inorganic
selenite/selenate, organic selenomethionine/selenocysteine, and SeNPs) [19]. Second, the
development of natural Se-rich foods and novel Se supplements must be accompanied
by robust quality and safety control systems spanning from raw materials to final prod-

https:/ /doi.org/10.3390/nu18020320



Nutrients 2026, 18, 320

ucts [20]. The development of stable, bio-compatible forms such as the GroEL-stabilized
Bio-SeNPs points the way forward. Third, leveraging more precise biomarkers like ery-
throcyte Se can facilitate the transition from population-based dietary recommendations to
personalized nutrition guidance based on individual status. Fourth, active exploration of
Se’s interventional strategies and specific applications in addressing defined health issues,
such as radiation injury, environmental toxicant exposure, and metabolic syndrome, is
warranted. Integrating advanced models like gut-on-a-chip into the research pipeline will
further enhance the precision and human relevance of such explorations.

We sincerely thank all authors for their outstanding contributions to this Special Issue,
as well as the reviewers for their expert evaluations and the editorial team for their steadfast
support. We anticipate that this collection will serve not only as a compendium of current
advances but also as a catalyst for future interdisciplinary research and innovation in “precision
Se nutrition.” Ultimately, such endeavors are vital for translating scientific evidence into effective,
safe, and personalized Se strategies to improve human health globally.

Author Contributions: Resources, ].H.; writing—original draft preparation, K.Z.; writing—review
and editing, ].H.; visualization, K.Z.; supervision, ].H.; project administration, J.H. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by the 111 project from the Education Ministry of China (No.
B18053).

Conflicts of Interest: The authors declare no conflicts of interest.
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Dietary Fatty Acids and Antinuclear Antibodies Among Adults
with Arthritis in the United States: NHANES 1999-2004

Jie Guo V%, Yifei Yu I'T, Jiaqi Su >, Fazheng Ren ! and Juan Chen *

Department of Nutrition and Health, Key Laboratory of Precision Nutrition and Food Quality,
China Agricultural University, Beijing 100091, China; guojie@cau.edu.cn (J.G.)

2 Department of Health Sciences and Technology, ETH Zurich, 8092 Zurich, Switzerland

*  Correspondence: chenjuan@cau.edu.cn

These authors contributed equally to this work.

Abstract: Background: This study investigated the link between daily fatty acid intake and
antinuclear antibody (ANA) levels, a marker of immune dysregulation and autoimmune
diseases, in individuals with self-reported arthritis. Methods: From the US National
Health and Nutrition Examination Survey (NHANES) 1999-2004, 829 participants who self-
reported arthritis and had autoantibody measurements were selected. Dietary fatty acids
were collected via two 24 h dietary recall interviews conducted by trained interviewers.
ANA levels were collected by measuring IgG autoantibodies targeting cellular antigens.
Results: In a multi-adjusted logistic model, the odds ratio (OR) of the highest tertile of
omega-3 intake (with omega-3 intake > 1.60 g/day) for the probability of ANA positivity
was 0.43 (95% CI: 0.19-0.96) compared to those in the lowest tertile (<0.92 g/day). However,
we did not observe statistically significant results for other fatty acids. Conclusions: Our
findings highlight the potential of dietary omega-3 PUFAs to modulate immune function
and lower the risk of ANA positivity in individuals with arthritis.

Keywords: arthritis; dietary fatty acid; omega-3 PUFAs; antinuclear antibodies; NHANES

1. Introduction

Immune-inflammatory diseases represent a diverse spectrum of disorders character-
ized by chronic inflammation, immune system dysregulation, and tissue damage. Among
these, arthritis encompasses a group of debilitating conditions including rheumatoid arthri-
tis and osteoarthritis, which significantly impact quality of life [1,2]. Arthritis manifests as
persistent joint pain, swelling, and progressive cartilage destruction, ultimately resulting
in reduced physical function and a substantial socioeconomic burden. The pathophysiol-
ogy of arthritis arises from a complex interplay of genetic, environmental, and lifestyle
factors. Notably, diet has emerged as a modifiable factor influencing disease progression
and symptom management [3].

Dietary fatty acids, particularly polyunsaturated fatty acids (PUFAs), have garnered
considerable attention for their immunomodulatory and anti-inflammatory effects [4-6].
Previous research has highlighted the role of omega-3 PUFAs, such as eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), in mitigating inflammatory responses by
modulating cytokine production, reducing oxidative stress, and promoting the resolution
of inflammation [7-9]. Conversely, omega-6 fatty acids, while generally associated with
pro-inflammatory effects, may exhibit more nuanced effects depending on their balance
with omega-3 fatty acids [10,11]. Observational and interventional studies have consistently
reported the association between increased dietary intake or supplementation of specific

Nutrients 2025, 17,934 https://doi.org/10.3390/nul7060934
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fatty acids and improvements in arthritis symptoms, including a reduction in joint pain,
stiffness, and systemic inflammation [12]. However, despite these promising findings, the
impact of broader fatty acid profiles on arthritis, particularly their interplay with immune
markers, remains insufficiently underexplored.

Antinuclear antibodies (ANAs) are autoantibodies targeting nuclear components
of cells and serve as hallmark biomarkers for systemic autoimmune diseases, including
systemic lupus erythematosus and rheumatoid arthritis [13-15]. The presence of ANAs
indicates dysregulation of immune tolerance and heightened autoimmune activity, mak-
ing them critical diagnostic and prognostic indicators for arthritis-related conditions [16].
Beyond their diagnostic role, ANAs may contribute to disease pathogenesis by forming
immune complexes that exacerbate inflammation and tissue damage [17,18]. Their preva-
lence varies among populations, with significant implications for identifying individuals at
risk of developing arthritis or monitoring disease activity. Understanding the factors that
influence ANA levels, including dietary components, is therefore crucial for elucidating
the complex interactions between nutrition, immunity, and arthritis.

We hypothesized that it is possible for ANA levels to correlate with different types of
fatty acids in the population. This study investigates the link between daily intake of 19
fatty acids and ANA presence in US adults with arthritis, using NHANES 1999-2004 data.
It aims to provide insights into dietary strategies for modulating immune responses and
slowing arthritis progression.

2. Materials and Methods

The National Health and Nutrition Examination Survey, a program by the Centers for
Disease Control and Prevention in collaboration with the National Center for Health Statis-
tics, assesses the health and nutrition of the U.S. population living outside of institutions.
Using a stratified multistage probability sampling method, NHANES collects comprehen-
sive data through household interviews, physical examinations at mobile examination
centers, and laboratory analyses of biological specimens. To ensure adequate representa-
tion of key demographic subgroups, such as racial and ethnic minorities, children, and
older adults, the survey incorporates an oversampling strategy. NHANES operates as a
continuous program, with data released in biennial cycles. Study protocols are reviewed
and approved by an Institutional Review Board, with informed consent obtained from all
participants [19].

2.1. Study Population

The study utilized data collected from the NHANES 1999-2004, focusing on individ-
uals who self-reported arthritis. Initially, a cohort of 3978 participants with self-reported
arthritis was identified. To minimize potential confounding, we further excluded pregnant
and lactating women (n = 42), participants without autoantibody measurements (n = 3071),
and participants without dietary fatty acid intake information (n = 36). After these exclu-
sions, the final analytical cohort comprised 829 participants with self-reported arthritis,
and complete autoantibody measurements and dietary fatty acid intake data were included
in the analysis (Figure 1).
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‘ 3978 Participants self-reported arthritis from NHANES 1999-2004 |

Excluding 42 Participants who were pregnant or lactating |

Excluding 3071 Participants without autoantibodies information

JNI

Excluding 36 Participants without dietary fatty acid information ‘

829 Participants self — reported arthritis and with autoantibodies measurements

Figure 1. Flow chart of the study population.

2.2. Assessment of Dietary Fatty Acids

Dietary fatty acids were estimated using data from one (1999-2000 and 2001-2002)
or two (2003-2004) 24 h dietary recall interviews. Since cycle 20032004, the dietary
recall interviews have been conducted twice for each participant: The first interview was
conducted at the Mobile Examination Center, followed by a second interview via phone,
3 to 10 days later. Nutrient and micronutrient intake were assessed using data from the U.S.
Department of Agriculture database, while saturated fatty acid (SFA), monounsaturated
fatty acid (MUFA), polyunsaturated fatty acid (PUFA), and decanoic acid were derived
from the NHANES 1999-2004 database directly. Moreover, omega-3 PUFA (w-3 PUFA) was
calculated by summing the intake of alpha-linolenic acid, stearic acid, eicosapentaenoic
acid, docosapentenoic acid, and docosahexaenoic acid. Omega-6 PUFA (w-6 PUFA) was
calculated by summing the intake of linoleic acid and arachidonic acid. The decanoic acid
to w-3 PUFA ratio and w-3 to w-6 ratio were calculated. To facilitate analysis, the dietary
intakes of these fatty acids, and the ratios between them, were then categorized into tertiles
for further analysis [20-22].

2.3. Assessment of ANA Test

ANA titers were determined using stored serum samples from a one-third subsample
of NHANES participants aged 12 years and older. ANA screening was conducted using
the indirect immunofluorescence assay on HEp-2 cells [23]. IgG autoantibodies targeting
cellular antigens were detected, and fluorescence staining intensity was graded on a scale
from 0 to 4. Samples with a staining intensity > 3 are defined as ANA positive, and samples
with a staining intensity of less than 3 are ANA negative. The cellular staining patterns,
such as speckled, nucleolar, and homogeneous, were assessed according to their anatomical
distribution of intracellular antigens and recorded using a reference gallery. This approach,
combining immunofluorescence and immunoprecipitation, ensured precise identification
of ANA titers and specificities, providing a reliable estimate of autoantibody prevalence
and characteristics within the U.S. population during the study period [24,25].

2.4. Covariates

To account for potential confounding factors, relevant demographic and socioeconomic
information was obtained from the NHANES study to account for potential covariates. In
the multi-adjusted model, we included age, sex, race/ethnicity (non-Hispanic White, non-
Hispanic Black, Mexican American, and other Hispanic or other race), highest education
level (less than high school, high school or equivalent, college or above), smoking status
(current, former, never), alcohol consumption status (non-drinker, drinker), marital status
(married or living with a partner, not married nor living with a partner), and poverty-
to-income ratio (categorized as <1.3, 1.3-3.5, and >3.5). These variables were selected
due to their potential confounding effect for the association between fatty acids and ANA
level [26,27].
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2.5. Statistical Analysis

The 6-year survey weights extracted from the ANA database were systematically
applied across all analyses to appropriately adjust for NHANES’s complex sampling
design. Baseline characteristics were described as weighted means and standard errors or
percentages among total, ANA-negative, and ANA-positive participants.

Logistic regression models were applied to examine the odds ratio (OR) and 95%
confidence interval (CI) for the relationship between ANA status and dietary fatty acids,
categorized into tertiles, with the lowest tertile serving as the reference group. In the
logistic regression models, we first controlled for age, sex, and race/ethnicity (Model 1),
then made further adjustments for education level, marital status, and poverty-to-income
ratio (Model 2), and subsequently adjusted for drinking status, smoking status, and total
energy intake (Model 3). We further explored the ORs of continuous dietary fatty acid with
ANA status using the restricted cubic spline with four knots at the 5th, 35th, 65th, and
95th percentiles.

Statistical analyses were conducted with SAS 9.4, employing two-tailed tests with a sig-
nificance threshold of p < 0.05. Weighted estimates, including proportions and means (+SE),
were generated through the SURVEYFREQ and SURVEYMEANS procedures. Multiple
comparison adjustments were implemented using the Bonferroni method. The SURVEY-
LOGISTIC procedure was used to calculate the OR (95% CI). Data were analyzed from
November 2024 to January 2025.

2.6. Ethical Approval and Consent to Participate

All analyses were conducted using publicly available databases. The Institutional
Review Board for the National Center for Health Statistics approved the NHANES, which
was performed in accordance with the Declaration of Helsinki. All participants provided
written informed consent before data collection.

3. Results
3.1. Baseline Characteristics

Table 1 presents the baseline characteristics of the study population stratified by ANA
status. The mean age of participants was 59.8 (standard deviation: 0.6) years and 60.9%
were females. Participants who were ANA positive were more likely to be females, to never
have been smokers, and to have lower levels of omega 3 PUFAs, omega 6 PUFAs, MUFAs,
and PUFAs.

Table 1. Baseline characteristics of study population by ANA status (N = 865).

Characteristics Total ANA Positive ANA Negative p-Value

Age, mean (SD), years 59.8 (0.6) 62.4 (1.5) 59.3 (0.6) 0.099

Sex (%) 0.018
Female 492 (60.9) 88 (70.1) 404 (59.2)
Male 337 (39.1) 46 (29.9) 291 (40.8)

Race/Ethnicity (%) 0.530
Mexican American 142 (3.6) 19 (3.3) 123 (3.6)
Non-Hispanic White 490 (77.1) 76 (73.6) 414 (77.8)
Non-Hispanic Black 147 (11.4) 29 (14.9) 118 (10.7)

Other Hispanic or other race 50 (7.9) 10 (8.2) 40 (7.9)

Married status (%) 0.178
Married or living with a partner 472 (63.2) 68 (56.6) 404 (64.4)
Not married nor living with a partner 332 (36.8) 63 (43.4) 269 (35.6)
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Table 1. Cont.

Characteristics Total ANA Positive ANA Negative p-Value
Poverty-to-income ratio (%) 0.485
<13 240 (24.2) 34 (20.2) 206 (24.9)
1.3-3.5 313 (40.2) 54 (45.8) 259 (39.2)
>3.5 211 (35.6) 33 (34.0) 178 (35.9)
Highest education (%) 0.859
Less than high school 319 (27.2) 49 (26.8) 270 (27.3)
High school or equivalent 193 (27.5) 33 (29.6) 160 (27.1)
College or above 315 (45.3) 52 (43.7) 263 (45.6)
Smoking status (%) <0.001
Current 162 (20.8) 17 (11.6) 145 (22.5)
Former 302 (36.3) 45 (30.4) 257 (37.4)
Never 365 (42.9) 72 (58.0) 293 (40.1)
Drinking status (%) 0.242
Non-drinker 296 (34.7) 41 (28.9) 255 (35.7)
Drinker 505 (65.3) 85 (71.1) 420 (64.3)
Total energy, mean (SD), kcal 1987 (42.5) 1874.9 (78.5) 2008.9 (48.6) 0.182
Omega 3 PUFAs, mean (SD), g 1.6 (0.0) 1.4(0.1) 1.6 (0.1) 0.031
Decanoic (g) 0.4 (0.0) 0.4 (0.0) 0.4 (0.0) 0.620
Decanoic: omega 3 PUFAs ratio 0.3 (0.0) 0.3 (0.0) 0.3 (0.0) 0.501
Omega 6 PUFAs (g) 14.4 (0.4) 12.7 (0.6) 14.7 (0.4) 0.014
Omega 3: omega 6 PUFAs ratio 0.1 (0.0 0.1 (0.0) 0.1 (0.0) 0.021
SFAs (g) 25.1(0.7) 23.2(1.3) 25.5 (0.8) 0.170
MUFAs (g) 28.5 (0.8) 25.7 (1.3) 29.1 (0.9) 0.045
PUFAs (g) 16.2 (0.4) 14.3 (0.7) 16.5 (0.5) 0.016

Abbreviations: ANA, antinuclear antibody; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA,
polyunsaturated fatty acid. Data are presented as weighted means (standard error) for continuous variables and
weighted percentages for categorical variables.

3.2. Associations of Dietary Fatty Acids Intake with the Probability of Being ANA Positive

Table 2 presents the ORs and 95% ClIs for the association between various dietary fatty
acids and ANA positivity. In Model 1, the OR (95% CI) of the highest tertile of omega-3
intake (with omega-3 intake > 1.60 g/day) for the probability of being ANA positive was
0.62 (95% CI: 0.40-0.96) compared to those in the lowest tertile (<0.92 g/day), which was
still statistically significant after multi-adjustment (0.43 [95% CI: 0.19-0.96]). However,
other fatty acids such as decanoic acid, omega-6 PUFAs, SFAs, MUFAs, and total PUFAs
did not demonstrate any significant associations with ANA positivity.

The associations between dietary intake of 19 fatty acids and the probability of ANA
positivity were explored, and the results reveal that only omega-3 polyunsaturated fatty
acids have a significant protective effect against ANA positivity. Individuals in the highest
tertile of omega-3 intake (>1.60 g/day) exhibited a substantially reduced likelihood of ANA
positivity compared to those in the lowest tertile (<0.92 g/day). In Model 3, the OR for
ANA positivity in the highest tertile was 0.43 (95% CI: 0.19-0.96), suggesting that higher
omega-3 consumption is associated with a significantly lower risk of ANA positivity. These
findings highlight the unique and beneficial role of omega-3 fatty acids in reducing the risk
of ANA positivity, potentially through their anti-inflammatory and immunomodulatory
properties. However, other dietary fatty acids appear to have no significant impact on
ANA status (Figure 2).
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Table 2. Odds ratios and 95% confidence intervals of dietary fatty acid intake for ANA positivity.

Dietary Fatty Acid Model 1 Model 2 Model 3
Decanoic (g)
Tertile 1 (<0.17) Reference Reference Reference

Tertile 2 (>0.17, <0.42)
Tertile 3 (>0.42)
Omega-3 (g)
Tertile 1 (<0.92)
Tertile 2 (>0.92, <1.60)
Tertile 3 (>1.60)
Decanoic: omega 3 PUFAs ratio
Tertile 1 (<0.14)
Tertile 2 (>0.14, <0.33)
Tertile 3 (>0.33)
Omega-6 (g)
Tertile 1 (<8.79)
Tertile 2 (>8.79, <15.13)
Tertile 3 (>15.13)
Omega 3: omega 6 PUFAs ratio
Tertile 1 (<0.09)
Tertile 2 (>0.09, <0.12)
Tertile 3 (>0.12)
SFAs (g)

Tertile 1 (<15.75)
Tertile 2 (>15.75, <25.41)
Tertile 3 (>25.41)
MUFAs (g)
Tertile 1 (<17.89)
Tertile 2 (>17.89, <29.67)
Tertile 3 (>29.67)
PUFAs (g)

Tertile 1 (<9.90)
Tertile 2 (>9.90, <17.15)
Tertile 3 (>17.15)

0.66 (0.36-1.21)
0.99 (0.54-1.83)

Reference
0.67 (0.41-1.11)
0.62 (0.40-0.96)

Reference
1.20 (0.74-1.95)
1.57 (0.78-3.17)

Reference
1.03 (0.67-1.59)
0.87 (0.52-1.45)

Reference
1.21 (0.76-1.94)
0.78 (0.49-1.25)

Reference
0.98 (0.60-1.62)
0.98 (0.55-1.75)

Reference
1.14 (0.68-1.91)
0.86 (0.48-1.56)

Reference
1.01 (0.64-1.59)
0.85 (0.52-1.41)

0.59 (0.31-1.16)
0.98 (0.51-1.86)

Reference
0.65 (0.38-1.13)
0.55 (0.35-0.86)

Reference
1.16 (0.73-1.84)
1.70 (0.81-3.58)

Reference
1.01 (0.63-1.64)
0.89 (0.51-1.53)

Reference
1.11 (0.70-1.74)
0.66 (0.43-1.03)

Reference
0.92 (0.57-1.49)
0.97 (0.55-1.72)

Reference
1.31 (0.82-2.09)
0.90 (0.49-1.67)

Reference
1.00 (0.60-1.67)
0.86 (0.51-1.45)

0.58 (0.28-1.21)
0.97 (0.45-2.08)

Reference
0.59 (0.30-1.17)
0.43 (0.19-0.96)

Reference
1.14 (0.73-1.78)
1.64 (0.75-3.60)

Reference
1.04 (0.57-1.89)
0.82 (0.36-1.85)

Reference
1.22 (0.75-1.98)
0.71 (0.45-1.13)

Reference
0.97 (0.53-1.78)
1.07 (0.41-2.75)

Reference
1.38 (0.81-2.35)
0.93 (0.40-2.20)

Reference
1.01 (0.53-1.91)
0.75 (0.34-1.68)

Abbreviations: ANA, antinuclear antibody; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA,
polyunsaturated fatty acid. Model 1 adjusted for age, sex, and race/ethnicity. Model 2 further adjusted for
education level, marital status, and poverty-to-income ratio. Model 3 further adjusted for drinking status,
smoking status, and total energy intake.
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Figure 2. OR (95% CI) of ANA positivity in relation to dietary omega-3 intake.
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The odds ratio (OR) and 95% confidence interval (CI) were calculated using multivari-
able logistic regression models with restricted cubic splines. The model was adjusted for
age, sex, race/ethnicity, education level, marital status, poverty-to-income ratio, drinking
status, smoking status, and total energy intake. The p-value for overall association and
p-value for linear association were both <0.05.

4. Discussion

Our study explored the relationships between ANA positivity and 19 dietary fatty
acids, including omega-3 and omega-6 polyunsaturated fatty acids, as well as monoun-
saturated and saturated fatty acids. The most significant finding was a strong inverse
association between dietary omega-3 PUFA intake and the probability of ANA positivity.
Participants in the highest tertile of omega-3 intake (>1.60 g/day) demonstrated a 57%
reduced likelihood of ANA positivity compared to those in the lowest tertile (<0.92 g/day),
with the relationship remaining robust across multiple adjustment models. In contrast,
none of the other dietary fatty acids, including omega-6 PUFAs, SFAs, MUFAs, or their
ratios, exhibited statistically significant associations with ANA positivity. These findings
underscore the role of omega-3 PUFAs in modulating immune function and potentially
mitigating autoimmune risk.

The inverse association between omega-3 intake and ANA positivity aligns with prior
research demonstrating the anti-inflammatory and immunomodulatory effects of omega-3
PUFAs. For example, research consistently shows that omega-3 fatty acids, especially EPA
and DHA, are linked to lower levels of pro-inflammatory cytokines like TNF-c, IL-1f3,
and IL-6 [28-30]. These cytokines play critical roles in the pathogenesis of autoimmune
diseases. Furthermore, omega-3 fatty acid supplementation has demonstrated reductions
in disease activity and symptom severity in autoimmune diseases such as rheumatoid
arthritis [31], lupus [32], and multiple sclerosis [33]. While direct studies linking omega-3
PUFA intake to ANA positivity are limited, the observed protective effects are consistent
with their role in immune regulation. Notably, this study did not find significant associa-
tions between omega-6 PUFAs and ANA positivity. This result is consistent with mixed
evidence regarding omega-6 fatty acids and inflammation [34]. Omega-6 PUFAs have a
complex relationship with inflammation. While they are precursors to pro-inflammatory
eicosanoids (e.g., prostaglandins and leukotrienes), they also contribute to the generation
of anti-inflammatory mediators under certain conditions [35,36]. The balance between
omega-6 and omega-3 fatty acids intake is crucial for maintaining immune homeostasis,
and prior studies have suggested that an increased ratio of omega-6 to omega-3 intake
may exacerbate inflammatory processes [35,37]. However, no significant effects of this ratio
on ANA positivity were observed, potentially due to the relatively low omega-6 intake
in the study population or unaccounted for confounders. Current direct studies directly
examining the relationship between dietary fatty acids and ANA positivity remain limited.
However the prevalence of ANA has been explored in the context of other inflammatory
and autoimmune diseases. For example, in Hispanic children with NAFLD, ANA positiv-
ity was associated with insulin resistance and lower levels of HDL cholesterol levels [38].
Additionally, serum linoleic acid concentrations were found to correlate positively with
ANA titers in SLE patients [39].

The observed protective effect of omega-3 PUFAs on ANA positivity may be mediated
by several interconnected mechanisms. Based on previous literature studies, omega-3
PUFAs are well-documented modulators of inflammatory pathways. They are integrated
into cell membranes, where they compete with omega-6 PUFAs for cyclooxygenase and
lipoxygenase enzyme substrates. This leads to a shift in eicosanoid profiles, favoring less
pro-inflammatory and more anti-inflammatory eicosanoids [40,41]. This shift in eicosanoid
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profiles may reduce systemic inflammation and autoantibody production, both of which
are critical contributors to ANA positivity and the pathogenesis of autoimmune diseases.
Beyond these, omega-3 PUFAs may further reduce ANA levels by altering lipid raft dy-
namics in immune cell membranes. Importantly, omega-3 PUFAs are associated with
downregulation of the nuclear factor kB (NFkB) signaling pathway, which is a master
switch regulating the expression of many pro-inflammatory genes. Omega-3 PUFAs inhibit
NF-kB/MAPK signaling, thereby inhibiting autoreactive B cell activation and nuclear
antigen exposure [42,43]. Omega-3 PUFAs also modulate immune cell function. They can
reduce the activation of pro-inflammatory M1 macrophages and enhance the differentiation
of anti-inflammatory M2 macrophages [44—46]. Similarly, omega-3 PUFAs inhibit the acti-
vation of Th17 cells, a subset of the T-helpers cell subset implicated in autoimmunity, while
enhancing the activity of regulatory T cells, which support immune tolerance [44]. These
immunomodulatory effects could directly impact ANA production and the development
of autoimmune conditions. Furthermore, omega-3 PUFAs may exert their effects through
epigenetic modifications [47]. Emerging evidence suggests that omega-3 fatty acids can
alter DNA methylation, histone acetylation, and microRNA expression, leading to changes
in gene expression patterns involved in inflammation and immunity [48,49]. These epige-
netic effects could provide a mechanistic link between dietary omega-3 intake and reduced
ANA positivity. Metabolically, EPA acts as an endogenous PPARY ligand to reprogram den-
dritic cell metabolism toward fatty acid oxidation, inhibiting mTORC1-mediated cytokine
release and enhancing Nrf2 activity to reduce ROS-induced DNA damage and neutrophil
extracellular trap formation, thereby limiting modified nuclear antigen generation [50].
Moreover, the gut microbiota may serve as a mediator of the protective effects of omega-3
fatty acids. Omega-3 PUFAs are known to alter gut microbiota composition, enhancing
the abundance of beneficial bacteria like Bifidobacterium and Lactobacillus while decreas-
ing pro-inflammatory taxa [51,52]. Healthy gut microbiota can strengthen the intestinal
barrier, reduce systemic inflammation, and enhance immune regulation, all of which may
contribute to lower ANA positivity.

A strength of this study is that we used a nationally representative sample of the U.S.
population for the analyses, with various dietary fatty acids and ANA assessed following
standardized procedures. Nevertheless, some limitations need to be acknowledged. First,
dietary data were collected based on self-reported 24 h dietary recalls, which are subject
to recall bias and may not accurately represent habitual intake. Considering that people
tend to think in a positive way, they will overestimate their fatty acid intake and may be
wrongly classified, which will lead to an underestimation of our results. The reliance on
a single or limited number of dietary recalls may also fail to capture long-term dietary
patterns. Second, the form of consumption of unsaturated fatty acids and the duration
of consumption may also matter. However, we could not consider these factors because
they were not collected in the NHANES. Further studies with more detailed information
are warranted to comprehensively assess the association between fatty acids and ANA
levels. Third, we could not conclude the causal association due to the cross-sectional study
design. Further studies using longitudinal data are needed to confirm these findings and
elucidate causality. Then, the sample size of ANA-positive individuals was relatively small,
which may limit the generalizability of our results. To validate our findings and investigate
potential interactions between dietary fatty acids and other demographic or lifestyle factors,
larger studies with more diverse populations are needed. Finally, the data used in this study
were derived from the NHANES 1999-2004 cycles, and dietary patterns may have shifted
since then. Future studies should examine more recent datasets to determine whether these
associations persist in contemporary populations.
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5. Conclusions

This study provides novel evidence associating higher dietary omega-3 PUFA intake
with a reduced likelihood of ANA positivity in individuals with arthritis. These finding
suggesting a potential role for omega-3 fatty acids in modulating immune function and
lowering autoimmune risk. These results highlight the importance of dietary interventions
as a strategy for preventing and managing immune-related conditions. In addition, further
studies, such as animal experiments and randomized clinical trials, are warranted to elabo-
rate the underlying mechanisms of the protective effect of omega-3 PUFAs on autoimmune
diseases and to explore the therapeutic effect of omega-3 PUFAs on autoimmune diseases
in the population. Further research is warranted to confirm these results, elucidate the
underlying biological mechanisms, and examine the broader implications of omega-3 fatty
acid intake in the context of autoimmune disease contexts.
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Abstract: Objective: This study aims to identify whether the development of insulin resis-
tance (IR) induced by high selenium (Se) is related to serine deficiency via the inhibition of
the de novo serine synthesis pathway (SSP) by the administrations of 3-phosphoglycerate
dehydrogenase (PHGDH) inhibitor (NCT503) or exogenous serine in mice. Method:
forty-eight male C57BL /6] mice were randomly divided into four groups: adequate-Se
(0.1 mgSe/kg), high-Se (0.8 mgSe/kg), high-Se +serine (240 mg/kg/day), and high-Se
+NCT503 (30 mg/kg, twice a week) for 5 months. The glucose tolerance test (GTT) and
insulin tolerance test (ITT) were used to confirm the development of IR in mice with high-Se
intake, and fasting blood glucose levels were measured monthly. The Se contents in plasma
and tissues were detected by ICP-MS. The levels of insulin (INS), homocysteine (HCY), and
serine in plasma were tested by ELISA. Western blot analyses were conducted to evaluate
the protein expressions of glutathione peroxidase 1 (GPX1), selenoprotein P (SELENOP)
and PHGDH, the PI3K-AKT-mTOR pathway, folate cycle (SHMT1, MTHFR), and methion-
ine cycle (MS). Results: An IR model was developed in mice from the high-Se group with
elevated fasting blood glucose and INS levels, impaired glucose tolerance, and reduced
insulin sensitivity, but not in both the high-Se +serine group and the high-Se +NCT503
group. Compared with the high-Se and high-Se +serine groups, the expressions of GPX1
and SELENOP significantly decreased for the high-Se +NCT503 group in the liver, muscle,
and pancreas tissues. The expression of PHGDH of high-Se group was significantly higher
than that of the adequate-Se group in the liver (p < 0.05) and pancreas (p < 0.001). Also, the
expected high expression of PHGDH was effectively inhibited in mice from the high-Se
+serine group but not from the high-Se +NCT503 group. The expression of p-AKT (Ser-473)
for the high-Se group was significantly lower than that of the adequate-Se group in the
liver, muscle, and pancreas. Conclusions: The IR induced by high-Se intake in the body has
been confirmed to be partially due to serine deficiency, which led to the initiation of SSP to
produce endogenous serine. The supplementations of exogenous serine or inhibitors of
PHGDH in this metabolic pathway could be used for the intervention.

Keywords: high-Se; IR; SSP; PHGDH inhibitor; serine

1. Introduction

Selenium is an essential trace mineral with critical roles in maintaining physiological
homeostasis. As a vital component of selenoproteins, such as glutathione peroxidases
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(GPX) and thioredoxin reductases, selenium protects cells against oxidative stress and
contributes to redox balance [1]. It also plays a key role in thyroid hormone metabolism,
where Se-dependent enzymes regulate the activation and breakdown of thyroid hormones,
and in modulating immune responses and inflammatory processes.

Dietary selenium is derived from various natural sources, including Brazil nuts,
seafood, organ meats, poultry, eggs, and cereals. However, the selenium content of foods
varies significantly by geographic region due to differences in soil selenium levels. The
recommended dietary allowance (RDA) for selenium is 55 ng/day for adults, with increased
requirements for pregnant (60 ng/day) and lactating women (70 pg/day). The tolerable
upper intake level (UL) is 400 ug/day, beyond which adverse effects may occur.

While selenium deficiency is rare in most healthy populations, certain groups—such
as individuals consuming Se-poor diets, patients with gastrointestinal disorders, or those
dependent on parenteral nutrition—are at increased risk. Selenium deficiency can lead to
diseases, such as Keshan disease (cardiomyopathy) and Kashin-Beck disease (osteoarthropa-
thy), as well as impaired immune function and thyroid dysfunction.

Conversely, excessive selenium intake poses significant health risks. Chronic or acute
selenium toxicity (selenosis) can result from consumption exceeding the UL, particularly
through over-supplementation or dietary excess. Symptoms of selenosis include garlic
breath odor, brittle hair and nails, gastrointestinal distress, fatigue, irritability, and neuro-
logical damage. In severe cases, selenium toxicity can lead to organ failure or death.

Beyond its toxic effects, supranutritional selenium intake has been increasingly linked
to metabolic disorders, including insulin resistance (IR) and type 2 diabetes (T2D). IR is
an important factor in the progression of T2D [2]. Large-scale studies in North America
have associated excessive selenium intake with increased diabetes risk, potentially due to
oxidative stress and disruption of insulin signaling pathways. These findings highlight
selenium’s dual role in health, where adequate levels are essential for metabolic and cellular
functions, but excessive levels drive metabolic dysregulation.

As early as 2004, hallmark features of T2D, including pancreatic hypertrophy, hyperin-
sulinemia, hyperglycemia, and obesity were developed in GPX1-overexpressing transgenic
mice fed with 0.4 mgSe/kg diet [3]. Interestingly, when these mice were switched to a low-
Se diet (<0.02 mgSe/kg) [4], most symptoms, except for hyperinsulinemia, were partially
alleviated or disappeared.

In 2010, another research team from Japan found that selenoprotein P (SELENOP),
synthesized by the liver and secreted into the bloodstream, also interfered with the normal
signaling of insulin and disrupted glucose metabolism in cultured hepatic cells and skeletal
muscle cells [5]. In vivo, the same research team first injected purified human SELENOP
directly into mice and observed the occurrence of IR, which was relieved by administering
a neutralizing antibody against human SELENOP [6].

Meanwhile, IR models have been successfully developed in different animals by feed-
ing with high-Se diets naturally [7]. For example, Vyacheslav et al. reported that feeding
male C57BL/6] mice a 0.4 mg/kg Se diet led to hyperinsulinemia and reduced insulin
sensitivity, accompanied by a slight increase in the expression of certain selenoproteins [8].
Similarly, Zeng et al. observed IR-like features in pregnant Wistar rats and their offspring
when fed a 3 mg/kg Se diet, with a concurrent increase in GPX1 expression [9].

The mechanistic basis for Se-induced abnormal glucose metabolism was first proposed
by Lei Xingen’s research group [10,11], who identified IR as a key feature. This was
attributed to the disruption of insulin signaling pathways due to low hydrogen peroxide
(H,O7) levels, a consequence of the overexpression of antioxidant selenoproteins, such as
GPX1 [12].
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We previously reported that serine enhances selenoprotein expression in cultured
cells [13], and discovered that disruptions in endogenous serine synthesis significantly
impact selenoprotein expression in maternal tissues and subsequent offspring develop-
ment [14]. These findings were further validated in vivo using a high-Se-induced IR
mouse model [15], suggesting a potential link to the SESAME complex, which comprises
S-adenosylmethionine (SAM) and various enzymes involved in glycolysis, serine synthesis,
folate cycle, and methionine cycle [16].

Excessive selenium in the body leads to the accumulation of hydrogen selenide (H;Se),
which must be methylated by SAM to be efficiently excreted as CHz ~SeSUG or (CHj3);3Se™.
Without adequate SAM, severe toxic effects can occur. It has been observed that selenium
toxicity in animals depletes SAM, which in turn leads to the depletion of serine, as recent
studies suggest that synthesizing a single SAM molecule may consume a great amount of
serine [17,18].

This study aimed to observe the inhibition effect of exogenous serine or a PHGDH
inhibitor (NCT-503) on the activation of the serine synthesis pathway (SSP) in mice fed
with high-Se, which provided a possible intervention for T2D induced by high-Se.

2. Materials and Methods
2.1. Reagents

Glucose, insulin, serine, primary antibodies (3-actin, PI3K, GPX1, SELENOP, SE-
LENON, SHMTT1, and MS), and HRP-conjugated IgG were sourced from Sigma-Aldrich
(Shanghai, China). P-Akt (Ser473, Thr308), PHGDH, and MTHEFR antibodies came from
Abcam (Shanghai, China); mTOR and Akt antibodies were from Cell Signaling Technology
(Denver, CO, USA). Additional chemicals were obtained from Wako Pure Chemical and
Hitachi Co. (Osaka, Japan). The PHGDH inhibitor NCT-503 was provided by Shang-
hai Haoyuan (Shanghai, China) (MedChem Express). The ECL solution, Blue Plus II
Protein Marker, and EasySee Western Marker were acquired from TransGen Biotech (Bei-
jing, China).

2.2. Experimental Groups and Diet Regimes

Figure 1 presents an outline of the animal experimental design. Forty-eight male
C57BL/6] mice, aged 4 weeks and maintained at SPF status, were obtained from Beijing SBF
Biotech Co., Ltd., Beijing, China, and housed under standard conditions. The temperature
was maintained at 24 °C, and the relative humidity was kept at 55%. Following a one-
week acclimation, mice were randomly assigned to four groups (n = 12): adequate-Se
(0.1 mg Se/kg), high-Se (0.8 mg Se/kg), high-Se +serine (240 mg/kg/day), and high-Se
+NCT503 (30 mg/kg, twice a week). The serine intervention group was fed with continuous
0.8 mg/kg Se and given serine by intragastric administration (240 mg/kg/day) [14,19].
NCT-503 was prepared by sequentially adding 10% DMSO (Sigma), 40% PEG300 (Sigma),
5% Tween-80 (Sigma), and 45% saline and administered intraperitoneally at a dose of
30 mg/kg twice weekly [20], with the injection volume kept below 150 puL per mouse.

The animal fodder was sourced under license SCXK (Beijing) 2024-0001. The com-
position of the food is provided in Table 1. The actual selenium contents measured by
ICP-MS were 0.113 mg/kg for the adequate-Se group and 0.834 mg/kg for the high-Se
groups. According to reference [7], glucose tolerance tests (GTTs) and insulin tolerance
tests (ITTs) were conducted on mice starting from the fourth month. One month after IR
was observed in the high-Se group, blood was collected from the retro-orbital sinus, mice
were sacrificed, and target tissues were collected within 5 min to preserve their metabolic
state. Tissue samples were stored at —80 °C.
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Figure 1. Animal experiment flowchart.
Table 1. Diet composition with selenium content (unit/kg) for mice.
Adequate-Se (0.1 mg/kg) High-Se (0.8 mg/kg)
L-alanine 0.35 0.35
L-arginine 1.21 1.21
L-asparagine 0.6 0.6
L-aspartic acid 0.35 0.35
L-cysteine 0.35 0.35
L-glutamic acid 4 4
Glycine 2.33 2.33
L-his 0.45 0.45
L-isoleucine 0.82 0.82
L-methionine 0.82 0.82
L-leucine 1.11 1.11
L-Lysine hydrochloride 1.8 1.8
L-Phenylalanine 0.75 0.75
L-proline 0.35 0.35
L-serine 0.35 0.35
L-threonine 0.82 0.82
L-Tryptophan 0.18 0.18
L-Tyrosine 0.5 0.5
L-valine 0.82 0.82
Corn starch 15 15
Maltodextrin 15 15
Sucrose 35.17 35.17
Cellulose 3 3
Soybean oil 8 8
Choline Bitartrate 0.25 0.25
Calcium hydrogen 0.82 0.82
phosphate
AIN mineral mixture 3.5 3.5
AIN Vitamin Mix 1.3 1.3
Sodium selenite 0.02190 g 0.175267 g
Total 100 100

2.3. Weekly Body Weight Monitoring in C57BL/6] Mice

Weekly body weight measurements were taken for C57BL/6] mice throughout the
5-month study period. Mice were weighed at the same time each week using a digital scale.
The mice were fed diets containing 0.1 or 0.8 mg Se/kg, and body weight changes were
recorded to assess the effects of different treatments.
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2.4. Glucose Tolerance Test (GTT)

Measure blood glucose levels in the tail vein of mice using a blood glucose meter
(Johnson & Johnson, Shanghai, China). Mice underwent a 12 h fast before receiving a
glucose injection (1 mg/g) for the GTT, with an injection volume not exceeding 200 uL.
Blood glucose levels were recorded at 0, 20, 30, 60, and 120 min.

2.5. Insulin Tolerance Test (ITT)

In the ITTs, mice were fasted for 12 h. Insulin (0.75 mU/g body weight) [21] was then
administered intraperitoneally, with an injection volume not exceeding 200 pL. Tail vein
blood glucose levels were measured at 0, 30, 60, 120, and 240 min.

2.6. Fasting Blood Glucose Test

Fasting blood glucose in the mice was monitored monthly. Following a 12 h overnight
fast, tail vein blood samples were directly measured using a glucometer (Johnson & Johnson,
Shanghai, China). Data were recorded as blood glucose concentrations at the time of
measurement.

2.7. Selenium Detection of Plasma and Tissues in Mice

Plasma and tissue selenium levels were determined using microwave digestion with
nitric acid, followed by analysis via inductively coupled plasma mass spectrometry (ICP-
MS), as previously described [22].

2.8. Blood Biochemistry Analysis

Plasma levels of insulin (INS), homocysteine (HCY), and serine were measured using
commercial ELISA kits, employing a double-antibody sandwich method for enzyme-linked
immunosor. All assays were conducted following the manufacturer’s protocols.

2.9. PHGDH Enzyme Activity Assay

The enzyme activity of PHGDH was determined using an ELISA kit (Jiangsu Jingmei
Biological technology Co., Ltd., Yancheng, China), following the manufacturer’s instruc-
tions. Samples were processed and analyzed as per the provided protocol. Absorbance
(OD values) were measured at a wavelength of 450 nm using a microplate reader, and
enzyme activity was calculated accordingly.

2.10. Western Blotting

Protein extraction, SDS-PAGE, membrane transfer, antibody incubation, and ECL
detection were performed following standard protocols [23].

2.11. Statistical Analysis

Data are presented as mean + Standard Deviation (SD). Graphs were generated using
GraphPad Prism 9.0, and statistical analyses were performed with SPSS 20.0 software (SPSS
Inc., Chicago, IL, USA). Group comparisons were evaluated using analysis of variance
(ANOVA), followed by post hoc comparisons using the Sidak test. Prior to applying
ANOVA, the assumptions of normality and homogeneity of variances were assessed using
the Shapiro-Wilk test and Levene’s test, respectively. If the data violated the assumption of
normality, the non-parametric Kruskal-Wallis test was employed. If heteroscedasticity was
detected, Welch’s ANOVA was used instead of the standard ANOVA.
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3. Results
3.1. Weekly Body Weight Monitoring

C57BL/6] mice were intervened, as shown in Figure 1 and Table S1, for 5 months,
with body weight monitored weekly. Supplementation with Ser or NCT503 significantly
reduced the Se-induced weight gain (*** p < 0.0001 and * p < 0.05, respectively), with
the NCT503 group’s weight closer to that of the control group. The Ser group exhibited
a markedly greater reduction in body weight than the NCT503 group (*** p < 0.0001)

(Figure 2a).
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Figure 2. Effects of selenium levels (0.1, 0.8 mg Se/kg) and interventions (Ser, NCT503) on weight,
glucose metabolism, GTT, and ITT in C57BL/6] mice. (a) Changes in body weight over 5 months.
(b) Fasting blood glucose levels measured monthly. (c) Glucose tolerance assessed at the end of the
fourth month. (d) Insulin tolerance evaluated at the end of the fourth month. (Data are expressed as
mean + SD, n = 10-12). (* p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001; two-way ANOVA). Both
Ser and NCT503 effectively mitigate Se-induced metabolic disturbances, with Ser showing a more
substantial improvement in body weight and blood glucose regulation.
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3.2. Monthly Monitoring of Fasting Blood Glucose Levels

Mice were fed, as shown in Figure 2 and Table S1, for 5 months. Fasting blood glucose
levels (tail vein blood after a 12 h fast) were monitored monthly. Mice of the 0.8 mg Se/kg
group exhibited a gradual increase in blood glucose levels, reaching a peak at the fifth
month (** p <0.0001) compared to the adequate-Se group. Supplementation with Ser or
NCT503 improved fasting glucose levels gradually, which reached the lowest point at the
fifth month compared to the high-Se group alone (**** p < 0.0001) (Figure 2b).

3.3. Glucose Tolerance Test

After a 4-month intervention, blood glucose levels were evaluated at specified time
points following glucose injection (1 mg/g). Mice of the 0.8 mg Se/kg group exhibited
significantly elevated blood glucose levels at 20 min compared to the 0.1 mg Se/kg group
(** p < 0.01). Supplementation with Ser or NCT503 significantly improved glucose toler-
ance, resulting in lower blood glucose levels compared to the 0.8 mg Se/kg group alone
(**** p <0.0001 and ** p < 0.01, respectively) (Figure 2c and Table S1).

3.4. Insulin Tolerance Test

Mice were administered for 4 months. ITTs were performed, and the data were
expressed as percentage changes from baseline. As illustrated in Figure 2d and Table S1,
30 min after insulin injection, the percentage change in blood glucose was significantly
higher in the 0.8 mg Se/kg group compared to the 0.1 mg Se/kg group (*** p < 0.001).
The elevated glucose response persisted at 60 and 120 min (** p < 0.01 and * p < 0.05,
respectively), with no significant differences observed between the Ser and NCT503 groups.

3.5. High Se and Ser/NCT503 Supplementation Differentially Modulate Plasma Biochemical
Markers

As shown in Figure 3a and Table S2, INS levels were significantly elevated in the
0.8 mg Se/kg group compared to the 0.1 mg Se/kg group (**** p < 0.0001). Supplementary
with Ser or NCT503 resulted in a significant reduction in INS levels (*** p < 0.0001).
Figure 3b and Table S2 show that HCY levels were significantly lower in the 0.8 mg Se/kg
group compared to the 0.1 mg Se/kg group (*** p < 0.001). Supplementation with serine
further reduced HCY levels (**** p < 0.0001), whereas NCT503 intervention significantly
increased HCY levels (*** p < 0.0001). In Figure 3c and Table S2, serine levels were
significantly higher in the 0.8 mg Se/kg group compared to the 0.1 mg Se/kg group
(***p <0.001). NCT503 supplementation significantly decreased serine levels (*** p <0.0001)
compared to the 0.8 mg Se/kg group, while serine supplementation slightly increased
serine levels, although the change was not statistically significant.
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Figure 3. Effects of selenium levels (0.1 mg and 0.8 mg Se/kg) and interventions (Ser, NCT503)
on plasma biochemical markers in C57BL/6] mice. (a-c) Changes in plasma biochemical markers:
(a) insulin (INS, mIU/L), (b) homocysteine (Hcy, umol/L), amd (c) serine (Ser, umol/L). (d) Selenium
levels in plasma, liver, muscle, and pancreas. (e) PHGDH enzyme activity in plasma, liver, muscle,
and pancreas. (Data are expressed as mean & SD, n = 7). (** p < 0.001, *** p < 0.0001; two-way
ANOVA). Supplementation with Ser and NCT503 modulates biochemical markers and PHGDH
enzyme activity. Ser supplementation lowers INS and HCY levels, while NCT503 decreases INS and
serine levels, and increases HCY levels. The NCT503 inhibitor has a stronger inhibitory effect on
PHGDH enzyme activity.

3.6. Selenium Levels in Plasma, Liver, Muscle, and Pancreas

In the 0.8 mg Se/kg group, selenium concentrations in plasma, liver, muscle, and
pancreas were markedly higher than those in the 0.1 mg Se/kg group (**** p < 0.0001). Sele-
nium concentrations showed no significant variation with Ser or NCT503 supplementation
(Figure 3d and Table S3).

3.7. PHGDH Activities in Liver, Muscle, and Pancreas

In the 0.8 mg Se/kg group, PHGDH enzyme activity in the liver, muscle, and pancreas
was significantly higher than in the 0.1 mg Se/kg group (*** p < 0.0001). After supple-
mentation with Ser or NCT503, PHGDH activity was markedly reduced (**** p < 0.0001).
However, in the Ser intervention group, PHGDH activity was significantly higher than in
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the 0.1 mg Se/kg group (muscle: * p < 0.05; liver: ** p < 0.01; pancreas: ***** p < 0.0001).
In contrast, PHGDH activity in the NCT503 intervention group was significantly lower
than in the 0.1 mg Se/kg group (liver and muscle: **** p < 0.0001; pancreas: * p < 0.05).
Furthermore, when comparing the Ser intervention group to the NCT503 group, PHGDH
activity in the NCT503 group was also significantly reduced (**** p < 0.0001) (Figure 3e and
Table S4).

3.8. Influence of Dietary Selenium Supplementation on the Expressions of Selenoproteins and
Enzymes Related with Serine Metabolism in Mice Tissues

Liver. As shown in Figure 4 and Table S5, compared with the 0.1 mg Se/kg group, the
expressions of GPX1, SELENOP, PHGDH, SHMT1, MTHFR, and MS were significantly
higher for the 0.8 mg Se/kg group (MS, *** p < 0.001; SHMT1 and MTHEFR, ** p < 0.01;
GPX1, SELENOP and PHGDH, * p < 0.05). Mice in the Ser group showed a significant
reduction in MS expression compared to the 0.8 mgSe group alone (MS, ** p < 0.01), while
GPX1 and SELENOP expressions increased slightly, PHGDH, SHMT1, and MTHER ex-
pressions decreased slightly, but these changes were not statistically significant. SELENOP
expression (* p < 0.05) showed significant reductions in the NCT503 group compared to
the 0.8 mgSe group. Compared to the Ser group, the expressions of GPX1 and SELENOP
were lower (* p < 0.05), while the expressions of PHGDH were increased (* p < 0.05) in the
NCT503 group.
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Figure 4. Effect of 0.1, 0.8 mg Se/kg and Ser or NCT503 intervention group on the Expressions of
selenoproteins and enzymes in Liver Tissue. (a) WB images. (b—g) grayscale analysis. (Mean + SD,
n=3,%*p<0.05 **p<0.01,* p <0.001; two-way ANOVA). NCT503 and Ser differentially modulate
liver enzyme expression, with NCT503 enhancing PHGDH activity and reducing SELENOP, while
Ser primarily decreases MS expression.
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Muscle. As shown in Figure 5 and Table S6, compared with the 0.8 mgSe group,
the expressions of GPX1, SELENON, MTHEFR, and MS were significantly higher for the
0.1 mgSe group (GPX1, *** p < 0.001; SELENON, MS, ** p < 0.01; MTHER, * p < 0.05), while
the expressions of PHGDH, SHMT1 increased slightly with no statistical significance. The
expressions of MS in the Ser group showed significant reductions (MS, *** p < 0.001) com-
pared with 0.8 mgSe alone. For the 0.8 mgSe group, the expressions of GPX1, SELENON,
and MS decreased significantly compared to NCT503 group (MS, ** p < 0.01; GPX1 and
SELENORP, * p < 0.05). Protein expressions were lower in the NCT503 group compared to
the Ser group (SELENOP, ** p < 0.01; and GPX1, * p < 0.05).
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Figure 5. Effect of 0.1, 0.8 mg Se/kg and Ser or the NCT503 intervention group on the expressions of
selenoproteins and enzymes in muscle Tissue. (a) WB images. (b—g) grayscale analysis. (Mean =+ SD,
n=3,%p<0.05 *p<0.01,**p <0.001; two-way ANOVA). NCT503 reduces GPX1 and SELENOP
expression in muscle, while Ser mainly reduces MS expression.

Pancreas. As shown in Figure 6 and Table S7, for the 0.8 mgSe group, the expressions
of PHGDH, SHMT1, and MS were significantly elevated compared to the 0.1 mgSe group
(PHGDH, *** p < 0.001; MS, ** p < 0.01; SHMT1, * p < 0.05). The expression of SHMT1
showed significant reductions for the Ser group compared to the 0.8 mgSe group alone
(SHMTT1, * p < 0.05), while the expressions of GPX1 increased slightly, and PHGDH, MTHFR,
and MS decreased slightly with no statistical significance. Compared to the Ser group, the
expressions of GPX1 (*** p < 0.001) decreased, and PHGDH, SHMT1 increased (PHGDH
and SHMT1,** p < 0.01) for the NCT503 group.
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Figure 6. Effect of 0.1, 0.8 mg Se/kg and Ser or the NCT503 intervention group on the expression
of selenoproteins and enzymes in Mouse pancreas Tissue. (a) WB images. (b—f) grayscale analysis.
(Mean + SD, n =3, *p <0.05, * p < 0.01, ** p < 0.001; two-way ANOVA). NCT503 increases PHGDH
expression in the pancreas, while Ser primarily reduces SHMT1 expression.

3.9. Influence of Dietary Selenium Supplementation on the PI3BK-AKT-mTOR Insulin Signaling
Pathway in Mouse Tissues

Liver. As shown in Figure 7 and Table S5, the expression of phosphorylated Aktl
at Ser-473 (P-Akt (Ser-473)) was significantly lower in the 0.8 mg Se/kg group than in
the 0.1 mg Se/kg group (*** p < 0.001); the expressions of mTOR, AKT, phosphorylated
Aktl at Thr-308 (P-Akt (Thr-308)), and PI3K were slightly decreased, but these changes
were not statistically significant. Compared to the 0.8 mg Se/kg group, the expressions of
mTOR increased significantly in the 0.8 mgSe/kg +Ser and 0.8 mg Se/kg +NCT503 groups
(* p < 0.05). The expressions of AKT, P-Akt (Ser-473), P-Akt (Thr-308), and PI3K showed
slight increases, but these were not statistically significant.

Muscle. As shown in Figure 8 and Table S6, mTOR, P-Akt (Ser-473), and PI3K expres-
sion levels were significantly lower in the 0.8 mg Se/kg group compared to the 0.1 mg Se/kg
group (* p < 0.05). The expressions of AKT and P-Akt (Thr-308) were slightly decreased, but
these changes were not statistically significant. Compared to the 0.8 mg Se/kg group, the
expressions of mTOR, AKT, P-Akt (Ser-473), P-Akt (Thr-308), and PI3K in the 0.8 mg Se/kg
+Ser or 0.8 mg Se/kg +NCT503 group showed slight increases, but these were not statisti-
cally significant.

Pancreas. As shown in Figure 9 and Table S7, the 0.8 mg Se/kg group exhibited
significantly reduced expressions of mTOR, P-Akt (Ser-473), and P-Akt (Thr-308) compared
to the 0.1 mg Se/kg group (*** p < 0.001). The expressions of AKT and PI3K were slightly
lower, but these changes were not statistically significant. The expressions of mTOR and
P-Akt (Ser-473) increased significantly in the 0.8 mg Se/kg +Ser group (*** p < 0.001)
compared to the 0.8 mg Se/kg group, while the expressions of AKT, P-Akt (Thr-308), and
PI3K showed slight, non-significant increases. Similarly, compared to the 0.8 mg Se/kg
group, the expressions of mTOR, P-Akt (Ser-473) (*** p < 0.001), and P-Akt (Thr-308)
(** p < 0.01) were significantly increased in the 0.8 mg Se/kg +NCT503 group, while the
expressions of AKT and PI3K showed slight, non-significant increases.
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Figure 7. Effects of 0.1, 0.8 mg Se/kg, and Ser or the NCT503 intervention group on the PI3K-AKT-
mTOR pathway in mice liver. (a) WB images. (b—f) Pathway grayscale analysis (Mean £ SD, n =3,
*p <0.05 *** p <0.001; two-way ANOVA). Ser and NCT503 supplementation modulate mTOR
expression in the liver, with NCT503 and Ser both enhancing mTOR signaling.
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Figure 8. Effects of 0.1, 0.8 mg Se/kg, and Ser or the NCT503 intervention group on the PI3K-AKT-
mTOR pathway in mice muscle. (a) WB images. (b—f) Pathway grayscale analysis (Mean + SD, n = 3,
*p < 0.05; two-way ANOVA). While Ser and NCT503 supplementation slightly increased Akt/mTOR
pathway markers in muscle, these changes were not significant.
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Figure 9. Effects of 0.1, 0.8 mg Se/kg, and Ser or the NCT503 intervention group on the PI3K-
AKT-mTOR pathway in mice muscle pancreas. (a) WB images. (b—f) Pathway grayscale analysis
(Mean £+ SD, n =3, * p <0.05, ** p < 0.01, ** p < 0.001; two-way ANOVA). Both Ser and NCT503
supplementation restored Akt/mTOR signaling in the pancreas, with significant increases in mTOR
and phosphorylated Akt levels compared to the high-Se group.

4. Discussion

At present, IR models have been developed through natural feeding with high-Se
fodder in animals such as pigs, rats, mice, and chickens. Recently, we successfully re-
established the high-Se-induced IR model in C57BL/6] mice fed with 0.4 mg Se/kg diet for
4 months based on the research [7]. In addition to the same occurrence of IR, we observed
for the first time changes in the expressions of enzymes related to serine synthesis and
metabolism [14].

Given the substantial evidence that excessive selenium intake beyond physiological
needs raises the risk of diabetes in individuals, it mainly comes from two intervention
cohort studies of selenium supplementation to prevent cancer in North America, and the
total daily average selenium intake of subjects in the two cohort studies is 330 ug per
day. In this study, the selenium content in the high selenium feed given to C57BL/6] mice
increased from 0.4 mgSe/kg (equivalent to a daily selenium intake of 200 pg for adults) to
0.8 mgSe/kg (equivalent to a daily selenium intake of 400 pg for adults).

Excessive selenium intake (0.8 mg Se/kg) significantly disrupted glucose homeostasis,
as evidenced by elevated fasting blood glucose levels, increased insulin secretion, impaired
glucose tolerance, and reduced insulin sensitivity (Figures 2b—d and 3a). Notably, mice
in the high-Se group exhibited a significantly greater final body weight compared to the
two intervention groups, while the high-Se +serine group showed the lowest body weight
among all groups (Figure 2a). This unexpected observation suggests a complex interaction
between selenium and serine in energy metabolism. The specific mechanisms underlying
this weight reduction remain to be elucidated. Additionally, selenium concentrations
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in plasma and tissues, as well as plasma serine levels, were markedly elevated in the
high-Se group relative to the adequate-Se group (Figure 3c,d), implying systemic selenium
accumulation under high-Se conditions.

Consistent with prior studies [14], we observed a pronounced upregulation of GPX1,
SELENOP, and SELENON across the liver, muscle, and pancreas in mice exposed to a
high-Se diet (Figures 4-6). These selenoproteins play pivotal roles in redox homeostasis,
and their coordinated upregulation underscores the cellular need to counteract Se-induced
oxidative damage. Importantly, serine supplementation enhanced the expression of GPX1
and SELENOP in the liver and SELENON in muscle, suggesting a synergistic interaction
between serine and selenium in augmenting antioxidant defenses. This finding aligns with
our previous research [12] and highlights serine’s potential as a metabolic modulator in the
context of selenium exposure.

PHGDH, the first rate-limiting enzyme in the SSP, is high-expressed in various
metabolic disorders, including cancer and glucose metabolism [24-26], to produce ser-
ine supplying one-carbon unit for the synthesis of nucleotide to meet the need of tu-
mor cell growth. In this study, the protein expression and enzyme activity of PHGDH
were significantly increased in the high-Se group and were inhibited by exogenous serine
(Figures 3e, 4d and 6c). The content of serine decreased for the high-Se +NCT-503 group
(Figure 3c). We observed that NCT-503 did not suppress PHGDH protein expression in
the liver, muscle, or pancreas (Figures 4d, 5d and 6c¢), but significantly inhibited PHGDH
enzyme activity (Figure 3e). NCT503 is designed as a specific inhibitor targeting the active
site of PHGDH, by directly binding to the active center of PHGDH, without reducing
its expression through changes in protein stability or degradation rate [27]. Studies re-
ported that NCT-503 inhibited PHGDH enzyme activity without affecting PHGDH protein
expression [20,28,29], which aligns with the experimental results we observed.

Our study found that high-Se conditions significantly upregulated key enzymes in-
volved in the methionine and folate cycles, including SHMT1 in the liver and pancreas
(Figures 3e and 5d), MTHFR in the liver and muscle (Figures 4f and 5f), and MS in the
liver, muscle, and pancreas (Figures 4g, 5g and 6e). These results were consistent with our
previous observations that endogenous serine synthesis through SSP contributes to methyl
group supply, facilitating SAM regeneration and subsequent selenium detoxification [14].
As Figure 10 shows, serine’s dual role in redox balance and one-carbon metabolism under-
scores its central importance in mitigating selenium toxicity [30]. By providing one-carbon
units through tetrahydrofolate intermediates, serine replenishes SAM, supports methyla-
tion reactions, and alleviates Se-induced oxidative stress. Additionally, serine enhances
antioxidant defenses by promoting GSH synthesis via the transsulfuration pathway [31].
Interestingly, the observed upregulation of MS and SHMT1 was significantly inhibited by
exogenous serine or NCT-503 (Figures 4g, 5g and 6d), which reveals that serine supplemen-
tation not only mitigates SSP overactivation but also restores methionine and folate cycle
functions, alleviates metabolic burdens, and reduces selenium toxicity. Notably, pharmaco-
logical inhibition of PHGDH with NCT-503 achieves similar effects, further supporting SSP
as a promising therapeutic target in managing selenium-induced metabolic dysfunction.

As we discussed in a previous study [14], Se-induced metabolic stress activates the
SSP through upregulation of the rate-limiting enzyme PHGDH, leading to increased serine
synthesis. However, excessive selenium consumption may place a substantial metabolic
burden on redox balance. The activation of the PIBK-AKT-mTOR pathway is important for
glucose intake [32-34]. Interestingly, the regulation of PHGDH and mTOR under high-Se
stress follows distinct and independent pathways (Figure 11). While mTOR activity is at-
tenuated by AMPK in response to energy and oxidative stress, SSP activation via PHGDH
upregulation is primarily driven by ATF4 and FOXOL1 [35]. As observed in this study,
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high-Se levels significantly downregulated phosphorylation of AKT at Ser473 and Thr308
(Figures 7d, 8d and 9d,e), diminished mTOR expression (Figures 8b and 9b), and reduced
PI3K activity (Figure 8f), collectively indicating compromised pathway functionality. Sup-
plementation with exogenous serine or NCT-503 enhanced the expressions of mTOR in
the liver and pancreas (Figures 7b and 9b and P-AKT in the pancreas (Figure 9d,e), which
implied alleviating SSP overactivation and restoring PI3K-AKT-mTOR pathway activity.
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Figure 10. The SSP supports selenium detoxification and metabolic balance. The SSP plays a piv-
otal role in maintaining redox balance, supporting methylation reactions, and facilitating selenium
detoxification under high selenium conditions. Increased PHGDH expression drives serine produc-
tion, replenishing SAM for methylation and promoting GSH synthesis to combat oxidative stress.
Excessive SSP activation burdens the methionine and folate cycles, depleting SAM and disrupting
methylation homeostasis. Serine supplementation alleviates these effects by restoring one-carbon
metabolism and enhancing selenium detoxification. Similarly, pharmacological inhibition of PHGDH
(e.g., NCT-503) reduces SSP overactivation, highlighting its potential as a therapeutic target in
Se-induced metabolic dysregulation.

The dose of serine in this study is 240 mg/kg body weight, which is also close to
previous studies, such as the reported 280 mg/kg dose that ameliorated diabetic symptoms
in murine models [36]. In healthy adults (average body weight 70 kg), the no-observed-
adverse-effect-level (NOAEL) for L-serine is 12 g/day, corresponding to a daily intake of
171 mg/kg body weight [37]. According to the US FDA, L-serine, as a food additive, is
considered safe when not exceeding 8.4% of total dietary protein (67.2 mg/kg body weight).
For specific conditions (e.g., diabetes) or high-demand scenarios, L-serine supplementation
can reach up to 30 g/day, equal to 429 mg/kg body weight [38]. Future studies should
focus on characterizing the dose-response curve for serine supplementation, particularly
at lower doses, to identify the minimal effective dose. Additionally, investigations should
explore the appropriate equivalent dosing for humans and evaluate its safety and efficacy
in clinical settings. Such research will be essential for refining dietary and therapeutic
guidelines for serine use in mitigating excess Se-induced glucose metabolic dysregulation.
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Figure 11. Integration of mTOR signaling, oxidative stress, and IR. The figure delineates the intricate
mechanisms by which mTOR signaling integrates oxidative stress, energy homeostasis, and insulin
sensitivity. Oxidative stress activates AMPK, which inhibits mTORC1 via TSC2 phosphorylation and
suppresses Rheb, a key mTOR activator. Reduced mTOR signaling impairs AKT activation, disrupting
GLUT4 translocation and diminishing glucose uptake. Concurrently, impaired AKT fails to suppress
FOXOL1 nuclear activity, leading to enhanced gluconeogenesis through the upregulation of key
enzymes like PEPCK. Elevated oxidative stress and inflammation further aggravate IR by activating
pathways, inducing aberrant IRS1 phosphorylation, and reducing insulin receptor sensitivity. These
combined effects underscore the centrality of mTOR in maintaining redox balance, metabolic stability,
and insulin signaling integrity.

Despite the comprehensive investigation of high Se-induced IR and the mitigating
effects of serine supplementation and PHGDH inhibition, several limitations remain in
this study. First, our findings are based on C57BL/6] mice, which may not fully capture
interspecies differences or directly translate to human physiology. Second, while the
5-month duration of selenium exposure and serine supplementation was sufficient for
experimental observations, it does not reflect chronic long-term exposure scenarios in
humans. Furthermore, additional studies involving a broader range of animal models and
a detailed exploration of serine dosage are required to better understand its application
and establish effective and safe dosing guidelines for potential human use.

5. Conclusions

In this study, we provide further evidence for the pivotal role of the SSP in high
Se-induced glucose metabolic dysfunction. Our study observed the effects of serine sup-
plementation to mitigate SSP overactivation, modulate methionine and folate cycles, and
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reactivate the PI3K-AKT-mTOR signaling pathway. By evaluating serine as both a dietary
and therapeutic agent, this study could establish a foundation for translational applications
in addressing metabolic disorders related to excessive selenium exposure, including IR
and diabetes.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Pancreas (ug/kg); Table S4: PHGDH Enzyme Activity in Mouse Liver, Muscle, and Pancreas (U/g);
Table S5: Analysis of Western Blot Grayscale Values in Mouse Liver; Table S6: Analysis of Western
Blot Grayscale Values in Mouse Muscle; Table S7: Analysis of Western Blot Grayscale Values in
Mouse Pancreas.
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Abstract: Objectives: Dementia affects millions of aged people globally and mainly results from
oxidative stress. Selenium shows beneficial effects on dementia however it remains elusive for
the mediation effect of oxidative stress on the association between selenium and cognition. The
present study firstly investigated the potential mediation role of oxidative stress on the relationship
of selenium and cognition. Methods: A total of 2154 adults aged 60 years and older from the
National Health and Nutrition Examination Survey 2011-2014 were selected for the study. Weighted
multivariate linear regression, weighted logistic regression, and mediation effect analysis were
employed to investigate the association among selenium intake, cognition, and oxidative stress.
Results: Selenium intake was positively associated with cognition, albumin, and vitamin D, negatively
associated with uric acid, and exhibited no correlation with gamma glutamyl transpeptidase (GGT).
Cognition was positively correlated with albumin and vitamin D, negatively related to GGT, and
had no association with uric acid. Albumin and vitamin D significantly mediated the relationship
between selenium intake and cognition, and the mediation proportion values of albumin and vitamin
D were 3.85% and 8.02%, respectively. Conclusions: For the first time, our findings demonstrated
that higher selenium intake decreased cognitive impairment and oxidative stress levels. Moreover,
the relationship between selenium intake and cognition was mediated by oxidative stress.

Keywords: selenium intake; cognition; oxidative stress; mediation effect; National Health and
Nutrition Examination Survey

1. Introduction

Dementia, the seventh leading cause of death and one of the major reasons for dis-
ability and dependency, affects about 55.2 million people worldwide, and its global cost
is projected to grow from $1.3 trillion in 2019 to $1.7 trillion in 2030 [1]. Therefore, it is
imperative for the prevention and treatment of dementia. Despite decades of extensive
research, effective clinical therapies for dementia remain limited [2]. Fortunately, several
studies have indicated that selenium shows beneficial effects on dementia [3].

Selenium, an essential micronutrient for humans provided by various foods, is dis-
tributed throughout the body, particularly in the brain [4]. Compared to zinc and copper,
selenium attenuated the negative association of co-exposure to arsenic, cadmium, and lead
with cognitive function [5]. It plays crucial roles in cognition [1], including antioxidation [6],
anti-inflammation [4], modulation of the levels of metals such as zinc and copper [7], en-
hancement of synaptic plasticity, inactivation of ferroptosis, and regulation of de novo
synthesis of L-serine and PI3K/mTOR/GSKS3 [4]. Selenium deficiency has been recognized
as an important contributing factor to dementia due to its detrimental effects on humans [8].
However, inconsistent results were observed in human studies on the association be-
tween selenium and cognition. A cross-sectional study conducted on 1681 Americans over
65 years old found higher cognitive scores in individuals with higher selenium intakes [9];
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however, no association was observed between plasma selenium and cognition in
154 Australian adults aged 60 years and older [10]. Therefore, it is necessary to analyze the
association between selenium intake and cognition.

Oxidative stress results from the imbalance between reactive oxygen species (ROS) and
antioxidant defenses [11]. ROS inflicts damage upon neuronal cellular membranes, proteins,
and deoxyribonucleic acid, impairs neuroelectric conduction and synaptic plasticity, and
finally leads to dementia [12]. Albumin, gamma glutamyl transpeptidase (GGT), uric acid,
and serum vitamin D are usually used as biomarkers of oxidative stress [13]. Although the
association between these biomarkers and dietary fat intake had been disclosed [14], the
relationship between these biomarkers and trace elements such as selenium has not been
investigated. Therefore, these biomarkers are first employed to investigate the relationship
between selenium intake and oxidative stress in our study. Mediation effect analysis
decomposes the overall impact of exposure on outcomes into a direct effect and an indirect
effect through a mediator variable, and its strength lies in the utilization of non-parametric
test and the derivation of causality between variables. Some studies found the positive
correlation between selenium intake and cognition using multiple linear regression or
logistic regression [3,9]. To date, no study analyses the relationship between selenium
intake and cognition through mediation effect analysis.

Therefore, for the first time, by virtue of oxidative stress biomarkers and mediation
effect analysis, our study aimed to investigate the association between selenium intake and
oxidative stress, as well as the association between selenium intake and cognition using the
National Health and Nutrition Examination Survey (NHANES) 2011-2014. Our work might
provide selenium as a valuable therapy option for the improvement of cognitive function.

2. Methods
2.1. Study Population

The NHANES represents a groundbreaking initiative that aims to evaluate the health
and nutritional status of adults and children in the research program. The distinguishing
aspect of this survey lies in its comprehensive approach, which integrates interviews and
physical examinations. Each year, the survey examines a nationally representative sample
comprising approximately 5000 individuals distributed in 15 counties. The National
Center for Health Statistics Ethics Review Board approved the present study, and all
participants signed informed consent forms. Additional ethics approval was not necessary
because our research was based upon a secondary analysis. Our study utilized data from
19,931 people surveyed in the NHANES 2011-2014. Following the exclusion criteria in
Figure 1, a total of 2154 participants were eligible for the analysis, in which 745 people took
selenium supplementation.

Participants of the NHANES 2011-2014
(n=19,931)

Excluded:
Participants aged < 60 years old (n = 16,299)

Participants aged > 60 years old
(n=3632)

Excluded:
Participants with incomplete and unreliable data (n = 1478)

Eligible participants
(n=2154)

Figure 1. The selection process of the study participants.
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2.2. Selenium Intake

Selenium intake was evaluated using two 24 h dietary recalls. Dietary recall interviews
were conducted in person by trained diet interviewers fluent in Spanish and English. A
Mobile Examination Center (MEC) was utilized to serve areas selected for inclusion in
order to provide ease of access to participants. Interviewers that gathered participant
information underwent a week-long training program to ensure proper technique and the
following of protocol when interviewing participants. The first interview was collected
in the MEC in person, and the second one was carried out by telephone 3-10 days later.
Upon the completion of the in-person interview, measuring cups, spoons, a ruler, and a
food model booklet containing two-dimensional drawings of the various measuring guides
available in the MEC were given to participants for use in reporting food amounts during
the telephone interview. The total selenium intake was calculated by the average selenium
intake of two days of dietary selenium plus supplemental selenium.

2.3. Cognitive Function

The cognitive function assessment consisted of the following three parts: (1) the
Consortium to Establish a Registry for Alzheimer’s disease (CERAD), (2) the animal
fluency test, and (3) the Digit Symbol Substitution test (DSST).

The CERAD word learning subtest was used to assess immediate and delayed recall
of new linguistic information (the memory sub-domain) through three consecutive learn-
ing trials followed by a delayed recall session. In the learning experiment, participants
were instructed to read aloud 10 unrelated words, 1 at a time. Immediately after word
introduction, participants recalled as many words as possible. The sequence of 10 words
was changed for each of 3 learning trials. The maximum possible score per trial was 10.
In the NHANES, the words for the learning trials were displayed in large bold letters
on a computer monitor. Participants who were unable to read due to literacy or visual
impairment were asked to repeat each word after the interviewer had read it. Delayed word
recall occurred after completion of the other two cognitive exercises (animal fluency and
DSST) (approximately 8-10 min from the beginning of the word learning trial). The animal
fluency test examined categorical language fluency. Participants were asked to name as
many animals as possible in one minute. Each named animal will receive one point. In the
NHANES, participants were first asked to name three items of clothing, another verbal
fluency category, as a practice test. Participants who were unable to name three items of
clothing did not proceed with the animal fluency exercise. The DSST is a performance
module of the Wechsler Adult Intelligence Scale used to assess subjects’ processing speed,
continuous attention, and working memory. Participants taking part in the DSST had
two minutes to copy the relevant symbol number adjacent to the 133 boxes. The score was
the total number of correct matches. Sample practice tests were conducted before partic-
ipants began the main test. In the NHANES, participants who were unable to correctly
match symbols to numbers on their own during pre-test practice did not continue. The
total scores of the three parts were used as the general cognitive function score, the lowest
quartile was considered as cognitive impairment, and the rest was normal cognition [15].

2.4. Oxidative Stress Biomarkers

Beckman Coulter UniCel DxC800 (Beckman Coulter, Fullerton, CA, USA) used various
methods, including a bichromatic digital endpoint method for albumin measurement, an en-
zymatic rate method to determine GGT, and a timed endpoint method for the measurement
of uric acid. Vitamin D, the sum of 25-hydroxyvitamin D2 and 25-hydroxyvitamin D3, was
detected by ultra-high performance liquid chromatography-tandem mass spectrometry.

2.5. Study Covariates

Covariates were chosen mainly based on factors associated with cognitive function
in the previous studies [16,17]. In our study, covariates included age (>60 years), gen-
der (male and female), race (Mexican American, other Hispanic, Non-Hispanic White,
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Non-Hispanic Black, and other race), educational level (less than high school, high school,
and more than high school), and marital status (married/living with a partner, wid-
owed/divorced/separated, and never married), poverty/income ratio (PIR) (<1.3,
1.3-4.0, >4.0) [18], and body mass index (BMI) (underweight: <18.5 kg/ m?; normal:
18.5-24.9 kg/m?; overweight: 25-29.9 kg/m?; obesity: >30 kg/m?) [19]. Participants
were defined as “drinkers” if they had at least 12 alcohol drinks in the previous year [14].
Smoking at least 100 cigarettes in life was defined as “smokers” [15]. Additionally, the
history of diseases (hypertension, diabetes mellitus, coronary heart disease, and stroke)
was included [3].

2.6. Statistical Analysis

Statistical analysis was conducted using SAS 9.4 (SAS Institute Inc., Cary, NC, USA)
and R version 4.3.1. Continuous variables are presented as the mean =+ standard deviation
(SD) and categorical variables are expressed as cases (n) and percentages (%). Differences
among means were analyzed by Rao-Scott x? test or ANOVA.

With selenium intake as an independent variable and oxidative stress as a dependent
variable, weighted multivariate linear regression models were used to explore the associa-
tion between selenium intake and oxidative stress. Weighted logistic regression models
were employed to investigate the relationship between selenium intake and cognition, as
well as oxidative stress and cognition. Three models were used in our study. Model 1 was
a crude model not adjusted for potential confounding factors. Model 2 was adjusted for
age, gender, race, educational level, and marital status. Model 3 was further adjusted for
PIR, BMI, smoking, alcohol use, and comorbidities (diabetes, hypertension, stroke, and
coronary heart disease).

The strategy of distribution-of-the-product was applied to detect the potential me-
diation role of oxidative stress in the association between selenium intake and cognitive
function by checking (1) the association between selenium intake (the main determinant)
and cognition (the outcome), adjusting age, gender, race, educational level, marital status,
PIR, BMI, smoking status, drinking status, and diseases history (path c); (2) the association
between selenium (the main determinant) and oxidative stress (the outcome), adjusting age,
gender, race, educational level, marital status, PIR, BMI, smoking status, drinking status,
and diseases history (path a); (3) the effect of selenium (the main determinant) on cognition
(the outcome), making adjustment for the same covariates (path c’); and (4) the indirect
effect (path a x path b). The R mediation package was used to evaluate the mediation effect
of oxidative stress on the relationship between selenium intake and cognition. Mediation
proportions and p-values were obtained after 1000 simulations using the quasi-Bayesian
Monte Carlo method [20]. All statistical tests were two-sided, and p < 0.05 was regarded as
statistically significant.

3. Results
3.1. General Characteristics of Participants

The characteristics of individuals categorized by cognition status are summarized in
Table 1. There were significant differences between subjects with cognitive impairment
and normal cognition in age, race, educational level, marital status, drinking, PIR, diabetes
mellitus history, hypertension history, stroke history, and oxidative stress biomarkers
(p < 0.05) but not in gender, smoking status, BMI, and coronary heart disease history
(p > 0.05). In addition, selenium intakes in the normal cognition group were higher than
those in the cognitive impairment group (p < 0.01).
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Table 1. General characteristics of participants (n = 2154).

Cognitive Impairment

Characteristic P
Yes (n = 544) No (n =1610)

Age, years @ 73.57 + 6.43 68.03 £+ 6.31 <0.01
Gender P 0.80
Male 302 (47.77) 741 (46.95) -
Female 242 (52.23) 869 (53.05) -
Race P <0.01
Mexican American 63 (7.19) 114 (2.58) -
Other Hispanic 84 (9.92) 114 (2.52) -
Non-Hispanic White 202 (60.95) 922 (83.74) -
Non-Hispanic Black 172 (17.87) 310 (6.14) -
Other Race 23 (4.08) 150 (5.03) -
Education P <0.01
Less than high school 259 (37.66) 219 (9.96) -
High school 142 (30.43) 376 (20.65) -
More than high school 143 (31.90) 1015 (69.39) -
Marital status P <0.01
Married or living with a partner 279 (55.90) 998 (69.14) -
Widowed/separated /divorced 237 (40.19) 520 (27.08) -
Never married 28 (3.91) 92 (3.79) -
Smoker P 0.78
Yes 286 (50.16) 808 (49.12) -
No 258 (49.84) 802 (50.88) -
Drinker P <0.01
Yes 347 (61.72) 1156 (75.73) -
No 197 (38.28) 454 (24.27) -
Income P <0.01
PIR<13 258 (38.16) 335 (12.44) -
PIR 1.3-4.0 225 (46.81) 734 (43.52) -
PIR > 4.0 61 (15.03) 541 (44.04) -
BMI, kg/m?® 0.10
Underweight: <18.5 13 (3.79) 20 (1.16) -
Normal: 18.5-24.9 136 (25.39) 402 (25.62) -
Overweight: 25-29.9 186 (35.94) 572 (35.78) -
Obesity: >30 209 (34.87) 616 (37.43) -
Diabetes mellitus P <0.01
Yes 194 (32.54) 403 (20.06) -
No 350 (67.46) 1207 (79.94) -
Hypertension P <0.01
Yes 382 (69.31) 963 (56.79) -
No 162 (30.69) 647 (43.21) -
Stroke P <0.01
Yes 61 (10.68) 85 (4.97) -
No 483 (89.32) 1525 (95.03) -
Coronary heart disease ° 0.05
Yes 68 (12.97) 138 (9.06) -
No 476 (87.03) 1472 (90.94) -
Dietary + Supplemental selenium ;3 59 | 539 134.67 + 63.29 <0.01

intake, ug/d?®

GGT,U/L?® 28.99 + 42.51 23.75 +£22.10 <0.01
Albumin, mg/mL ? 4.12 +£0.35 422 4+0.27 <0.01
Uric acid, mg/dL ? 5.68 +1.44 557 +1.44 <0.01
Vitamin D, nmol/L 2@ 78.35 + 32.81 84.30 + 32.48 <0.01

¢ Continuous variables with a normal distribution were expressed as mean + SD and p value was tested by
ANOVA. b Categorical variables were expressed as the number of subjects (percentage) and p value was tested by
the Rao-Scott x? test. BMI: body mass index; PIR: poverty/income ratio; GGT: gamma glutamy! transpeptidase.
“-“ means blank.
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3.2. Relationship Among Selenium Intake, Cognition, and Oxidative Stress

The relationship between selenium intake and cognition is presented in Table 2. The
results of weighted logistic regression models showed that there was a statistically signif-
icant positive association between selenium intake and cognition in models 1, 2, and 3
(p <0.0001).

Table 2. The relationship between selenium and cognition (1 = 2154).

Variables OR (95% CI) 4
Model 1 1.007 (1.004, 1.010) <0.0001
Model 2 1.005 (1.002, 1.008) 0.0046
Model 3 1.004 (1.001, 1.007) 0.0191

Model 1: Unadjusted. Model 2: Adjusted for age, gender, race, marital status, and educational level. Model
3: Adjusted model 2 variables and family poverty/income ratio, body mass index, smoking, alcohol use and
comorbidities (diabetes, hypertension, stroke, and coronary heart disease). CI: confidence interval; OR: odds ratio.

The relationship between oxidative stress and cognition is displayed in Table 3. The
results of weighted logistic regression models showed that GGT was negatively correlated
with cognition in all models (p < 0.05). Albumin was positively correlated with cognition in
model 1 (p = 0.0011) and model 3 (p = 0.0154), and was negatively associated with cognition
in model 2 (p = 0.0084). In all models, vitamin D was positively associated with cognition
(p < 0.05). The association between uric acid and cognition was not found in all models
(p > 0.05).

Table 3. The relationship between oxidative stress and cognition (1 = 2154).

GGT Albumin Uric Acid Vitamin D
Variables
OR (95% CI) P OR (95% CI) P OR (95% CI) p OR (95% CI) P
Model 1 0.994 (0.990, 0.998) <0.001 3.067 (1.621, 5.804) 0.001 0.952 (0.866, 1.046) 0.297 1.006 (1.002, 1.010) 0.005
Model 2 0.993 (0.988, 0.998) 0.014 0.854 (0.820, 0.889) 0.008 1.057 (0.941, 1.187) 0.339 1.006 (1.003, 1.010) <0.001
Model 3 0.994 (0.988, 0.999) 0.030 2.073 (1.161, 3.701) 0.015 0.857 (0.823, 0.893) 0.236 1.005 (1.002, 1.009) 0.007
Model 1: Unadjusted. Model 2: Adjusted age, gender, race, marital status, and educational level. Model 3:
Adjusted model 2 variables and family poverty/income ratio, body mass index, smoking, alcohol use, and
comorbidities (diabetes, hypertension, stroke, and coronary heart disease). CI: confidence interval; GGT: gamma
glutamyl transpeptidase.
The relationship between selenium intake and oxidative stress is exhibited in Table 4.
The results of weighted multivariate linear regression models indicated that selenium
intake was positively correlated with albumin and vitamin D (p < 0.05), and was negatively
correlated with uric acid in all models (p < 0.05). No significant association was found
between selenium intake and GGT in all models (p > 0.05).
Table 4. The relationship between selenium and oxidative stress (1 = 2154).
Model 1 Model 2 Model 3
Variables
B (95% CI) p B (95% CI) p B (95% CI) p
GGT —0.0088 (—0.031, 0.013) 0.4153 —0.0145 (—0.0385, 0.0095) 0.2270 —0.0125 (—0.0385, 0.0134) 0.3319
Albumin 0.0005 (0.0003, 0.0008) <0.0001 0.0004 (0.0002, 0.0006) 0.0019 0.0003 (0.0001, 0.0005) 0.0063
Uric acid —0.0001 (—0.0015, 0.0014) 0.9272 —0.0018 (—0.0033, —0.0004) 0.0145 —0.0016 (—0.0030, —0.0002) 0.0246
Vitamin D 0.0129 (—0.0282, 0.0539) 0.5280 0.0356 (0.0001, 0.0710) 0.0491 0.0308 (—0.0002, 0.0618) 0.0514

Model 1: Unadjusted. Model 2: Adjusted age, gender, race, marital status, and educational level. Model 3:
Adjusted model 2 variables and family poverty/income ratio, body mass index, smoking, alcohol use, and
comorbidities (diabetes, hypertension, stroke, and coronary heart disease). CI: confidence interval; GGT: gamma
glutamyl transpeptidase.

3.3. Mediation Effect of Oxidative Stress on Association Between Selenium Intake and Cognition

Based on the analysis among selenium intake, cognition, and oxidative stress,
significant associations were chosen and the mediation was tested. Table 5 showed

41



Nutrients 2024, 16, 4163

that after adjusting the controlled variables, albumin significantly mediated the link
between selenium intake and cognition (proportion mediated, 3.85%; indirect effect,
2.61 x 1074 [6.30 x 107°-5.31 x 107%], p < 0.01), and the direct effect of selenium in-
take on cognition in the absence of the mediation of albumin was also significant (p < 0.01).
The relationship between selenium intake and cognition was significantly mediated by vita-
min D (proportion mediated, 8.02%; indirect effect, 5.36 x 107> [1.63 x 107°-9.90 x 107°],
p <0.01), as shown in Figure 2.

Table 5. The mediation effect of oxidative stress on the association between selenium and cognition

(n = 2154).
95% CI
Variables Estimate P
Lower Upper

Albumin
Total effect 6.43 x 1074 3.70 x 10~4 9.15 x 104 <0.01
Direct effect 6.16 x 1074 3.45 x 1074 8.81 x 1074 <0.01
Indirect effect 2.61 x 1074 6.30 x 10 5.31 x 1074 <0.01
Proportion mediated 3.85 x 1072 9.27 x 1073 9.30 x 102 <0.01
Vitamin D
Total effect 6.60 x 1074 3.90 x 1074 922 x 104 <0.01
Direct effect 6.05 x 1074 3.40 x 1074 8.69 x 10~4 <0.01
Indirect effect 536 x 107> 1.63 x 107 9.90 x 10—° <0.01
Proportion mediated 8.02 x 1072 2.35 x 1072 17.53 x 1072 <0.01

CI: confidence interval.

(A) Albumin
a b
. 1 ¢’ (Direct effect = 6.16 X 10 ) [ ..
Selenium ¢ (Total effect = 6.43 X 10 %) ‘ Cognltlon

(B) Vitamin D

. 1 ¢’ (Direct effect = 6.05 X 10 %) [ ..
Selenlum ¢ (Total effect = 6.60 X 10 %) ‘ COgIllthl’l
Figure 2. Indirect effects of selenium on cognition in mediation design. (A) The mediation effect of

albumin on the association between selenium and cognition. (B) The mediation effect of vitamin D
on the association between selenium and cognition.

4. Discussion

Our study investigated the relationship between selenium intake and cognition, and
the results showed that subjects with higher selenium intake had a lower risk of cognitive
impairment, which aligned with the previous reports [3,9,16,21]. However, a randomized
clinical trial reported no relationship between selenium intake and cognition, and the
discrepancy may be ascribed to only male subjects involved in the study [22].

Our results also disclosed that oxidative stress was a risk factor for cognitive im-
pairment. Albumin was positively correlated with cognition in our research, which was
consistent with the previous study [13,23,24]. Due to its distinct biological structure, specif-
ically the cysteine residues at position 34, albumin had the potential to alleviate excessive
oxidative stress caused by inflammation in aging neuronal cells, so it was regarded as an
important biomarker for the evaluation of cognitive impairment in aging brains [23,25].
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Participants with a higher vitamin D level exhibited better cognitive performance, which
was in line with the previous results [26,27]. Vitamin D played a fundamental role in
the maintenance of normal physiological function of neurons through the regulation of
neuroprotective factors and/or oxidative stress [28]. Participants with a lower GGT level
had higher cognition, which was in agreement with the previous reports [13,14,29]. GGT
served a crucial function in maintaining the transport of glutathione into cells, thereby
favoring cellular protective antioxidant capability [30]. Although there were similar uric
acid levels in our research (5.6 mg/dL) and previous reports (5.3 [31] and 5.2 [32] mg/dL),
the level of uric acid in our investigation was not correlated with cognitive performance,
which was inconsistent with previous cross-sectional studies [31,32], possibly due to the
Chinese population that participated in their reports. The inconsistency reminded us that
the characteristics of the study population should be fully considered. If the study involved
people from different regions, it was necessary to conduct an in-depth analysis of the
various characteristics of the population. Oxidative stress level was significantly increased
in the brain tissues of patients with cognitive impairment [33,34], and our results strongly
supported the negative association between oxidative stress and cognition.

For the first time, we discovered that selenium intake was negatively associated with
oxidative stress. Selenium was a key factor in maintaining human health by clearing free
radicals, improving the activity of antioxidant enzymes, and inhibiting oxidative stress
reactions [35,36]. Additionally, our present study firstly proposed that albumin and vitamin
D had an incomplete mediated effect (i.e., the indirect effect was small and the direct effect
was significant) on the association between selenium intake and cognition, suggesting that
additional pathways (such as anti-inflammation and ferroptosis) besides antioxidation
could be involved in the regulation of effects of selenium on cognition [4,37].

This study had several strengths. Firstly, it was the first study to investigate the
relationship between selenium intake and cognition mediated by oxidative stress. Secondly,
large national representative samples of elderly adults in the US increased the extrapolation
of the results. Thirdly, all information were derived from highly valid NHANES records,
and potential confounding factors were controlled in data analysis. However, several
limitations also existed in this study. First, the NHANES was a cross-sectional study,
which did not allow causal inferences. Second, dietary selenium data were self-reported,
which might be subject to recall bias. Third, socioeconomic status and lifestyle factors
may have important impacts on selenium intake and cognitive function. People with
higher socioeconomic status and/or healthy lifestyles have opportunities to consume more
selenium.

5. Conclusions

For the first time, our findings demonstrated that higher selenium intake decreased
cognitive impairment and oxidative stress levels. Moreover, the relationship between
selenium intake and cognition was mediated by oxidative stress.
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Abstract: Background: Microplastics (PS-MPs) are a new type of pollutant with definite hepatotoxicity.
Selenium, on the other hand, has natural, protective effects on the liver. Objectives/Methods: The
purpose of this experiment is to find out whether nano-selenium (SeNP) can alleviate liver damage
caused by microplastics. Initially, we established through in vitro experiments that SeNP has the
ability to enhance the growth of healthy mouse liver cells, while microplastics exhibit a harmful impact
on normal mouse hepatocyte cell suspensions, leading to a decrease in cell count. Subsequently,
through in vivo experiments on male ICR mice, we ascertained that SeNPs alleviated the detrimental
impacts of PS-MPs on mouse liver. Results: SeNPs hinder the signaling pathway of NF-«xB/NLRP3
inflammatory vesicles, which is crucial for reducing inflammation induced by PS-MPs. In terms of
their mechanism, SeNPs hinder the abnormalities in mitochondrial fission, biogenesis, and fusion
caused by PS-MPs and additionally enhance mitochondrial respiration. This enhancement is crucial
in averting disorders in energy metabolism and inflammation. Conclusions: To summarize, the
use of SeNPs hindered inflammation by regulating mitochondrial dynamics, thus relieving liver
damage caused by PS-MPs in mice. The anticipated outcomes offer new research directions that can
be referenced in terms of inflammatory injuries caused by PS-MPs.

Keywords: microplastics; nano-selenium; inflammation; mitochondrial dynamics; NF-xB/NLRP3
signaling pathway

1. Introduction

According to the relevant references, microplastics refer to plastic particles that have a
diameter smaller than 5 mm [1-3]. Microplastics can be classified according to their sources,
and as such can be divided into primary microplastics formed directly from industrial
production and secondary microplastics produced by the decomposition of plastic-type
waste [4,5]. In contrast, classification of microplastics can occur according to the polymer
type, which includes polyethylene, polystyrene, polypropylene, polyethylene terephthalate,
and polyvinyl chloride. As a novel environmental pollutant, microplastics have been found
in rivers, oceans, the atmosphere, drinking water, and food sources around the world [6-8].
A variety of organisms can be exposed to microplastics through breathing, eating, and
drinking, which accumulate in the organisms themselves and are passed up the food
chain, so it is inevitable that humans will ingest microplastics [9]. The available references
estimate that the amount of microplastics ingested by a person, through their digestive
and respiratory tracts, to be between 74,000 and 121,000 microplastics over the course of
a year [10]. Microplastic particles have been found in several organs of living organisms,
posing serious health risks [11-14], while the accumulation of microplastics in the liver of
mice has been widely reported [15-17].

In the body, the liver serves as the biggest gland involved in digestion and detoxifi-
cation. The primary factors contributing to liver disease are drug toxicity, viral infections,
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and malnutrition. Chronic liver disease can be caused by a variety of factors, including
hepatocellular injury, cell death, hypoxia, or irregular cellular metabolism, among which
microplastic-induced hepatocellular injury due to oxidative stress in hepatocytes cannot be
ignored. Patients with severe chronic liver disease may develop liver cancer or liver failure,
or it may even result in death [18-20]. It has been demonstrated that PS-MPs activate the
transcriptional machinery in the liver of Labrador dogs, leading to the enhanced expres-
sion of lipid-related genes [21]. PS-MP exposure significantly increased the inflammatory
response in the liver, as demonstrated by the increased infiltration of Kupffer cells (KCs)
and the increased expression of pro-inflammatory markers [22].

Selenium plays an important role in antioxidative stress and anti-inflammatory reg-
ulation and is regarded as a crucial micronutrient that is indispensable for human well-
being [23]. Selenium was discovered by the chemist Betserius [24]. The necessity of Se for
living organisms is due to the fact that it is a component of selenocysteine (Sec), found
in various selenoproteins. Many selenoproteins have pronounced antioxidant activity,
thereby playing a crucial role in the antioxidant defense of cells as well as the maintenance
of cell redox homeostasis. The representative selenoprotein is GPx, which belongs to the
antioxidant enzyme family and its active center is Sec. It mainly reduces hydrogen perox-
ide and lipid peroxides produced during metabolism by GSH and regulates the cellular
microenvironment to realize the detoxification of the body. While excessive selenium
can be harmful, the body needs a daily intake of small quantities of selenium to sustain
physiological functions [25]. After being absorbed in the gut, selenium finally reaches the
liver, which serves as the main site of selenium metabolism. It has also been shown that
the liver takes up and absorbs selenium better than other tissues in order to utilize it [26].
Selenium provides the liver with a robust defense mechanism against hepatitis and aids
during the prevention of fatty liver disease [27-29]. It should be noted that selenium exists
in many forms, and SeNPs are made up of tiny selenium particles at the nanoscale that are
more biologically active and less toxic than other forms of selenium [30,31]. Therefore, in
this study, an animal model of nano-selenium antagonism induced by microplastic-induced
liver injury was used as an example to simultaneously investigate the effects of microplas-
tics and nano-selenium on mouse liver cells, so as to determine the specific mechanisms of
nano-selenium and to propose new therapeutic targets against microplastics.

2. Materials and Methods
2.1. Microplastics

White powder PS-MPs, with a particle size of 5 pm, were purchased from Shuangfu
Plasticising Trading Co (GuangZhou, China). The chemical nature of the PS-MPs was
polystyrene and it was visually observed to be in the form of a powder; in order to make it
mix uniformly during the liquid phase, the suspension of the PS-MPs was carried out in
such a way to ensure they were dispersed uniformly in sterilized water using ultrasonic
waves. Finally, the suspension containing the PS-MPs was stored at room temperature,
protected from light and reconstituted weekly.

2.2. Nano-Selenium

After being mixed together, 1% Bacillus licheniformis, with OD600 = 0.5 and 20 mmol/L
sodium selenite, was subjected to agitation in a shaker (180 r/min, 37 °C) for a duration of
4 days. Subsequently, the resulting mixture was centrifuged at a speed of 12,000 revolutions
per minute, for a period of 20 min, in order to disintegrate the bacteria. After washing,
the precipitate was ground in liquid nitrogen. The powdered substance was collected and
rinsed three times using sterile, ultrapure water at a temperature of 4 °C, rotating at a
speed of 4000 revolutions per minute, for a duration of 5 min. Following sonication for
15 min in an ice bath, the powder underwent three successive washes that were performed
with 1.5 M Tris-HCl in 1% SDS (Ph = 8.3) at 4 °C and 12,000 rpm for 8 min. Subsequently,
the next step also involved washing with sterile ultrapure water at 4 degrees Celsius and
10,000 rpm for 8 min. The cleaned sediment was reconstituted using sterile ultrapure water,
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followed by the addition of n-octanol in a volumetric specific suspension ratio of n-octanol
of 2:1. It was mixed thoroughly and centrifuged at 4 °C, 12,000 r/min for 8 min. This
washing process was repeated 4 times. Once a stable nano-suspension of nano-selenium
was achieved, it was resuspended using an adequate quantity of sterile ultrapure water.
After obtaining lyophilized nano-selenium, the liquid was discarded following a washing
process, and the resulting precipitate was then stored at —80 °C for one day. The precipitate
was then removed and freeze-dried in a freeze-dryer (—40 °C) for 72 h and finally stored at
room temperature away from light.

2.3. Characterization of PS-MPs and SeNPs

A layer of conductive adhesive was glued onto the sample holder, and the freeze-dried
lyophilized SeNP nanopowder or PS-MP powder was glued onto the conductive adhesive
by gently picking a bit of it up with a toothpick. The unglued sample powder was removed
with an ear wash ball, and the sample was placed into the sample chamber for evacuation,
liquid nitrogen addition, and gold sprinkling. Then, a suitable area in the field of view
was selected for spot analysis. Particle size and energy spectra of PS-MPs and SeNPs were
determined using field emission electron microscopy (Techcomp, Shanghai, China).

The mixture of PS-MPs and sterile water and the mixture of SeNPs and sterile water
were diluted to 50 mg/L and sonicated, followed by transfer to a zeta flow cell and a quartz
cuvette cell (Malvern Panalytical, Malvern, UK) for characterization. The liquid-phase
surface charge of PS-MPs and SeNPs was measured using zeta potential and a particle size
analyzer (Malvern Panalytical, Malvern, UK).

2.4. In Vitro Experimental Design

Nano-selenium was mixed with deionized water in different ratios and sonicated to
produce 0.5, 1, 2, 2.5, and 5 pmol/L solutions of nano-selenium. Microplastics were mixed
with deionized water in different ratios and sonicated to produce 5, 50, 500, 1000, 1500 and
2000 pg/mL microplastic solutions. Normal mouse hepatocyte (NCTC1469) suspension
was added to the proportionally configured medium containing 1 per cent horse serum
and DMEM/HIGH dextros and incubated for 12 h in a constant-temperature (5% CO,,
37 °C) incubator (Panasonic) suitable for the survival of mouse hepatocytes. When the cell
density reached 6.4 x 10* per well in 6-well plates and 2.5 x 10* per well in 96-well plates
the next step was to treat them with different concentrations of PS-MPs and SeNPs.

2.4.1. Culture of Mouse Hepatocytes

The cryopreservation tubes were removed from the liquid nitrogen and the cells were
quickly thawed in a 37 °C water bath. As soon as the cells thawed, they were removed
from the water bath and the outside of the cryopreservation tubes was quickly sterilized
with an alcohol sprayer before placing them on an ultraclean bench. The thawed cell
cryopreservation solution (1 mL) was pipetted into a 10 mL sterile EP tube, 4 mL of
DMEM/HIGH GLUCOSE Complete Medium with 10% horse serum was added, and the
mixture was centrifuged for 5 min at room temperature, 1000 r/min. After removing the
supernatant, the precipitate was resuspended with 5 mL of DMEM/HIGH GLUCOSE
Complete Medium with 10% horse serum. After it was mixed well, the cell suspension
was added to T25 with a pipette gun and incubated at 37 °C under 5% CO,. During the
incubation process, the solution was changed over 2-3 d. After the cells were fully grown,
the test was carried out.

2.4.2. Cell Growth Curve Determination

To ensure that cells exposed to microplastics and nano-sized selenium were in the
equilibrium growth phase and normal, we measured the growth curves of hepatocytes.
Hepatocytes (NCTC1469) in good growth condition were taken and digested with trypsinase,
and the cells were resuspended by adding an appropriate amount of medium to prepare the
suspension. After cell counting, the cell concentration was adjusted to (1~5) x 10* cells/mL,
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and the cells were accurately inoculated into two 24-well plates with the same amount of cell
suspension added to each well. Samples were taken at the time points of 0, 4, 12, 24, and 48 h,
and the cells were counted with a biological inverted microscope (XZ-10, Mshot, Guangzhou,
China) and a Watson hemocyte counter (177-112C, WATSON, Tokyo, Japan). Measurements
at each time point were made three times and independent samples were taken in triplicate
for cell number determination. Finally, taking the incubation time as the horizontal axis and
the cell concentration as the vertical axis, the cell concentration obtained at each time point
was marked on coordinate paper, and the cell growth curve was obtained by connecting each
point to the line.

2.4.3. Effect of PS-MPs on Hepatocyte Proliferation

Hepatocytes were counted using a biological inverted microscope (177-112C, WAT-
SON, Tokyo, Japan) and Watson’s blood cell counter (Watson, Japan), and the cytosol
was diluted in suspension to 10,000 cells/mL with DMEM/HIGH GLUCOSE Complete
Medium with 10% horse serum. The bottom of the T25 bottles was observed with an
inverted microscope and when the cells occupied 80-90% of the bottom area of the bottle,
10 pL of the cell suspension was withdrawn and placed in a 96-well plate. Subsequently,
the culture was supplemented with 5 um of PS-MPs at concentrations of 5, 50, 500, 1000,
1500, and 2000 pg/mL in the culture. Following prolonged incubation at a temperature
of 37 °C for a duration of 6 h, 10 uL of CCKS8 reagent was introduced into every well, and
the incubation process was extended for an additional 2 h. Absorbance was measured at
450 nm using zymography (BGM LABTECH, Offenburg, Germany) and cell inhibition was
determined from the data collected.

2.4.4. Effect of SeNPs on Hepatocyte Proliferation

Based on the number of cells, the cell suspension was diluted to a concentration of
10,000 cells per milliliter. A volume of 10 pL of the cell suspension was withdrawn and
introduced into 96-well plates. The bottom of the T25 flasks was observed using an inverted
microscope, and when the area occupied by the cells reached 80-90% of the bottom area,
selenium nano-solutions at concentrations of 0.5, 1, 2, 2.5, and 5 umol/L were added to
the cultures. Following a 12 h incubation period at a temperature of 37 °C, 10 uL of CCK8
solution was introduced into every well and left to incubate for a duration of 2 h. The
measurement of absorbance was adjusted to 450 nm with zymography (BGM LABTECH,
Germany) and the rate of cell proliferation was determined using the acquired data. We
performed three biological replicates.

2.4.5. ROS Detection

The ROS Assay Kit (Bioland Biologicals, Guangzhou, China) was used to detect ROS
levels in liver NCTC1469 cells in real time. NCTC1469 cells were inoculated into 12-well
plates. The NCTC1469 cells were wall-plated overnight and then divided into 4 groups
with 3 wells per plate. They were blank group (Con), microplastic group with 100 uL
of 1000 ug/mL PS-MPs added by a pipette gun, nano-selenium + microplastic group
with 100 pL of 1000 pg/puL PS-MPs and 100 pL of 1 umol/L SeNPs, and nano-selenium
group with 100 uL of 1 pmol/L SeNPs. After 6 h of treatment, the groups were processed
following the steps in the instruction manual and finally observed under an inverted
fluorescence microscope (MF53, Guangzhou, China). Under the microscope, ROS emitted
green fluorescence, and we quantified the extent of oxidative stress to determine whether
ROS production was induced by converting each set of images into 8-bit images via Image]
and then calculating gray values for the fluorescent areas.

2.5. In Vivo Experimental Design

All ICR mice studied were provided by Hunan Slaughter Jingda Laboratory Animal
Co. Ltd. and housed at the Animal Experimentation Centre of the College of Animal
Medicine, Huazhong Agricultural University, where this study complied with animal ethics
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requirements (SYxk2020-0084, WuHan, China). Thirty-six male mice (4 weeks old) were
divided into six groups (n = 6), which were the control group, the low-dose PS-MP group
(0.1 mg/kg/d MPs), the medium-dose PS-MP group (1 mg/kg/d MPs), the high-dose
PS-MP group (10 mg/kg/d MPs), the group that was exposed to both PS-MPs and SeNPs
(10 mg/kg/d MPs + 1 mg/kg/d SeNPs), and the nano-selenium group (1 mg/kg/d SeNPs).
The low-dose PS-MP solution (20 mg/L), medium-dose PS-MP solution (200 mg/L), and
high-dose PS-MP solution (2000 mg/L) were prepared with pure water and PS-MP powder
before the experiment. Nano-selenium solution (200 mg/L) was prepared with pure water
and nano-selenium powder. All animals were kept in the experimental animal house
and were given sufficient food and water during the feeding period, which was 28 days.
The mice were weighed weekly with a weighing scale and treated daily with PS-MP
solution and SeNPs by gavage. After 28 days, all mice were euthanized by injection of 5%
pentobarbital sodium (200 mg/kg). Blood samples were collected by cardiac puncture for
biochemical analysis and liver tissue was extracted for subsequent experiments.

2.5.1. H&E Staining of Liver

The mouse liver tissue was preserved in a 4% solution of paraformaldehyde for 24 h,
followed by removal, dehydration in alcohol, and immersion in melted paraffin, and after
the paraffin had solidified, it was trimmed for easy observation. Then, 5 um sections of
liver tissue embedded in paraffin were stained with hematoxylin and eosin. To make the
sections transparent, the stained sections were dehydrated using anhydrous ethanol and
subsequently washed with xylene. Ultimately, transparent portions were affixed with
neutral resin and examined using a biological microscope (Ningbo Sunyu Instruments Co.,
Ltd., Ningbo, China).

2.5.2. TEM Observation of Liver Sections

The mouse liver tissue was first treated with 2.5% glutaraldehyde in phosphate buffer
for a duration of 12 h, followed by a subsequent 2 h fixation in 1% osmium acid. Addi-
tionally, the tissue samples underwent dehydration using a gradient of ethanol and were
subsequently embedded in acetone. Samples were sectioned in an ultrathin sectioning ma-
chine. Finally, transmission electron microscope (TEM) images at different magnifications
were taken under a transmission electron microscope (HITACHI, Tokyo, Japan).

2.5.3. Blood Biochemical Analysis

Centrifuge tubes containing blood samples were placed in a 37 °C water bath for
5 min to produce the serum adequately. The serum was then placed in a high-speed
refrigerated centrifuge (Centrifuge 5424R, Hamburg, Germany) at 4 °C, set at 4000 r/min,
and centrifuged for 10 min. The BS-240VET (Mindray Biologicals Ltd., Shenzhen, China)
was used to test serum biochemical parameters such as serum aspartate transaminase
(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), total bilirubin (T-BIL),
direct bilirubin (D-BIL) and total bile acids (TBAs).

2.5.4. Bone Densitometry Analysis

Mice were euthanized and placed in a bone densitometer (InAlyzer Republic, MEDIKORS,
Suwon City, Republic of Korea) for measurement of bone mineral content (BMC), bone mineral
density (BMD), fat content in tissue, and liver coefficient.

2.5.5. Measurement of Antioxidant Indicators

Mouse serum malondialdehyde (MDA) levels, catalase (CAT), superoxide dismutase
(SOD), and glutathione (GSH) activities were measured by assay kits (Nanjing Jiancheng
Institute of Biological Engineering, Nanjing, China).
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2.5.6. Immunofluorescence Staining

Mouse paraffin sections were deparaffinized in xylene and washed with distilled
water, then placed in a repair cassette with citrate antigen repair buffer (PH 6.0) in a
microwave oven for antigen repair, after which they were washed with PBS (PH 7.4) buffer.
After the sections were shaken dry, the sections were covered with 3% BSA and left for 30
min at room temperature. Next, ABclonal NLRP3 Rabbit pAb (A5652) and NFKB1 Rabbit
PADb (A6667) as primary antibodies at a dilution of 1/200 were added dropwise to the
sections and incubated at 4 °C overnight. After the sections were washed with PBS (PH
7.4), secondary antibody (iNOS Rabbit mAb (A3774)) at a dilution of 1/2000 was added
dropwise to the sections, then they were incubated for 50 min at room temperature and
covered with neutral gum, and, ultimately, the sections were scrutinized and pictures were
taken with a fluorescent microscope.

2.5.7. Quantitative Real-Time Quantitative Fluorescence PCR

The RNA was extracted from liver using Trizol reagent (Accurate Biology, Changsha,
China) followed the manufacturer’s instructions. Then, the total RNA was reverse-transcribed
into complementary DNA (cDNA) by referring to the reverse transcription kit instructions
of Novizan (Nanjing, China). We used the reaction system of TSE202 2 x T5 Fast qPCR Mix
(SYBR Green I) from Tsingke (Wuhan, China). An amount of 4 uL of cDNA was used in
each qPCR reaction. The preincubation cycle ran at 95 °C once for 60 s, and the number of
gqPCR cycles was 40. The PCR analysis was conducted on the LightCycler96 (Roche) with the
employment of QuantStudio™ 5 design and analysis software. The mRNA sequences of NF-
kB, P-NF-kB, TNF-«, Cleaved Caspasel, Caspasel, NLRP3, IL-1(3, DRP1, OPA1, MEN1, MFN2,
PGC1-«, and SIRT1 were acquired from NCBI GeneBank. The primers were synthesized by
Wuhan Tsingke Engineering. The calculation of relative gene expressions was performed by
the method of 2~ ~%Ct with the use of GAPDH as the internal reference gene.

2.5.8. Western Blotting Analysis

Total proteins were extracted from liver tissues using RIPA lysate (Bi-osharp, Beijing,
China), protein concentrations were determined by the Kaumas protein assay reagent, and
the samples used were diluted to the same concentration by 0.9% NaCl for subsequent
experiments. Next, the extracted protein samples were separated by 10% SDS-PAGE
electrophoresis and subsequently transferred onto PVDF membranes. The membranes
were soaked for 2 h in a mixture of skimmed milk and buffered saline (TBST) made from
Tris and NaCl. Afterward, the PVDF filters were left to incubate overnight at a temperature
of 4 °C with primary antibodies, which were diluted according to the provided guidelines.
On the following day, the membranes underwent three washes with TBST solution for
a duration of 5 min each. The membranes were then incubated overnight at 4 °C in
secondary antibody diluted 1:8000 in TBST. Then, they were washed again in TBST 5 times
for 5 min each at the end of the incubation. Both ECL A and ECL B were mixed in medium
proportions in shaded centrifuge tubes, and PVDF membranes were placed in full contact
with them and used for signal detection using a chemiluminescence imaging system
(Nuclear Cheng Technology Development Co., Wuhan, China). All primary antibodies
(NF-kB (p65), NLRP3, TNF-c, Caspasel, Cleaved Caspasel, P-NF-«B (p65), IL-13, GAPDH)
used in this section were from Wanlei bio and the secondary antibody was HRP-conjugated
goat anti-rabbit IgG (H + L) (AS014) purchased from ABclonal (Wuhan, China).

3. Statistical Analysis

Data are reported as mean & standard error of the mean (SEM) unless stated oth-
erwise. Analysis of variance (ANOVA) was used for more than 2 groups. A p-value less
than 0.05 was considered statistically significant. Statistical analysis and graphs were
generated using GraphPad Prism 9.5 software: *: p < 0.05, **: p < 0.01, ***: p < 0.001,
ns, not statistically significant; p-values of groups compared with each other: #: p < 0.05,
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##: p < 0.01, ###: p < 0.001, ns: not statistically significant. All experiments were performed
in 3 technical replicates. n = 6 for mouse experiments, n = 3 for cell experiments.

4. Results
4.1. Characterization of PS-MPs and SeNPs

According to the data presented in Figure 1A, the PS-MPs exhibit an average particle size
of 5 um and have a subspherical shape when observed using SEM. With TEM (Figure 1B), the
SeNPs exhibit an approximately spherical shape with an average particle size of about 200 nm.
Energy spectral scans were acquired for PS-MPs containing elements (Figure 1C,E) and SeNPs
(Figure 1ED) using SEM. The system is deemed to be highly stable if the magnitude of the
zeta potential is equal to or greater than 30 mV, suggesting the presence of both electrostatic
repulsion and spatial potential resistance among the particles [32]. The values of both PS-MPs
(Figure 1G) and SeNPs (Figure 1H) are quite high. Zeta potential is a measure of the strength
of the mutual repulsion or attraction between particles, and the higher the absolute value
of zeta potential (positive or negative), the more the repulsive force exceeds the attractive
force, which resists aggregation, and thus the more the system of selenium nanoparticles and
microplastic solutions is stabilized.
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Figure 1. Characterization results of PS-MPs and SeNPs. (A) Scanning electron microscopy of PS-MPs.
Scale bar, 5 um. (B) Scanning electron microscopy of SeNPs. Scale bar, 200 nm. (C,E) EDS of PS-MPs.
(D,F) EDS of SeNPs. (G) ¢-potential map of PS-MPs. (H) (-potential diagram of SeNPs.
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4.2. In Vitro Tests
4.2.1. Determination of the Growth Curve of Normal Mouse Hepatocytes

Growth curves were established for normal mouse NCTC1469 hepatocytes. Cells were
counted from the start of recovery and the total number of cells was then measured at 24 h,
48 h, and 72 h. Cells from 0-24 h were in the lag phase, 2448 h cells were in the stationary
phase, and 48-72 h cells were in the equilibrium phase. Therefore, NCTC1469 cells were
cultured for 48 h before exposure to PS-MPs and SeNPs was performed (Figure 2A).
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Figure 2. Effects of PS-MPs and SeNPs on mouse NCTC1469 hepatocyte lines. (A) Growth curves
of normal mouse NCTC1469 hepatocyte cell suspensions, (B) cell survival rates after 6 h of action
of different PS-MP concentrations (n = 3), (C) cell survival rates after 6 h of action of different SeNP
concentrations (n = 3), (D) ROS fluorescence pictures of the groups. Scale bar, 400 um. *: p < 0.05,
* p < 0.01, **: p < 0.001.

4.2.2. Detection of Impact of PS-MPs on Hepatocytes by CCK8

Following a 6 h exposure to PS-MPs, the viability of normal NCTC1469 hepatocytes
from mice gradually declined as the concentrations of PS-MPs increased. Specifically, the
survival of cells was significantly inhibited at 50 ug/mL (p < 0.05), 500 pg/mL (p < 0.01),
1000 pg/mL (p < 0.001), 1500 pg/mL (p < 0.01), and 2000 pug/mL (p < 0.01) of PS-MPs. The
concentration of PS-MPs chosen for the subsequent study (Figure 2B) was 2000 pug/mL, as
it was nearer to the IC50.

4.2.3. Detection of Impact of SeNPs on Hepatocytes by CCK8

The impact of SeNPs on the viability of normal mouse NCTC1469 hepatocytes was
observed for 6 h, as depicted in Figure 2C, at 0.5, 1, 2, 2.5, and 5 pmol/L. The findings
indicated that small amounts of nano-selenium (0.5 umol/L, 1 umol/L) did not exhibit any
harmful effect on mouse hepatocytes, and their cellular function was not notably distinct
from that of the control group. However, when the concentration rose to 2 umol/L, nano-
selenium significantly stimulated the proliferation of hepatocytes (p < 0.05). Moreover, at a
concentration of 2.5 umol/L, their cellular activity displayed a highly significant difference
(p < 0.01) compared to the control group.
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4.2.4. Results of ROS Assay in Mouse Hepatocyte Suspensions

Upon examination of normal mouse NCTC1469 hepatocytes using a fluorescence
microscope, it was observed that the fluorescence intensity of mouse hepatocytes in the
PS-MP group exceeded that of the control group. However, the fluorescence intensity of the
PS-MP + SeNP group was reduced after the addition of SeNPs. The fluorescence intensity
of the control and SeNP groups was weaker (Figure 2D).

4.3. In Vivo Tests
4.3.1. Liver Dysfunction Induced by PS-MPs

Mouse serum biochemical parameters were measured in PS-MP-induced liver tissue
(Figure 3A-F). The results of blood biochemical examinations indicated that the liver may
be a target organ for PS-MPs. The expression levels of aspartate transaminase (AST),
alanine aminotransferase (ALT), and serum alkaline phosphatase (ALP) were significantly
higher in the exposed mice compared to the control. ALP was significantly increased in
mice treated with 10 mg/mL of PS-MPs compared to the normal group. In addition, all
other biochemical indices such as T-BIL, D-BIL, and TBA showed a significant increase in
expression in a dose-dependent manner when compared to the control group.
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Figure 3. Effects of PS-MPs on biochemical indices in mice (n = 6). (A) Serum alkaline phosphatase
(ALP), (B) serum alanine aminotransferase (ALT), (C) serum aspartate transaminase (AST), (D) total
bilirubin (T-Bil), (E) direct bilirubin (D-Bil), (F) total bile acid (TBA). *: p < 0.05, **: p < 0.01, ***: p < 0.001.

4.3.2. Bone Densitometry Results in Mice

After being exposed for 28 days, the mice were euthanized and subjected to testing
using a bone densitometer (Figure 4A). A notable variation in bone mineral content (BMC)
was observed in the low-dose PS-MP group compared to the control group (p < 0.05), while
the remaining groups did not show any significant difference (Figure 4C). On the other
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hand, there was no notable variation in BMD among the groups, which did not show any
statistical significance (Figure 4D). Nonetheless, there existed a notable disparity in the
lipid composition within the mouse tissues among all PS-MP groups and the control group,
particularly in the high-dose PS-MP group (10 mg/kg/d) in comparison to the control
group (p < 0.001) (Figure 4B). In addition, the liver ratios of mice in the high-dose PS-MP
group (10 mg/kg/day) showed significant differences (p < 0.01) relative to the control
group (Figure 4E). Hence, the high-dose category of PS-MPs (10 mg/kg/d) was employed
as the ideal dosage of PS-MPs in Animal Experiment II for subsequent examinations.
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Figure 4. Radiographic images of mouse bone densitometry (n = 6). (A) Bone mineral density map
(n = 6), (B) fat content in tissue (n = 6), (C) bone mineral content (BMC) (n = 6), (D) bone mineral
density (BMD) (n = 6), (E) liver coefficient (n = 6). *: p < 0.05, **: p < 0.01, **: p < 0.001.

4.3.3. SeNPs Reduce Liver Histopathological Abnormalities Caused by PS-MPs

In the H&E staining graphs of liver tissue sections (Figure 5A) it can be found that
the control group showed normal hepatocyte morphology, with hepatocytes arranged in
a spoke-like pattern, extending from the central vein in all directions, forming distinct
hepatic cords. In contrast, the PS-MP group exhibited a markedly disorganized hepatocyte
arrangement (yellow arrows), cytoplasmic vacuolization (red arrows), and inflammatory
cell infiltration (green arrows). In the PS-MP + SeNP group, the histopathological results
showed significant improvement compared to the PS-MP group. The cytoplasmic vacuo-
lation was relatively attenuated, although there was still evidence of inflammatory cell
infiltration. The SeNP group did not differ significantly from the control group. Liver sec-
tions exhibited normal hepatocytes with intact cytoplasm, as well as intact nuclei, nucleoli,
and central veins.
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B Con PS-MPs PS-MPs+SeNPs SeNPs

Figure 5. H&E stain images and electron microscopic images of liver tissue sections. (A) H&E stain
map of mouse liver tissue. The overall magnification is 200 x while the magnification of the black
boxed section is 400x. Green arrows, inflammatory cell infiltration; yellow arrows, cytoplasmic
vacuolation. (B) Transmission electron micrographs of mouse liver tissue. Red arrows: blurred cell
membrane boundaries; yellow arrows: clear cell membrane boundaries; green arrows: distorted
nuclei; white arrows: slightly abnormal mitochondrial structure with loosely arranged cristae; blue
arrows: cytoplasmic vacuolation.

TEM was used to observe the cellular ultrastructure in liver tissue 28 days after
molding, as shown in Figure 5B. After being exposed to PS-MPs, hepatocytes displayed
distorted nuclei (indicated by green arrows), blurred cell membrane boundaries (indicated
by red arrows), and cytoplasm filled with vacuoles (indicated by blue arrows) when
observed at a magnification of 5000 x. At 15,000 x magnification, PS-MP exposure showed
a slightly abnormal mitochondrial structure with loosely arranged cristae (white arrows).
The histopathological findings in the PS-MP + SeNP group, on the other hand, were
significantly improved, with no deformation of the nucleus and clear cell membrane
boundaries. Cell membrane boundaries were clearer in the control, SeNP and PS-MP
+ SeNP groups (yellow arrows). The SeNP group did not show any notable distinction
when compared to the control group. The findings from all these experiments clearly
demonstrated that SeNPs exert a notable counteractive impact on liver damage caused by
PS-MPs.
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4.3.4. SeNPs Attenuates PS-MP-Induced Liver Function Impairment

In order to validate the protective effect of nano-selenium against liver injury caused by
PS-MPs, we examined serum liver enzymes, such as aspartate transaminase (AST), alkaline
phosphatase (ALP), and alanine aminotransferase (ALT), in accordance with histological
findings. Levels of these enzymes indicative of liver injury were significantly elevated in
the PS-MP group (10 mg/mL) compared to the normal group (p < 0.01). However, the
increase was inhibited by SeNPs (p < 0.01) (Figure 6A—C). Furthermore, there was a notable
rise in the fat content within the mouse tissues in the PS-MP group compared to the control
group (p < 0.01). However, the PS-MP + SeNP group effectively mitigated the fat content
increase caused by PS-MPs within the mouse tissues (p < 0.01) (Figure 6H).
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Figure 6. SeNPs attenuate PS-MP-induced liver function impairment. (A) Serum aspartate transam-
inase (AST) (B) serum alkaline phosphatase (ALP), (C) serum alanine aminotransferase (ALT),
(D) catalase (CAT), (E) glutathione (GSH) (F) malondialdehyde (MDA), (G) superoxide dismutase
(SOD), (H) fat content in tissues. The data are presented as the average plus or minus the standard
deviation (n = 6). *: p < 0.05, **: p < 0.01, **: p < 0.001. p-values of groups compared with each other:
## p < 0.01, ##H#: p < 0.001.

4.3.5. Protective Impact of Nano-Selenium on Oxidative Stress Caused by PS-MPs

The MDA content was significantly increased in the PS-MP-exposed group compared
to the control group, while the elevated MDA content caused by PS-MPs was significantly
reduced in the PS-MP + SeNP group (Figure 6F). In contrast, CAT (p < 0.01), GSH (p < 0.001),
and SOD (p < 0.001) activities were significantly decreased in the PS-MP group compared
to the control group. In contrast, the PS-MP + SeNP group significantly elevated the
decrease in CAT, GSH, and SOD activities caused by PS-MPs (Figure 6D,E,G). These results
suggest that PS-MP exposure led to an imbalance of the redox system in mouse liver tissues,
resulting in oxidative damage.
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4.3.6. Effect of SeNPs on PS-MP-Induced Liver-Injury-Related Proteins Through
Regulation of the NF-kB/NLRP3 Inflammatory Pathway

NF-kB in the PS-MP group was mainly expressed in the central vein, while NLRP3
was mainly expressed in the cells surrounding the central vein (Figure 7A) The protein
expression levels of NF-«kB, P-NF-kB, TNF-«, Cleaved Caspasel, Caspasel, NLRP3, and
IL-1$ were significantly higher in the PS-MP group than in the control group (p < 0.01). The
protein expression levels were all significantly lower in the PS-MP + SeNP group compared
to the PS-MP group (p < 0.01) (Figure 7B,C). These results suggest that SeNPs attenu-
ated the liver inflammatory injury induced by PS-MPs by regulating the NF-«B/NLRP3
inflammasome pathway:.
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Figure 7. Effects of SeNPs on PS-MP-induced liver-injury-related proteins by modulating the NF-
kB/NLRP3 inflammatory vesicle pathway. (A) Immunofluorescence expression of NF-«B protein
and NLRP3 protein in the liver of each group of mice. (B) Protein blots of NF-«B, P-NF-kB, TNF-«,
Cleaved Caspasel, Caspasel, NLRP3, IL-13 (n = 3). (C-I) Quantitative expression of these proteins
(n=3). **: p<0.01, ***: p <0.001, ns: not statistically significant. p-values of groups compared with
each other: ###: p < 0.001.

4.3.7. Effects of SeNPs on Genes Related to PS-MP-Induced Liver Injury Through
Regulation of the NF-kB/NLRP3 Inflammatory Vesicle Pathway

The gene expression levels of NF-«B, TNF-«, Caspasel, NLRP3, and IL-13 were
significantly higher in the PS-MP group than in the control group (p < 0.01). The gene
expression levels were all significantly lower in the PS-MP + SeNP group compared to the
PS-MP group (p < 0.01) (Figure 8A-E). These results suggest that nano-sized selenium was
able to attenuate the inflammatory liver injury induced by PS-MPs.
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Figure 8. Measurement using quantitative real-time fluorescence qPCR. (A-E) Levels of gene expres-
sion related to inflammation. (F-K) Levels of gene expression linked to mitochondria. *: p < 0.05,
**: p<0.01, **: p <0.001, ns: not statistically significant. p-values of groups compared with each
other: #: p < 0.05, ###: p < 0.001. ns: not statistically significant.

4.3.8. SeNPs Attenuate PS-MP-Induced Mitochondrial Dysfunction

Compared with the control group, the mRNA levels of mitochondria-related genes,
such as OPA1, DRP1, MEN1, and MFN2, were significantly higher in the PS-MP group.
(Figure 8F-K), indicating accelerated mitochondrial division and fusion. Among them,
MFNT1 is involved in the attachment of nearby mitochondria, maintenance of mitochondrial
membrane potential, and apoptosis. MFN2 is a multifunctional protein located in the outer
mitochondrial membrane, controlling mitochondrial fusion and physical interactions with
other organelles. However, after co-treatment with SeNPs, the mRNA levels of all of them
were significantly down-regulated. Furthermore, taken together, these results suggest that
SeNPs have a protective effect on mitochondria.
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5. Discussion

Accumulation of microplastics causes oxidative stress, inflammation, and apoptosis-
related toxic effects in the liver, as well as disturbances in glucose and lipid metabolism
in the liver [33]. The liver plays a crucial role in the storage, conversion, and breakdown
of medications [34]. Several studies have been conducted on the mammalian biosafety
of PS-MPs [35]. However, studies on the protective effects and molecular mechanisms of
combined SeNPs against PS-MP-induced liver injury have not been reported. This study
has confirmed for the first time that SeNPs reduce liver damage caused by microplastics
by regulating inflammation mediated by the NF-«B/NLRP3 inflammatory pathway. This
study confirmed that nano-selenium effectively reduced liver damage induced by PS-
MPs, as observed through histopathological examination and serum biochemical analysis.
Additionally, it unveiled the precise molecular mechanisms of nano-selenium in terms of
mitochondrial dynamics, oxidative stress, and inflammation.

First, we determined in vitro experiments with normal mouse NCTC1469 hepatocytes
that PS-MPs have a damaging effect on hepatocytes, while SeNPs have a proliferative
effect on hepatocytes. The mitochondria primarily metabolize oxygen in aerobic organisms.
Reactive oxygen species (ROS) are typically generated by organisms during cellular res-
piration. They are primarily found in liver cells and immune cells, where they promote
cellular maturation and programmed cell death [36,37]. Excessive generation of ROS can
result from different cellular stresses, and prolonged exposure to elevated levels of ROS
is a significant factor contributing to numerous pathological conditions [38—41]. The find-
ings of this study align with previous research on the harmful effects of microplastics on
various tissues. This indicates that the inflammation caused by microplastics is strongly
linked to the excessive buildup of ROS, which triggers inflammatory signaling and leads
to inflammatory damage [42]. On the other hand, selenium (Se) acts as a strong catalyst
for glutathione peroxidase (GPx) [43]. GPx, an important selenoprotein within the body,
plays a crucial role in regulating the excessive generation of radicals in areas of inflamma-
tion. It also ensures the maintenance of the intracellular redox equilibrium and provides
antioxidant properties to safeguard healthy cells against oxidative harm caused by ROS.
Furthermore, studies have demonstrated that the augmentation of Se-GPx activity in the
livers of mice leads to an improved capacity of the antioxidant system to safeguard against
harm [44]. The balance between oxidants and antioxidants is controlled by the activity
of Se-GPx [45]. Nano-selenium has strong hepatoprotective bioactivities and may be an
antioxidant treatment [46]. Moderate amounts of nano-selenium in vivo are effective in
ameliorating liver injury induced by PS-MPs. Therefore, nano-selenium supplementation
can attenuate oxidative stress (ROS) induced by PS-MP exposure.

To summarize, our experiments conducted in a controlled environment demonstrated
that PS-MPs increase the levels of reactive oxygen within cells, while the inclusion of SeNPs
mitigated the harm inflicted on liver cells by PS-MPs. Based on this foundation, we per-
formed in vivo tests on ICR mice using varying doses of PS-MPs. A previous study showed
that polystyrene microplastics induced the formation of extracellular traps in macrophages,
activating the ROS/TGF-f3/Smad2/3 signaling axis, leading to an inflammatory response
and epithelial-mesenchymal transition in hepatocytes [47]. The impairment of hepatocytes
can result in the secretion of diverse enzymes and a prompt corresponding response, indi-
cating significant liver damage [48]. In this experiment, several biochemical indices related
to mouse liver were evaluated by oral administration of PS-MPs. These indicators play a
crucial role in the metabolism of mammalian liver cells. The results of the test showed that
there were significant differences in the indicators related to liver damage as the concen-
tration of PS-MPs increased and that there was accumulative effect of concentration. The
results showed that exposure to different concentrations of PS-MPs caused an increase in
various biochemical parameters of liver function in mice, as well as an increase in tissue,
fat content, and liver coefficients, indicating that liver cells were damaged.

Therefore, among the animal tests with different PS-MP concentrations, we chose the
concentration of PS-MPs with the most significant liver damage (10 mg/kg/d) for a further
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test to explore the combination with SeNPs. The results showed that the levels of several
antioxidant enzymes in the serum of mice were significantly decreased after exposure to
PS-MPs, while the levels of MDA increased significantly. Among them, GSH plays an
important role in scavenging reactive oxygen species, SOD plays a role in scavenging free
radicals, and CAT plays a role in scavenging hydrogen peroxide in the body [49]. MDA is a
product of lipid peroxidation, which can be used as an indicator of oxidative damage [50].
These results suggest that exposure to PS-MPs decreases the level of antioxidant defenses in
mice, leading to increased oxidative stress. However, the impairment of hepatic oxidative
stress by PS-MPs was significantly reversed by the addition of SeNPs.

Meanwhile, a study showed that exposure to PS-MPs induced apoptosis and pyropto-
sis in granulosa cells in rat ovaries, leading to an increase in inflammatory markers, and the
mechanism of action was associated with activation of the NLRP3/Caspasel pathway [51].
A study of microplastics in brain injury also confirmed that microplastics disrupt mitochon-
drial function and activate AMPK signaling, leading to inflammation in the brain. This
evidence suggests that microplastics damage tissues through different mechanisms and
that elevated inflammatory markers in the liver are a sign of the damage they cause [52-54].
Aberrant expression of NF-«kB pathway pro-inflammatory cytokines is a major feature of
the inflammatory response [55-57].

The findings indicated that PS-MPs activate the NF-kB pathway in the mouse liver,
functioning as a pivotal hub for signaling, an emergency sensor, and being responsive to
nearly all hazardous cues [58]. Moreover, it was evident that PS-MPs stimulate NLRP3
inflammatory vesicles within the liver. NLRP3, one of the NOD-like receptors, stands
out as the most adaptable and medically important inflammatory vesicle, triggered by a
diverse range of stimuli that are not commonly seen [59]. Increased mitochondrial cleavage
has been reported to activate the generation of NLRP3 inflammatory vesicles [60,61]. In
addition, NF-kB promotes the synthesis of mRNAs for several inflammation-related genes,
including NLRP3 [62,63]. The findings indicate that PS-MPs have the ability to trigger
inflammation in NLRP3 vesicles, leading to scorch-induced cell death. In addition, activa-
tion of the NF-kB pathway may be one of the mechanisms of NLRP3 inflammatory vesicle
initiation. Activation of NLRP3 inflammatory vesicles initiates the NF-«kB pathway and
mediates cleavage. NLRP3 inflammatory vesicles can be activated by inflammatory factors,
mitochondrial reactive oxygen species, and lysosomal enzyme damage [64-66]. The NF-xB
pathway [67] can be activated by oxidative stress, resulting in the release of inflammatory
factors and ultimately leading to the occurrence of NLRP3 inflammatory-vesicle-induced
scorch death. Thus, our hypothesis is that the NF-«B signaling pathway could be activated
and NLRP3 inflammatory-vesicle-induced scorch death could be mediated by PS-MP-
induced oxidative stress. Although the precise mechanism is still unknown, this offers a
solid foundation for conducting exposure studies on PS-MPs.

Mitochondpria play a role in multiple crucial cellular functions, and excessive exposure
to PS-MPs disrupts the dynamics of mitochondria, ultimately resulting in the death of
liver cells in mice. SIRT1 positively regulates pGC1-, a crucial mediator of mitochondrial
biogenesis, as well as the fusion and fission processes of mitochondria [68]. The findings of
this test indicate that PS-MPs lead to increased mitochondrial fragmentation, decreased
merging and formation, and ultimately oxidative stress and apoptosis by enhancing mRNA
expression of multiple genes associated with mitochondria [69,70]. SeNPs have been found
to improve the function of the mitochondrial electron transport chain and control the
production of new mitochondria [71,72]. The findings indicate that SeNPs have the ability
to preserve the balance of mitochondrial dynamics by controlling the proteins responsible
for both mitochondrial division and merging.

It is important to take into account various restrictions in our research. For instance,
our attempts to delve deeper into the involvement of oxidative stress in the activation
of NLRP3 inflammatory vesicles were unsuccessful. In our present investigation, we
solely investigated the mechanisms linked to NF-kB/NLRP3 induction in liver cells due to
exposure to PS-MPs, without analyzing the correlation between alternative programmed
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cellular pathways and diverse forms of cell death. Our future studies will center around
these areas.

6. Conclusions

The current research illustrates that PS-MPs exhibit cumulative impacts at varying
levels of exposure. Oral administration of PS-MPs resulted in the activation of the NF-
kB/NLRP3 inflammatory signaling pathway in the liver of mice, resulting in a certain
degree of liver damage. Mitochondrial pathway activation caused oxidative stress, inflam-
mation, and hepatocyte scorching, resulting in hepatocyte damage, liver dysfunction, and
hepatotoxicity. On the other hand, the inclusion of SeNPs greatly reduces the liver damage
caused by microplastics. Nano-selenium, a trace element, is crucial in the pathophysiologi-
cal mechanisms of organisms. The data and references presented in this study can be used
to evaluate the biological hazard of orally consuming environmentally exposed PS-MPs in
mice. The findings of the research could additionally aid in the advancement of policies
aimed at preventing and managing plastic pollution.
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Abstract: Background: Selenium (Se) is an essential trace element for maintaining human health, with
significant antioxidant and immunoregulatory functions. Inadequate Se intake may be associated
with Keshan disease, Kashin—Beck disease, and hypothyroidism. However, effective indicators for
scientifically guiding Se supplementation in Se-deficient populations are still lacking. Objectives:
This study aims to explore the dynamic distribution of Se across various nutritional biomarkers and
major organs in rats through a Se supplementation experiment, as well as the pairwise correlations
between them, in order to identify reliable nutritional indicators for evaluating Se levels in the
body. Methods: Se levels in hair, blood, and major tissues and organs were determined by atomic
fluorescence spectrometry, and glutathione peroxidase (GSH-Px) levels were measured using an
ELISA. Results: Se supplementation significantly increased Se levels in rat blood, hair, and major
organs, as well as GSH-Px levels in blood. Se primarily accumulated in the liver and kidneys,
followed by myocardium, spleen, and muscles. Serum and plasma Se were found to be the best
indicators of short-term Se intake, while erythrocyte Se levels showed a stronger correlation with Se
levels in tissues and organs, making it a better marker for assessing long-term Se nutritional status
compared to hair Se. Conclusions: This study demonstrates the potential of erythrocyte Se levels
as an indicator for evaluating long-term Se nutritional status, providing scientific evidence for Se
nutritional assessments.

Keywords: nutritional status; erythrocyte selenium; serum selenium; hair selenium; glutathione
peroxidase

1. Introduction

Selenium (Se) is an essential trace element for humans, playing a variety of critical
physiological roles, including antioxidant, immunoregulatory, anti-inflammatory, anti-
cancer, and anti-infection functions [1]. When Se concentrations are too low, its biological
functions cannot be fully exerted [2], potentially increasing the risk of Keshan disease [3],
Kashin-Beck disease, hypothyroidism, and miscarriage and other reproductive and ob-
stetric complications [4,5]. Conversely, excessive Se intake may induce oxidative stress,
leading to hair loss, nail deformities, neurological symptoms, and even life-threatening
conditions [6-8].

Se nutritional status is commonly assessed by measuring Se levels in hair, plasma,
and serum [9]. Hair Se levels are widely used to assess long-term Se intake due to the ease
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of sample collection, storage, transport, and high compliance [10]. Serum or plasma Se
levels mainly reflect recent dietary Se intake [11]. Glutathione peroxidase (GSH-Px), known
for its significant antioxidant properties, exhibits decreased activity during Se deficiency
but recovers rapidly after Se supplementation. This makes it a common indicator of Se
nutritional status and the body’s antioxidant capacity [12].

Our previous study, which measured hair Se levels in 3026 residents across 28 provinces
in China, found that 40.9% of the participants exhibited varying degrees of Se deficiency [10].
Dietary interventions and supplementation in Se-deficient areas have proven to be effec-
tive preventive measures [13]. However, given the narrow safety range of Se intake,
uncontrolled long-term supplementation may lead to Se excess, posing potential health
risks [14,15]. Due to economic constraints, sample preservation, transport, and technical
limitations, it is challenging to comprehensively assess all Se nutritional indicators in
practice. Therefore, identifying an efficient, stable, and representative biomarker to guide
Se supplementation strategies is imperative.

Given this background, we conducted a Se supplementation experiment in Wistar
rats to further explore the effects of Se supplementation on Se nutritional biomarkers (hair,
whole blood, serum, plasma, erythrocyte, and GSH-Px), as well as Se levels in major tissues
and organs (liver, kidneys, spleen, myocardium, and muscles). This study aims to explore
the dynamic distribution of Se across various nutritional biomarkers and major organs in
rats through a Se supplementation experiment, as well as the pairwise correlations between
them, in order to identify reliable nutritional indicators for evaluating Se levels in the body.

2. Materials and Methods
2.1. Chemicals

Sodium selenite (SS) was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Dosage Calculation

According to the guidelines for nutritional requirements, the recommended nutrient
intake (RNI) for Se in humans is 55 pg/day, and the tolerable upper intake level (UL) is
400 pg/day [16]. To ensure the efficacy of the experiment without causing Se toxicity in
rats, a human Se intake of 200 ug/day was used as the basis, assuming an average adult
weight of 60 kg and applying a conversion factor (6.25) to account for animal tolerance [17].
The final dosage of SS for the rats was calculated to be 200 pg/L. Thus, a 200 ug/L SS
solution was used for Se supplementation in the drinking water of the experimental group.

2.3. Selenium Supplementation Experiment in Rats
2.3.1. Animal Grouping and Sample Size

We strictly adhered to the 3R principles in determining the number of rats used in
this study. The experiment is divided into five time phases, with sampling conducted once
every seven days. For the control group, the minimum number of animals was maintained
at five per stage, while in the selenium-supplemented (SS) group, the number was increased
to 10 per stage to account for potential individual variability following supplementation.
To prevent any impact from unforeseen losses, an additional 5 rats were included for the
control group and 10 for the SS group. Additionally, to evaluate whether selenium levels in
the control group changed significantly during the experiment compared to pre-experiment
levels, a baseline group of 10 rats was established. Thus, the final composition included
10 rats in the baseline group, 30 in the control group, and 60 in the SS group, totaling
100 rats.

2.3.2. Animal Husbandry, Grouping, and Sampling Protocol for Selenium
Supplementation Study in Wistar Rats

A total of 100 male Wistar rats, aged 6-8 weeks, were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China) and housed at the SPF-level
Transgenic Animal Research Center of Harbin Medical University. The rats were kept in a
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12 h light/dark cycle with free access to food and water. After a one-week acclimatization
period, the rats were randomly divided into a baseline group (n = 10), an SS group (1 = 60),
and a control group (1 = 30). The baseline group was sacrificed immediately, while the SS
and control groups underwent a 5-week intervention. The SS group received drinking water
supplemented with 200 pg/L SS (Se: 91.32 pg/L), while the control group received regular
water (Se: 0 pg/L). There was no difference in the feed provided to the two groups of rats
(Se: 0.15 mg/kg). Sampling points were taken every 7 days. In the first 4 weeks, 10 rats
from the SS group and 5 from the control group were randomly selected and euthanized
weekly. The remaining rats were sacrificed in the fifth week. Blood, hair, myocardium, liver,
kidneys, spleen, and thigh muscles (the quadriceps muscles) were collected post-mortem.
Hair samples (from the dorsum and ventral areas) were stored in polyethylene ziplock
bags and kept in a dry, dark environment. Myocardium, liver, kidneys, spleen, and thigh
muscles were weighed and stored along with whole blood, plasma, and serum samples in
an ultra-low temperature freezer at —80 °C.

Blinding was applied throughout the processes of group assignment, housing, eu-
thanasia, and relevant indicator assessments to ensure that the experimenters were unaware
of the grouping conditions. The study strictly adhered to animal ethical standards and
was approved by the Ethics Committee of the Center for Endemic Disease Control, Harbin
Medical University (Approval No. hrbmuecdc20220402).

2.4. Organ Coefficient

The spleen, liver, kidney, and heart of the rats were excised and weighed. The relative
weight of each organ was calculated based on the final body weight measured on the day
of organ collection. The organ coefficients were calculated as follows:

Organ coefficient (g/100 g) = organ weight/rat body weight x 100.

2.5. Measurement of Selenium Levels

Se levels were determined using an atomic fluorescence spectrometer (AFS 933, Beijing
Titan Instrument Co., Beijing, China).

2.5.1. Sample Preparation

(1) Hair: 0.1 g of clean, dry hair samples were placed into 50 mL digestion vessels.

(2) Serum, plasma, and whole blood: 100 uL of each sample was placed into 50 mL
conical flasks.

(3) Erythrocytes: Approximately 0.1 g of erythrocytes were weighed and placed into
50 mL conical flasks.

(4) Organs: Frozen myocardium, liver, kidneys, spleen, and thigh muscles were
cut into small pieces, and approximately 0.1 g of each sample was placed into 50 mL
conical flasks.

(5) Standard materials: Approximately 0.1 g of human hair reference material was
weighed and placed into 50 mL conical flasks.

2.5.2. Determination of Selenium Levels in Samples

A mixture of 5 mL of acid (nitric acid and perchloric acid in a 4:1 ratio) was added
to digest the samples or standard materials, which were left to stand overnight. The next
day, thermal digestion was carried out at 180 °C using an electric sand bath. After cool-
ing to room temperature, 5 mL of a hydrochloric acid solution (1:1 ratio of concentrated
hydrochloric acid and deionized water) was added for reduction. Then, 1 mL of potas-
sium ferricyanide solution was added, and the samples were diluted to 10 mL with 5%
hydrochloric acid. Se levels were measured using the AFS-933 dual-channel atomic fluores-
cence spectrometer, and a standard curve was drawn based on Se content and fluorescence
values. The blank samples, human hair reference material, and sample fluorescence values
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were measured sequentially. The Se content was determined using the standard curve. The
recovery rate of Se was 88.8-117.1%.

2.6. Measurement of Glutathione Peroxidase (GSH-Px) Levels

GSH-Px levels in serum or plasma were measured using a GSH-Px assay kit (Jiancheng
Biotech, Nanjing, China). Serum or plasma samples were diluted with physiological
saline, and whole blood samples were prepared into hemolysates. Pre-experiments were
conducted to determine the optimal dilution factor, ensuring an inhibition rate between 45%
and 50%. Reagents were prepared according to the kit instructions, and GSH solutions and
test samples were added to enzyme and non-enzyme tubes. The reaction was conducted in
a 37 °C water bath. After the reaction, the supernatant was collected by centrifugation, and
the samples were added to a microplate. Optical density (OD) values were measured at
405 nm using a microplate reader (BioTek Instruments, Winooski Charlotte, VT, USA).

2.7. Data Analysis

Data were analyzed using SPSS 17.0. The normality of the data was assessed using the
Shapiro-Wilk test. For data that followed a normal or approximately normal distribution,
the results were expressed as the mean =+ standard deviation (SD), and group differences
were analyzed using a t-test of independent samples. Spearman’s rank correlation analysis
was performed, with correlation coefficients represented by r;. A p-value of <0.05 was
considered statistically significant.

3. Results
3.1. Dietary Intake, Body Weight, and Organ Coefficients of Rats at Various Time Points

To identify the optimal indicator of Se nutritional status, we conducted a Se supple-
mentation experiment in rats (Figure 1A). As shown in Figure 1B,C, the water intake and
feed consumption levels of the rats were not significantly different between the control
group and the SS group from the second to fifth week (p > 0.05), except in the first week,
where the control group had a significantly higher intake than the SS group (p < 0.01).
Further evaluation of the total Se intake from the diet (including feed and water), as shown
in Figure 1D, revealed that the Se intake level in the SS group was significantly higher than
that of the control group throughout the supplementation period (p < 0.01). The organ
coefficients were assessed as shown in Figure 1E-I, and no significant differences in body
weight or organ coefficients (liver, kidneys, spleen, heart) were observed between the SS
rats and the control group at any time point during the supplementation period (p > 0.05).
This suggests that Se supplementation had no significant impact on the body weight or the
major organs of the rats.

A five-week supplementation experiment was conducted.
Control group: 30 rats, normal drinking water
SS group: 60 rats, 200ug/LSS drinking water supplementation

~§7 To identify an efficient, stable,
B and representative biomarker of

;&ggﬂ;s Week0 = Week1 = Week2 = Week3 = Week4 — Week5 =fJf—p selenium nutrition to scientifically
guide selenium supplementation
strategies.

After one week of adaptive 5 rats in control group and 10 rats in SS 10 control group and 20
feeding, 10 baseline rats group were sacrificed every week SS group were killed

were sacrificed

Heart, liver, kidney, spleen, back and abdominal hair,
muscles and blood are collected

Figure 1. Cont.
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Figure 1. Dietary intake, body weight, and organ coefficients of rats in the control group and the
Sodium selenite (SS) group at different time points. Flowchart of the selenium (Se) supplementation
experiment in rats (A). Changes in water intake (B), feed intake (C), Se intake from diet (D), body
weight (E), liver organ coefficient (F), kidney organ coefficient (G), spleen organ coefficient (H),
and heart organ coefficient (I) at different time points. Asterisk indicates statistically significant
differences between the SS group and the control group at corresponding time points, ** p < 0.01.

3.2. Selenium Nutritional Indicators in Rats at Various Time Points

To further explore the effect of Se supplementation on Se nutritional indicators in
rats, we measured the Se levels in dorsal hair, ventral hair, whole blood, serum, plasma,
and erythrocytes, along with GSH-Px levels in serum, plasma, and whole blood. As
shown in Figure 2, the Se nutritional indicators in the control group rats did not exhibit
significant fluctuations throughout the experimental period. In contrast, the Se nutritional
indicators in the SS supplementation group showed varying degrees of increase compared
to the control group (p < 0.05). Specifically, Se levels in dorsal hair, ventral hair, whole
blood, and erythrocytes showed a continuous increase throughout the supplementation
(Figure 2A—C,F). In contrast, serum and plasma Se levels increased sharply during the first
week but plateaued over the subsequent weeks (Figure 2D,E). Additionally, GSH-Px levels
in the serum, plasma, and whole blood samples showed a significant increase (p < 0.05). As
the supplementation period progressed, GSH-Px levels continued rising; however, after
the fourth week of supplementation, the increase was no longer statistically significant
compared to the control group (Figure 2G-I).
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Figure 2. Changes in Se nutritional biomarkers in rats from the control group and SS group at

different time points. Changes in dorsal hair Se (A), ventral hair Se (B), whole blood Se (C), serum
Se (D), plasma Se (E), erythrocyte Se (F), whole blood GSH-Px (G), serum GSH-Px (H), and plasma
GSH-Px (I) levels at different time points in rats. Asterisk indicates statistically significant differences

in Se levels and GSH-Px activity between the SS group and the control group at corresponding time

points, * p < 0.05.

3.3. Selenium Levels in Major Tissues and Organs of Rats at Various Time Points

To validate the impact of Se supplementation on the Se concentrations in major tissues
and organs, we measured Se concentrations in the liver, kidneys, spleen, myocardium, and
muscles. As shown in Figure 3, consistent with the Se nutritional indicators, the Se levels
in the major tissues and organs of the control group did not exhibit significant changes. In
contrast, the Se content in these organs significantly increased in the SS supplementation
group, with a continuous upward trend as the supplementation period progressed.
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Figure 3. Changes in Se levels in various tissues and organs of rats from the control group and SS group
at different time points. The Se level changes in liver (A), kidneys (B), spleen (C), myocardium (D),
and muscles (E) at different time points in rats. Asterisk indicates statistically significant differences in
Se levels between the SS group and the control group at the corresponding time points, * p < 0.05.

3.4. Selenium Enrichment in Nutritional Indicators and Major Organs

To assess Se accumulation in major organs, we evaluated the Se levels in the nutritional
indicators and organs of rats after five weeks of supplementation, comparing them with the
control group. As shown in Table 1, in the control group, Se was primarily concentrated in
the kidneys, followed by the liver and spleen, with the lowest levels in the muscles. After
five weeks of supplementation, while the kidneys remained the organ with the highest Se
concentration, the liver showed the greatest fold change in Se accumulation (2.87), followed
by the muscles (1.69) and the kidneys (1.63), with the smallest change observed in the
spleen (1.30). Among the Se nutritional indicators, erythrocytes exhibited the highest fold
change in Se accumulation (1.80), followed by whole blood Se (1.63) and serum Se (1.59).

Table 1. Se concentrations of biomarkers in rats from the control and SS groups.

Duration of Selenium Supplementation (weeks)

. . SS Group/

Selenium Biomarkers Control Group SS Group t-Value p-Value Control Group
Myocardial Selenium (mg/kg) 0.17 0.24 6.00 <0.0001 1.38
Muscle Selenium (mg/kg) 0.06 0.09 7.26 <0.0001 1.69
Spleen Selenium (mg/kg) 0.30 0.39 5.72 <0.0001 1.30
Liver Selenium (mg/kg) 0.33 0.95 10.16 <0.0001 2.87
Kidney Selenium (mg/kg) 1.16 1.89 10.75 <0.0001 1.63
Dorsal Hair Selenium (mg/kg) 0.18 0.28 7.92 <0.0001 1.57
Ventral Hair Selenium (mg/kg) 0.17 0.25 7.13 <0.0001 1.52
Whole Blood Selenium (ug/L) 203.08 330.41 6.74 <0.0001 1.63
Erythrocyte Selenium (mg/kg) 0.19 0.35 8.25 <0.0001 1.80
Plasma Selenium (ng/L) 302.48 436.65 10.63 <0.0001 1.44
Serum Selenium (ug/L) 259.85 413.92 8.89 <0.0001 1.59
Whole Blood GSH-Px (U/L) 556.34 877.06 6.97 <0.0001 1.58
Plasma GSH-Px (U/L) 1549.51 2243.05 5.83 <0.0001 1.45
Serum GSH-Px (U/L) 1427.55 2183.52 7.48 <0.0001 1.53
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3.5. Correlation Analysis Between Selenium Nutritional Indicators and Major Organs

To explore the correlation between Se nutritional indicators and Se levels in major
organs, we performed pairwise correlation analyses. As shown in Table 2, Se levels in
the myocardium, liver, kidneys, spleen, and muscles exhibited strong intercorrelations
with each other (75 > 0.8). Further analysis revealed that whole blood and erythrocyte Se
concentrations were highly correlated with Se levels in these organs (rs > 0.8). In contrast,
hair Se levels showed weaker correlations with organ Se levels, with correlation coefficients
mostly ranging from 0.7 to 0.8. Additionally, GSH-Px levels in whole blood showed
higher correlations with Se levels in the liver, kidneys, spleen, myocardium, and muscles
(0.6 < s < 0.8) compared to serum and plasma Se levels (0.3 < rs <0.7).

Table 2. Correlation analysis of Se indicators in rats.

Whole Whole

Myocardial Muscle Spleen Blood Liver Kidney Erythrocyte Dorsal Ventral Plasma Serum Blood Plasma Serum
Se Se Se Se Se Se Se Hair Se Hair Se Se Se GSH-Px SH-Px GSH-Px
Myocardial Se 1 0.877 ** 0.834 ** 0.843 ** 0.868 ** 0.890 ** 0.838 ** 0.816 ** 0.721 ** 0.706 ** 0.726 ** 0.741 ** 0.415** 0.602 **
Muscle Se 1 0.854 ** 0.834 ** 0.862 ** 0.859 ** 0.855 ** 0.778 ** 0.771 ** 0.614 ** 0.636 ** 0.735 ** 0.455 ** 0.581 **
Spleen Se 1 0.779 ** 0.835 ** 0.810 ** 0.830 ** 0.732 ** 0.718 ** 0.613 ** 0.606 ** 0.688 ** 0.436 ** 0.536 **
Whole Blood 1 0799 % 0.888* 0.887 ** 0764%  0727%  0759%  0765%  0764* 04907  0.689*
Liver Se 1 0.859 ** 0.806 ** 0.789 ** 0.711 ** 0.723 ** 0.668 ** 0.722 ** 0.397 ** 0.571 **
Kidney Se 1 0.897 ** 0.803 ** 0.716 ** 0.696 ** 0.706 ** 0.788 ** 0.405 ** 0.623 **
Erythrocyte Se 1 0.738 ** 0.708 ** 0.612 ** 0.634 ** 0.736 ** 0.486 ** 0.614 **
Dorsal Hair ‘Se 1 0.794 ** 0.707 ** 0.673 ** 0.680 ** 0.378 ** 0.481 **
Ventral Hair 1 0566*  0593%  0639% 0356 0391
Plasma Se 1 0.820 ** 0.593 ** 0.263 ** 0.535 **
Serum Se 1 0.651 ** 0.374 ** 0.626 **
Whele Blood 1 0386%  0572%
Plasma
GSH-Px 1 0.763 **
Serum 1
GSH-Px

Note: Asterisk indicates a statistically significant correlation coefficient, ** p < 0.01.

4. Discussion

In our previous cross-sectional study on Se nutritional levels in the Chinese population,
we found that 40.9% of residents exhibited varying degrees of Se deficiency, with 5.3%
experiencing severe deficiency [10]. Environmental factors and dietary habits are the
primary determinants of human Se intake [18,19]. In China, insufficient dietary Se intake
remains a significant challenge [8,20], particularly in low-Se regions, where Se deficiency
disrupts the food chain and poses serious health risks to the population [21,22]. Research
indicates that over 50% of Chinese children and 80% of elderly individuals consume dietary
Se below the estimated average requirement level (EAR), highlighting the urgent need for
Se supplementation in low-Se areas [23,24]. Therefore, a reliable Se nutritional indicator is
needed to guide effective supplementation strategies.

As demonstrated in Figures 2 and 3, Se supplementation in rats significantly elevated
Se levels in the liver, kidneys, spleen, myocardium, muscles, blood, and hair, while also
enhancing GSH-Px activity. Serum and plasma Se levels reached saturation within the first
week of supplementation, whereas Se levels in the hair, whole blood, erythrocytes, and
major organs continued rising with extended supplementation. Serum and plasma Se levels
remain important indicators for assessing short-term Se nutritional status, while erythrocyte
and hair Se levels are more suitable for evaluating long-term Se nutritional status. Whole
blood Se, which includes both plasma and erythrocyte Se, can comprehensively assess
both long-term Se nutritional levels and short-term Se intake. These findings are consistent
with the study by Solé-Navais et al. in Norway, which similarly concluded that whole
blood Se concentration reflects both long-term status and short-term Se intake, while
plasma/serum Se reflects only short-term status [25]. Moreover, studies by Costa and
Stefanowicz confirmed that erythrocyte Se is less influenced by external factors, due to
the longer lifespan of erythrocytes, making it a more accurate reflection of long-term Se
nutritional status [26,27]. Although hair Se is often used to assess long-term nutritional
status [3,28,29], its susceptibility to environmental factors and the potential reluctance of
participants (e.g., women) to provide hair samples limit its utility as an indicator. GSH-PX,
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a Se-dependent antioxidant enzyme, plays a vital role in reducing oxidative stress and
maintaining cellular redox balance, serving as a direct indicator of the body’s antioxidant
capacity [30,31]. In this study, Se supplementation significantly increased GSH-Px levels in
rat blood, indicating an improvement in Se nutritional status. However, after four weeks
of supplementation, GSH-Px levels plateaued, suggesting that the body had reached an
optimal Se level, entering a state of Se nutritional balance. These results indicated that
GSH-Px may serve as a useful biomarker for guiding Se supplementation strategies.

Our study also found that after five weeks of Se supplementation, Se levels in the
liver and kidneys increased significantly, while the spleen and myocardium showed more
moderate increases. The preferential accumulation of Se in the liver and kidneys is closely
related to their roles in Se metabolism, storage, and excretion [32-34]. The liver is the
primary site of selenoprotein synthesis, particularly for antioxidant enzymes like GSH-
Px, which helps cells resist oxidative damage. The liver also distributes Se throughout
the body in biologically active forms (e.g.,, SELENOP) [35]. Kidneys excrete excess Se,
eliminating it in inorganic forms or Se metabolites via urine [36,37]. The relatively smaller
changes in myocardial Se levels may be due to the myocardium'’s sensitivity to Se deficiency.
Numerous studies have demonstrated a close association between selenium deficiency and
cardiovascular diseases, with selenium deficiency increasing the risk of Keshan disease
(endemic cardiomyopathy) [38], heart failure [39], and other cardiac disorders [40]. Liver
and kidney function should be given close attention in future human Se supplementation
studies to mitigate potential risks of damage.

Furthermore, Se levels show a high correlation among various organs and tissues.
Among Se nutritional indicators, erythrocyte Se and whole blood Se had the highest
correlation with Se levels in organs, followed by hair Se. Serum and plasma Se showed the
weakest correlation, possibly because they reached saturation early in the supplementation
process. In contrast, hair Se, due to its growth characteristics, may lag behind actual Se
intake changes and be more influenced by environmental factors. Therefore, erythrocyte
Se, compared to hair Se, is a more reliable indicator for evaluating long-term Se nutritional
status. These findings provide scientific evidence for guiding future Se supplementation
strategies in Se-deficient areas.

This study has several limitations. First, the exclusive use of male rats may introduce
selection bias, as sex differences could influence the results. Additionally, we chose a 2:1
ratio of Se-supplemented rats to control rats to more comprehensively assess the effects of
Se supplementation, rather than the traditional 1:1 ratio. Future research should validate
the efficacy of erythrocyte Se as an indicator of long-term Se nutritional status using both
male and female rats and more balanced group ratios to enhance the generalizability and
applicability of the findings. Furthermore, this study only measured GSH-Px levels in
whole blood, serum, and plasma, without evaluating GSH-Px levels in erythrocyte or other
biomarkers reflecting the body’s antioxidant capacity. In future studies, these additional
parameters will be assessed to provide a more comprehensive evaluation of selenium’s
impact on the body’s antioxidant function.

5. Conclusions

This study demonstrates that Se supplementation significantly increases Se levels in
rat blood, hair, GSH-PXx, liver, kidneys, spleen, myocardium, and muscles. Plasma and
serum Se levels are important indicators for assessing short-term Se nutritional status, while
erythrocyte Se is more effective for evaluating long-term Se nutritional status and proves to
be more reliable than hair Se. The liver and kidneys are the primary sites of Se accumulation,
both in the absence of and following supplementation. These findings provide critical
scientific evidence to guide future Se supplementation strategies and optimize Se nutrition
in deficient populations.
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Abstract: Background /Objectives: As a hyperaccumulator of selenium (Se), Cardamine violifolia (Cv)
and its peptide extract could ameliorate the negative effects of a high-fat diet (HFD). However, the
effects of the coaccumulation of cadmium (Cd) in Se-enriched Cv (Cv2) and the potential confounding
effect on the roles of enriched Se remain unknown. We aimed to investigate whether Cv2 could
alleviate HFD-induced lipid disorder and liver damage. Methods: Three groups of 31-week-old female
mice were fed for 41 weeks (1 = 10-12) with a control Cv-supplemented diet (Cv1D, 0.15 mg Se/kg,
30 pug Cd/kg, and 10% fat calories), a control Cv-supplemented HFD (ColHFD, 45% fat calories), and
a Cv2-supplemented HFD (Cv2HFD, 1.5 mg Se/kg, 0.29 mg Cd/kg, and 45% fat calories). Liver and
serum were collected to determine the element concentrations, markers of liver injury and lipid disorder,
and mRNA and/or protein expression of lipid metabolism factors, heavy metal detoxification factors,
and selenoproteins. Results: Both CvTHFD and Cv2HFD induced obesity, and Cv2ZHFD downregulated
Selenoi and upregulated Dio3 compared with CvID. When comparing Co2HFD against CoIHFD,
Cov2 increased the liver Se and Cd, the protein abundance of Selenoh, and the mRNA abundance
of 10 selenoproteins; reduced the serum TG, TC, and AST; reduced the liver TG, lipid droplets,
malondialdehyde, and mRNA abundance of Mifl and Mt2; and differentially regulated the mRNA
levels of lipid metabolism factors. Conclusions: Cv2 alleviated HFD-induced lipid dysregulation and
liver damage, which was probably associated with its unique Se speciation. However, further research
is needed to explore the interaction of plant-coenriched Se and Cd and its effects on health.

Keywords: obesity; metabolic disorder; selenoprotein; heavy metal

1. Introduction

As one of the trace essential elements for both humans and animals, selenium (Se)
serves as a critical and unique constitutive part of selenocysteine (Sec) in 25 human and
24 rodent selenoproteins [1]. Both organic and inorganic forms of Se from external sources
can be efficiently absorbed via the gastrointestinal tract. Organic forms of Se generally ex-
hibit lower toxicity, higher bioavailability, and better antioxidant properties than inorganic
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forms [2]. Plants can serve as carriers of beneficial elements for the maintenance of body
health and are major sources of Se supplementation, as they are capable of biotransforming
selenate and selenite into organic Se forms [3].

Cardamine violifolia (Cv) is a medicinal and edible plant, characterized by being a hyper-
accumulator of Se [4]. Moreover, by enriching Se in the major forms of selenocystine and
methylselenocystine [5], Se-enriched Cv is being developed as a promising Se-rich source.
Concerningly, soils in Se-rich areas in the Enshi region of China often contain high levels of
cadmium (Cd) [6,7]. In addition to Se, Cv could also accumulate the harmful heavy metal
Cd [8], and the accumulation of Cd by Cv increases with the level of Se fertilization [8,9],
thus yielding Se-enriched Cv (Cv2). The most common type of Cd exposure in non-smoking
populations occurs through food and water contaminated with Cd [10], and Cd contin-
uously accumulates in tissue due to the absence of effective excretory mechanisms. As
exemplified by the severe Cd poisoning-induced itai-itai disease [11], the long-term accu-
mulation of Cd can eventually cause damage to the functions of various organs in the body,
including the liver, kidneys, bones, testes, and others [12]. Interestingly, recent studies
have shown that Cv2-derived endogenous Se has the potential to antagonize Cd-induced
renal damage, skeletal metabolism disorders, and hepatotoxicity [8,9]. Furthermore, reports
of Cd-related toxicity are uncommon in areas with high geologic backgrounds of Se and
Cd, which may be attributed to the interaction between Se and Cd in plants, leading to
alterations in the forms of Cd present in plants that enter the human body, thereby reducing
the toxicity of Cd [13,14]. On the other hand, Se can partially alleviate the body health
damage caused by Cd exposure [14,15].

It is important to note that obesity has also progressively become one of the most
important public health problems in the world [16] and is a significant risk factor for the
development and progression of multiple diseases, such as type 2 diabetes, hypertension,
hyperlipidemia, non-alcoholic fatty liver disease, and immune disorders [17-19]. Many
animal studies have found that Se plays a beneficial role in improving lipid metabolic
disorder and liver damage [20-22], and Cv-derived Se-enriched peptides (CSP) could
alleviate those phenotypes induced by a high-fat diet (HFD) [23]. However, combined
exposure to a HFD and Cd often results in stronger toxic effects on the body [24-26], while
the effect of Se in the presence of plant-derived Cd accumulation on the adverse health
consequences induced by a HFD in Se-Cd-rich areas remains unknown.

Thus, by applying Cov2 to feed adult female mice with varied dietary fat for more than
40 weeks, our study was to investigate the effect of Cv2-derived endogenous Se, in the
presence of Cd accumulation, on the lipid metabolic disorders and liver injuries caused
by the long-term exposure to HFD. Additionally, we hope to provide some new insights
into the effects of Se on ameliorating adverse effects of HFD and Cd caused by consuming
foods in naturally Se-Cd-rich areas.

2. Materials and Methods
2.1. Diets and Animals

The control Cv (Cv1) and Cov2 powders used in this study were provided by the Enshi
Academy of Agricultural Sciences. Regarding the cultivation methods and conditions of
Co, briefly, Cvl was cultivated in soil with Se and Cd concentrations of 1.22 mg/kg and
0.61 mg/kg, respectively. On a field adjacent to that for Cvl planting, during the same
season, Cv2 was obtained by cultivating the same strain of Covl with Se fertilizer-treated
soil (Enshi Zhonghui Selenium Enriched Agricultural Technology Development Co., Ltd.,
Enshi, China) at a concentration of >200 mg Se/kg and with sodium selenite (purity of 97%)
applied through foliar spraying. After the two types of whole plants were harvested, they
were rinsed, dried, ground, and sieved to obtain a Cvl powder (total Se: 7.24 mg/kg; total
Cd: 1.4 mg/kg) and a Cv2 powder (total Se: 76.95 mg/kg; total Cd: 14.5 mg/kg). Over 80%
of the Se in these powders existed in the forms of selenocystine and methylselenocystine [5].

The three types of feed used during the experiment were prepared by the Trophic
Animal Feed High-Tech Co., Ltd., Nantong, China. For the Se-deficient diet used in all
three types of feed, except for Se, all components of this diet met the standards of AIN93.
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The Cvl powder was supplemented into the Se-deficient diet to contain 0.15 mg Se/kg
and 0.03 mg Cd/kg, with fat providing 10% or 45% of the energy, to obtain the Cvl-
supplemented control diet (CvID) or the Cvl-supplemented HFD (ColHFD), respectively.
The Cv2 powder was used to replace the same amount of Cv1 powder in CoIHFD to obtain
the Cv2-supplemented HFD (Cv2HFD), containing 1.5 mg Se/kg and 0.29 mg Cd/kg.

All animal experiments reported in this manuscript were approved by the Animal
Care and Use Committee of the Institute of Sun Yat-sen University and adhered to the
criteria outlined in the ‘Guide of the Care and Use of Laboratory Animals’. Thirty-four
female C57BL/6] mice aged 31 weeks, purchased from the Guangdong Medical Laboratory
Animal Center, were randomly divided into three groups and fed Cv1D (n = 12), CvIHFD
(n =12), and Cv2HFD (n = 10) based on the baseline body weight (BW). The animals were
maintained under standard conditions, including 4-5 mice per cage, a temperature of
25 £ 2 °C, 70-75% humidity, and a light/dark cycle of 12 h, with free access to food and
water during the experimentation. The experimental period was 41 weeks, and the BW
was monitored every four weeks for each mouse. At the end of the experiment, all mice
were fasted overnight and anesthetized with sodium pentobarbital to minimize pain before
being euthanized by heart bleeding.

2.2. Oral Glucose Tolerance Test (OGTT) and Insulin Tolerance Test (ITT)

At the 40th week of the animal experiment, all mice were fasted for 6 h. Tail vein
blood glucose was measured with a glucometer (ACCU-CHEK Performa, Roche Diagnostics
GmbH, Mannheim, Germany). The OGTT was performed using an oral gavage of 2 g/kg
BW of glucose, and blood glucose was measured at 0, 15, 30, 60, and 120 min after glucose
loading. In the middle of the 41st week of the experiment, all mice were fasted for 4 h. Then,
the ITT was performed using an intraperitoneal injection of 1 U/kg BW of insulin, and blood
glucose was measured at 0, 15, 30, 60, 90, and 120 min after insulin loading with a glucometer.
Prior to measuring the tail vein blood glucose and administering insulin via intraperitoneal
injection, mild and non-irritating disinfection with an iodine tincture was performed on the
local area to minimize animals’ pain and stress and to reduce the risk of infection.

2.3. Sample Preparation and Biochemical Analysis

Blood and tissue samples were collected promptly for analysis or cryopreservation.
The serum samples were isolated by centrifugation at 12,000 g for 10 min at 4 °C. Approxi-
mately 50 mg liver samples were homogenized and centrifugated at 2500 x ¢ for 10 min at
4 °C to collect the supernatant. For the prepared serum and liver homogenate samples, com-
mercial kits were used to measure the concentrations of TG (Fuyjifilm Wako Pure Chemical
Co., Osaka, Japan), total cholesterol (TC), and low-density lipoprotein cholesterol (LDL-C)
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The serum activity of alanine
aminotransferase (ALT) and aspartate transaminase (AST) was measured by a HITACHI
Automatic Analyzer 3100 at the Laboratory Animal Center of Sun Yat-sen University.

2.4. Elemental Analysis

Element quantification in the Cv1, Cv2, Cv1D, CvIHFD, Cv2HFD, and liver tissue
was performed using an Agilent 7850 Inductively Coupled Plasma Mass Spectrometer
(Agilent Technologies, Santa Clara, CA, USA). Briefly, for sample digestion using an oven,
5 mL of nitric acid was added to a fluoroplastic liner containing an individual sample,
and the samples in the insert were pre-incubated for 30 min at 80 °C. Subsequently, they
were incubated for 2 h at 110 °C, followed by an additional incubation step for 4 h at
160 °C. Then, the dissolved samples were allowed to cool down to room temperature and
quantitatively transferred to test tubes. Finally, a specific volume of deionized water was
added to the test tubes, which were then vortexed and further assayed.

2.5. Malondialdehyde (MDA) Levels and Total Antioxidant Capacity (T-AOC)

To analyze the MDA levels, 20 mg liver samples were homogenized with phosphate-
buffered saline using a tissue grinder. The homogenate was centrifuged at 3000x g for
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10 min at 4 °C, and the supernatant was collected for analysis using an MDA assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). For T-AOC measurement,
the liver homogenate was centrifuged at 12,000x g for 5 min at 4 °C. Then, the supernatant
was collected for analysis using a T-AOC assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

2.6. Histological Analysis

Six mice were randomly selected from each group and the histopathology of hepatic
steatosis was evaluated by determining the average number, size, and area of hepatic lipid
droplets. The freshly isolated livers of the mice were fixed in 10% neutral buffered formalin
and then embedded in paraffin and sliced at 5 um. After this, sections of the liver were
stained with hematoxylin and eosin (H&E). The quantitative analysis of the number and
size of the lipid droplets was performed using the Image] software 1.52v with three fields
per slide, and the mean values were calculated.

2.7. RNA Extraction and Quantitative Real-Time PCR (gPCR)

Total RNA was extracted from the liver tissue using a total RNA extraction reagent
(Yeasen Biotech (Shanghai) Co., Ltd., Shanghai, China), according to the manufacturer’s
instructions. The concentration and purity of the RNA were determined by measuring the
absorbance at 260/280 nm using a spectrophotometer (NanoDrop, Thermo Fisher Scientific,
Waltham, MA, USA). The RNA integrity was checked by agarose gel electrophoresis. cDNA
was synthesized using a reverse transcription kit (Takara Biomedical Technology (Beijing)
Co., Ltd., Beijing, China), and then qPCR was performed. All primers for the selenoprotein
genes and lipid metabolism-related genes used in the qPCR are listed in Table S1. Relative
quantification was performed using the 2~*4¢T method normalized to the control Actb.

2.8. Western Blot Assay

The Western blotting experiment was performed according to a protocol previously
described [27]. Briefly, 20 mg liver samples were homogenized in ice-cold RIPA lysis buffer
(Beyotime Biotechnology, Shanghai, China) containing complete protease inhibitor using a
tissue grinder. The homogenate was centrifuged at 12,000 g for 15 min at 4 °C, and the
supernatant was collected. The protein concentration was determined using the BCA Protein
Assay Kit (Thermo Fisher Scientific). After this, equal amounts of protein (usually 20 pg)
from each sample were separated by SDS-PAGE and transferred onto a PVDF membrane
(0.22 or 0.45 pm, Millipore, Burlington, MA, USA). Then, the membrane was blocked with 5%
non-fat milk in a Tris—-Tween-buffered saline buffer (TBST) for 2 h and was incubated with
primary antibodies (Table S2) overnight at 4 °C. After washing with TBST, the membrane was
incubated with horseradish peroxidase-conjugated secondary antibodies (dilution: 1:5000)
for 1 h at room temperature. Finally, blots were developed on the membrane using Mini-
ChemiTM910 reagents (Beijing SinSage Technology Co., Ltd., Beijing, China). We digitally
quantified the resultant signals and normalized the data to the Actb abundance.

2.9. Statistical Analysis

All data were presented as the mean + SEM. Statistical analysis was performed
using GraphPad Prism 9.51 (GraphPad Software Inc., San Diego, CA, USA) and SPSS 26.0
(SPSS Inc., Chicago, IL, USA). The differences between the groups were determined using
one-way or two-way ANOVA with Tukey’s multiple comparison test. The results were
considered statistically significant at p < 0.05.

3. Results
3.1. Growth Performance

Over the 41 weeks of HFD administration, we found that Co2 did not significantly
alleviate HFD-induced weight gain in female mice. As shown in Figure 1, there was no
significant difference in BW between the CoIHFD and Co2HFD groups (p > 0.05).
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Figure 1. Growth performance in adult female mice during the 41-week experiment. (A) Body weight.
(B) Total weight gain. Data are means & SEM (n = 10-12) and differ with ***, p < 0.0001. Cv1D,
control diet with 0.15 mg Se and 0.03 mg Cd (in the form of control Cv)/kg; Cv, Cardamine violifolia;
CvIHFD, high-fat diet with 0.15 mg Se and 0.03 mg Cd (in the form of control Cv)/kg; Co2ZHFD,
high-fat diet with 1.5 mg Se and 0.29 mg Cd (in the form of Se-enriched Cv)/kg.

3.2. Concentrations of Trace Elements in the Liver

Compared with those of the Co1D or CvlHFD group, the accumulation of Se signifi-
cantly increased by ~22% in the livers of the Cv2HFD group (p < 0.0001; Figure 2A), while
the accumulation of Cd significantly increased by 360% or 500%, respectively (p < 0.0001;
Figure 2B). However, there was no difference in either Se or Cd between the Cv1D and
ColHFD groups (p > 0.05). We also observed a significant association between the Se and
Cd levels in the Cv1D group (R? = 0.4822, p = 0.0379) and all mice (R? = 0.5612, p < 0.0001;
Figure 2C). Furthermore, no differences were observed in the concentrations of copper,
iron, and zinc among the Cv1D, CvIHFD, and Cv2HFD groups (p > 0.05; Figure SIA-C).
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Figure 2. Accumulation of selenium (Se) (A) and cadmium (Cd) (B) and their correlation (C) in the
livers of adult female mice. Data are means 4+ SEM (n = 9-12) and differ with ****, p < 0.0001. Cv1D,
control diet with 0.15 mg Se and 0.03 mg Cd (in the form of control Cv)/kg; Cv, Cardamine violifolia;
CvIHFD, high-fat diet with 0.15 mg Se and 0.03 mg Cd (in the form of control Cv)/kg; Co2HFD,
high-fat diet with 1.5 mg Se and 0.29 mg Cd (in the form of Se-enriched Cv)/kg.

3.3. Glucose Metabolism

After the mice were fasted for 12 h before the OGTT test, the blood glucose levels in
the CoIHFD group and Cv2HFD group were both significantly higher than those in the
Cov1D group at 60 min (p < 0.05; Figure S2A). Interestingly, although differences were not
observed at other time points or in the glucose area under the curve (AUC) of OGTT among
the three groups, there was a trend toward lower blood glucose levels in the Cv2ZHFD group
compared with the CoTHFD group (Figure S2B). For the ITT assessment, the fast plasma
glucose level and the blood glucose level at 30 min after the injection of insulin in the mice
in the Cv1IHFD and Cv2HFD groups were significantly higher than those in the Cv1D group
(p < 0.05; Figure S2C). However, no difference in the glucose AUC was observed among
the three groups (p > 0.05; Figure S2D).
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3.4. Lipid Disorder and Liver Injury

Compared with the CvIHFD group, Cv2 significantly decreased the serum levels of
TG (20%, p < 0.05; Figure 3A) and TC (210%, p < 0.05; Figure 3B), as well as liver TG (69%,
p < 0.05; Figure 3D), in the Cv2HFD group, without a significant effect on the serum LDL-C
(p > 0.05; Figure 3C) and liver TC and LDL-C (p > 0.05; Figure 3E,F). Furthermore, although
no difference was observed in the serum ALT activity (p > 0.05; Figure 3G), Cv2 alleviated
HFD-induced liver injuries, characterized by a ~33% decrease in serum AST activity in the
Cv2HFD group compared with the CvIHFD group (p < 0.05; Figure 3H).
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Figure 3. Lipid levels in the serum and liver and hepatic injury in adult female mice. (A-C) Serum
concentrations of TG, TC, and LDL-C. (D-F) Liver concentrations of TG, TC, and LDL-C. (G,H) Serum
ALT and AST activity. Data are means £ SEM (n = 8-10) and differ with *, p < 0.05; **, p < 0.01;
***, p <0.001; and ****, p < 0.0001. ALT, alanine aminotransferase; AST, aspartate transaminase; Cv1D,
control diet with 0.15 mg Se and 0.03 mg Cd (in the form of control Cv)/kg; Cv, Cardamine violifolia;
CvIHFD, high-fat diet with 0.15 mg Se and 0.03 mg Cd (in the form of control Cv)/kg; Co2HFD,
high-fat diet with 1.5 mg Se and 0.29 mg Cd (in the form of Se-enriched Cv)/kg; LDL-C, low-density
lipoprotein cholesterol; Se, selenium; TC, total cholesterol; TG, triglyceride.

3.5. Regulating Gene and Protein Expression in Lipid Metabolism

In the ColHFD group, unclear intercellular boundaries, shrinking nuclei squeezed
to the edges of the cell, and the disordered arrangement of hepatic cords were observed
(Figure 4A). In the Co2HFD group, hepatic lipid droplets were significantly fewer and
smaller, with clearer boundaries of liver cells than those in the CoIHFD group (p < 0.05).
However, there was no significant difference in the liver weight among the Cv1D, CvIHFD,
and Co2HFD groups (p > 0.05; Figure 4B).

The mRNA levels of key genes (Gpatl, Gpat2, Dgatl, and Dgat2) involved in TG
synthesis showed no significant differences in the livers of CvIHFD-fed female mice
compared with Cv1D-fed female mice (p > 0.05), but a gene involved in TG hydrolysis
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(Lipc) was significantly downregulated (p < 0.05; Figure 4C). In contrast, in the livers of
Cv2HFD-fed mice, genes involved in TG synthesis (Gpat1 and Dgat2) and genes involved in
TG hydrolysis (Atgl and Hsl) were significantly downregulated compared to the CoIHFD
group, while the mRNA levels of Lipc and Lpl were significantly upregulated (p < 0.05).
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Figure 4. Improvement due to selenium (Se)-enriched Cardamine violifolia (Cv) in hepatic lipid accumu-
lation and related molecular mechanisms. (A) H&E staining of the liver tissue with scale bar = 100 uM;
the average number and area of hepatic lipid droplets were quantified with three fields per slide
by using the “Analyze particles” function of Image]J, and the mean values were calculated. (B) To-
tal liver weight. (C) Expression of metabolic genes of triglycerides. (D) Expression of metabolic
genes of cholesterol. Data are means + SEM (n = 6-12) and differ with *, p < 0.05; **, p < 0.01; and
*** p <0.001. Abcal, ATP-binding cassette subfamily A member 1; Abcg1/5/8, ATP-binding cassette
subfamily G member 1/5/8; Atgl, adipose triglyceride lipase; ATP, adenosine triphosphate; Cv1D,
control diet with 0.15 mg Se and 0.03 mg Cd (in the form of control Cv)/kg; Dgat1/2, diacylglycerol
O-acyltransferase 1/2; Gpat1/2, glycerol-3-phosphate acyltransferase 1/2; CvIHFD, high-fat diet with
0.15 mg Se and 0.03 mg Cd (in the form of control Cv)/kg; Cv2HFD, high-fat diet with 1.5 mg Se
and 0.29 mg Cd (in the form of Se-enriched Cv)/kg; Hmgcr, 3-hydroxy-3-methylglutaryl coenzyme A
reductase; Hsl, hormone-sensitive lipase; Ldlr, low-density lipoprotein receptor; Lipc, lipase C hepatic
type; Lpl, lipoprotein lipase; No., number; Sqgle, squalene epoxidase.
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Regarding cholesterol homeostasis in the livers of CoTHFD-fed mice, a key gene involved
in cholesterol synthesis, Hmgcr, was significantly downregulated compared to Cv1D-fed mice,
and a gene involved in cholesterol transport, Abcg1, was upregulated (p < 0.05; Figure 4D). In
the livers of Cv2ZHFD-fed mice, the mRNA levels of Hmgcr, Sqle, and Ldlr were significantly
upregulated compared to the CvIHFD and/or Cv1D group(s), while the mRNA levels of
Abcal, Abcgl, and Abcg8 were significantly downregulated (p < 0.05).

3.6. Hepatic Oxidative Stress and Antioxidant Defense Capacity

Compared with those of the CvIHFD group, Cv2 significantly downregulated the
elevated mRNA expression levels of metal regulatory transcription factor 1 (Mtfl) and
metallothionein 2 (Mt2) caused by the HFD in the livers of the Co2HFD group (p < 0.05;
Figure 5A,C). Furthermore, no differences in the relative protein levels of Mtf1, Mt, and
Sodl, as well as the T-AOC level, were observed among the Cv1D, CvIHFD, and Cv2HFD
groups (p > 0.05; Figure 5E-H). However, we found that, compared with the CoIHFD group,
Co2 significantly decreased the liver MDA level in the Co2HFD group by ~75% (p < 0.05;

Figure 5I).
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Figure 5. Oxidative stress and antioxidant levels in the livers of adult female mice. (A—C) The relative
mRNA expression of Mtf1, Mt1, and Mt2. (D) A representative immunoblot image for Mtf1, Mt, and
Sodl. (E-G) The relative protein levels of Mtfl, Mt, and Sod1. (H) The T-AOC level. (I) The level
of MDA in the liver. Data are means 4+ SEM (n = 8-12) and differ with *, p < 0.05; **, p < 0.01; and
*** p < 0.001. CvID, control diet with 0.15 mg Se and 0.03 mg Cd (in the form of control Cv)/kg; Cv,
Cardamine violifolia; Co1HFD, high-fat diet with 0.15 mg Se and 0.03 mg Cd (in the form of control
Cv)/kg; Cu2HFD, high-fat diet with 1.5 mg Se and 0.29 mg Cd (in the form of Se-enriched Cv)/kg;
MDA, malondialdehyde; Mt1/2, metallothionein 1/2; Mtf1, metal regulatory transcription factor 1;
Se, selenium; Sod1, superoxide dismutase 1; T-AOC, total antioxidant capacity.
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3.7. Relative mRNA and Protein Expression of Selenoproteins

The mRNA abundance of all selected selenoprotein genes showed no differences
(p > 0.05) between the Cv1D and CoIHFD groups (Figure 6A,B; Figure S3). However, com-
pared with those in the Cv1D and/or CoIHFD group(s), the expression of 12 selenoprotein
genes (Diol, Dio3, Gpx4, Msrb1, Selenof, Selenoo, Selenos, Selenow, Sephs2, Txnrd1, Txnrd2,
and Txnrd3) was significantly upregulated, while Selenoi was significantly downregulated
in the livers of the Cv2ZHFD group (p < 0.05; Figure 6A,B).
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Figure 6. Expression of selenoproteins in the livers of adult female mice. (A) The relative mRNA
expression levels of Selenof, Selenoi, and Selenos. (B) The relative mRNA expression levels of Diol, Dio3,
Gpx4, Msrb1, Selenoo, Selenow, Sephs2, Txnrd1, Txnrd2, and Txnrd3. (C) A representative immunoblot
image for Selenof, Selenoi, and Selenos. (D) A representative immunoblot image for Diol, Dio3,
Gpx4, Selenoo, Txnrd1, and Txnrd2. (E) The relative protein levels of Selenof, Selenoi, and Selenos.
(F) The relative protein levels of Diol, Dio3, Gpx4, Selenoo, Txnrd1l, and Txnrd2. Data are means
+ SEM (n = 8-12) and differ with *, p < 0.05 and **, p < 0.01. Cv1D, control diet with 0.15 mg Se
and 0.03 mg Cd (in the form of control Cv)/kg; Cv, Cardamine violifolia; Diol/3, iodothyronine
deiodinase 1/3; ER, endoplasmic reticulum; Gpx4, glutathione peroxidase 4; ColHFD, high-fat
diet with 0.15 mg Se and 0.03 mg Cd (in the form of control Cv)/kg; Cv2HFD, high-fat diet with
1.5 mg Se and 0.29 mg Cd (in the form of Se-enriched Cv)/kg; MsrB1, methionine sulfoxide reductase
B1; Se, selenium; Selenof/i/o/s/w, selenoprotein F/1/0O/S/W; Sephs2, selenophosphate synthetase 2;
Txnrd1/2/3, thioredoxin reductase 1/2/3.

Compared with those of the Cv1D group, the relative protein levels of the ER-resident
Selenoi and the non-ER-resident Dio3 were, respectively, downregulated and upregulated
in the livers of the Co2HFD group (p < 0.05; Figure 6C-F). Furthermore, compared with
those of the CvIHFD group, the relative protein level of Selenoh was upregulated in the
livers of the Cv2HFD group (p < 0.05; Figure S3C,D). Although there were no differences in
the relative protein levels of Selenoo and Txnrd2 among the Cv1D, ColHFD, and Co2HFD
groups, there was an upregulatory trend in the Co2HFD group (p = 0.05).
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4. Discussion

The potential of Se-rich plants as a source for the development of novel Se supplements
has drawn attention from many researchers due to their ability to improve health [23,28,29].
Cv, as a hyperaccumulator of Se, serves as an ideal plant-derived Se source. Previous studies
have found that CSP from Cv may alleviate HFD-induced disorder of lipid metabolism
through potential mechanisms such as increased thermogenesis and reduced oxidative
stress and inflammation, as well as the regulation of gene expression in lipid and cholesterol
metabolism [23]. However, Cv is also able to hyperaccumulate Cd, which hinders its
promotion as an ideal Se supplement and calls for further investigations of the health effects
of Se-Cd coenrichment in this species, as well as other plants [14,15]. Zhang et al. [8,9]
aquacultured three types of Se-Cd-coenriched Cus by supplementing 0, 1, or 2 mg/L of
sodium selenate and 35 mg/L of cadmium chloride (CdCl,) in the culturing solution and
found that both Se (0.2-0.86 g/kg) and Cd (4.2-5.4 g/kg) in Co positively increased with the
Se supplementation. By gavage in mice with a purified water control or the same dosage of
Cd (3.2 mg/kg BW) in the form of CdCl, or any of the three Se-Cd-coenriched Cus, the
Cd-induced renal damage, skeletal metabolism disorder [9], and hepatotoxicity [8] were
improved with the increased Se levels across the three Se-Cd-coenriched Cus, in which
selenocystine probably played a critical role.

Given the characteristic of Cv being able to accumulate Se and Cd, we observed the
naturally increased enrichment of Cd from the soil with Se supplementation in our study,
which was consistent with the findings from other studies [7,8]. In our studied animals,
the Cd exposure levels were much lower than those reported to cause significant liver
damage [8,9,24,30-33]. Additionally, in the intervention model, the Se/Cd ratio (1.5 mg/kg
Se vs. 0.29 mg/kg Cd) in our study was 5.17, while, in other studies showing the protective
effect of Se against Cd exposure, the ratios were 0.16 (0.5 mg/kg Se vs. 3.2 mg/kg Cd) [8,9]
and 0.8 (1.6 mg/kg Se vs. 2 mg/kg Cd) [34], much lower than ours. Se supplementation
has been shown to improve the adverse health effects induced by HFD or Cd exposure;
however, combined exposure to Cd and HFD often exhibits a synergistic effect in terms of
damage to the health of the body [24,33,35]. Meanwhile, the role of Se in the presence of
Cd accumulation on long-term HFD-induced health outcomes remains unknown. Thus,
we conducted this study to investigate the effects of Cv2 on metabolic disorder and liver
damage induced by the long-term consumption of a HFD and to explore the role of Se in
the plant-derived high background of Cd.

We found that, despite the tenfold increase in both the Se and Cd levels in Co2ZHFD
compared to CvlD and CvIHFD, there was a significant difference in the accumulation lev-
els of Se and Cd in the livers. Indeed, under physiological conditions, there is a mechanism
in the body to maintain Se homeostasis, primarily regulated through urinary excretion
rather than absorption [36]. However, mammals lack effective regulatory mechanisms to
control the balance of Cd levels in the body. Thus, the small amount of Cd entering the
body through food or other pathways could be excreted in minute quantities through the
urine, with the majority continuously accumulating in organs like the liver and eventually
causing harm to the body [37]. Previous studies have revealed that combined exposure
to a HFD and Cd could significantly disrupt the essential metal homeostasis in female
mice, which could be associated with influencing the expression of metal transporters [24].
However, this phenomenon was not observed in our study. This could be explained by Se
being capable of alleviating the effect of the HFD and Cd in terms of disrupting essential
metal homeostasis by regulating metal transporters to some extent [24,38]. It is well known
that a long-term HFD can disrupt lipid metabolism, leading to obesity, lipid metabolic
disorder, and liver damage [39,40]. Furthermore, chronic low Cd exposure (150 ug/L
CdCl; or 92 ng/L Cd spiked in pure water) at food limitation-relevant levels is sufficient
to cause significantly disrupted hepatic energy metabolism homeostasis [41]. Therefore,
the presence of Cd in Cv2 may influence the protective effect of Se against the metabolic
disorder induced by a long-term HFD, potentially exacerbating the health damage in syn-
ergy with the HFD. Although we found that Cv2 did not significantly influence glucose
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tolerance or insulin sensitivity in HFD-induced female obese mice, we observed that the
supplementation of Cv2 could alleviate the increase in serum and hepatic lipid levels, as
well as liver injury marker levels, induced by the HFD in mice, which may be attributed to
the protective effects of Cv-derived endogenous Se on lipid metabolic disorder and liver
injury induced by a HFD and Cd [23,29,42].

Lipid disorder is closely associated with abnormalities in lipid (including TG and
TC) synthesis, transport, and metabolism. Previous studies have found that Cd can down-
regulate the expression of Atgl and Lpl [43], while, in HFD-fed mice, CSP increased the
expression of Lpl and reduced the expression of Hmgcr [23]. Similarly, another study
also demonstrated that, in normal diet-fed broilers, Se-enriched Cv could upregulate the
expression of LPL and reduce the expression of HMGCR in the liver, without an effect on
DGAT?2. Obviously, Se, Cd, and HFD could affect lipid homeostasis by influencing the
expression of lipid metabolism-related factors. In our study, Cv2 downregulated the gene
expression of TG synthesis enzymes (Gpatl and Dgat2) and upregulated TG hydrolytic
enzymes (Lipc and Lpl), which are helpful in alleviating the HFD-induced elevation of
TG levels [44]. Interestingly, some results in our study differed from previous research.
We observed that the expression of the other two TG hydrolytic enzyme genes (Atgl and
Hsl) was downregulated by Cv2 supplementation in HFD-fed mice. Furthermore, we
observed that Cv2 upregulated Hmgcr in the Co2ZHFD group compared with the CoIHFD
group. These findings, differing from previous research, suggest that the plant-derived
Cd accumulation in the mouse liver affected Se’s antagonistic effect on the HFD. We also
observed that Co2 reduced the expression of cholesterol transport-related genes (Abcal,
Abcg1) while increasing the expression levels of ldlr involved in cholesterol clearance in the
Cv2HFD group, which are helpful in reducing cholesterol efflux and promoting its clear-
ance [45]. This might have contributed to the lower serum TC level in the Co2ZHFD group
than in the ColIHFD group [45-47]. Therefore, although its effectiveness was attenuated by
the presence of plant-derived Cd, the endogenous Se in Cv2 still demonstrated beneficial
improvements in lipid metabolic disorder in HFD-induced obese mice.

Mts, particularly Mtl and Mt2, are widely present in the parenchymal organs, such
as the liver and kidneys, of mice, while Mtf1 serves as a positive regulatory factor for the
expression of Mts [48,49]. They mainly participate in the detoxification of heavy metals, free
radical scavenging, and protection against oxidative damage and are capable of inhibiting
the toxicity of Cd [49]. Consistent with previous studies, we observed the upregulation of
the gene expression levels of Mtf1, Mt1, and Mt2 in the mouse liver induced by CvIHFD;
this may be a response of the body to HFD-induced oxidative stress [50,51]. Furthermore,
we found that Cv2 supplementation reduced the expression of these genes. Previous
studies have found that exposure to Cd could upregulate the expression of Mtf1, Mt1,
and M2, while Se reversed this effect [52], and the observed phenomenon between the
ColHFD and Cv2HFD groups in our study may be attributed to the antagonistic effects of
Se against Cd and the HFD. However, we observed no difference in the relative protein
levels of Mt and Mtfl among the three groups. In fact, a study also found that a HFD
significantly increased the mRNA expression of M2, and the protein expression levels of
Mts showed no significant difference compared to the control group [24], while another
study reported the opposite results [33]. In fact, Mts primarily participate in maintaining
the homeostasis of essential trace elements such as copper and zinc in the body [53]. Cd
exposure stimulates the synthesis of hepatic Mts, which bind with Cd?* to form Cd-MT
complexes to reduce the damage caused by free Cd?* [53]. Previous studies have indicated
that combined exposure to Se and Cd results in the formation of Cd-Se complexes or Cd—-Se
protein complexes [54,55]. Therefore, the presence of endogenous Se in Cv2 may have led
to the formation of inert complexes with Cd?*, reducing the need for Mts in the organism.

Furthermore, selenoproteins partly participated in alleviating the negative effects
of the HFD and Cd exposure. SELENOP is essential in maintaining the homeostasis of
selenoproteins and is also associated with lipid metabolism [56]. Elevated circulating levels
of SELENOP have been observed in obese individuals [57], and a deficiency in Selenof [58],
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Selenom [59], Selenos [60], Selenot [61], or Selenov [62] has been shown to lead to lipid
metabolic disorder in established mouse models and usually exacerbates HFD-induced
lipid accumulation in the body. At the same dietary Se level, the CvID and CoIHFD groups
had no differences in the mRNA abundance of the selenogenome, regardless of the dietary
fat content. The supplementation of Cv2 not only significantly increased the Se concen-
trations in the livers of the Co2ZHFD group but also differentially regulated the mRNA
expression levels of some selenoproteins. Previous studies have indicated that selenopro-
teins, particularly some endoplasmic reticulum-resident selenoproteins, play crucial roles
in mediating Se’s antagonism against Cd-induced hepatic toxicity [63]. Interestingly, we
observed that the protein abundance of some selenoproteins in the liver was not consistent
with their corresponding mRNA expression. This may be caused by Cd in Cv2 inhibiting
the biosynthesis of selenoproteins and Se metabolites to weaken the beneficial effects of Se
on the organism [63]. In addition, the suppression of selenoprotein synthesis by Cd may
also be due to the formation of the above-mentioned Cd-Se complex [63,64]. Although the
specific selenoproteins involved and their respective abilities to bind Cd are not yet clear,
the significantly changed protein levels of Dio3, Selenoh, and Selenoi in the Co2HFD group
suggest that these selenoproteins may have specific roles in mediating Se’s effect in the
interaction of the HFD and Cd.

Lastly, it should be noted that our study has certain limitations: although the Se
content was higher and the Cd content was lower in Cv2ZHFD in our study than in previous
studies [8,9], we were unable to evaluate in detail the impact of the interaction between
Se and Cd on HFD-induced health damage due to a shortage of Co with high Se as in
Cv2,low Cd as in Cv1, low Se as in Cv1, or high Cd as in Cv2 without exogenous element
supplementation. Furthermore, previous studies have reported that, in Se-Cd-coenriched
plants, Se could alter the forms and toxicity of Cd to the body [13,14,64]. However, we did
not identify the forms of Cd present in Cv2 or their different impacts on health. Therefore,
future studies need to illuminate the interaction between Se and Cd in the soil-plant-
organism system in Se—Cd-rich areas. It would also be worthwhile to further investigate
the utilization and safety of Se, changes in Cd toxicity in Se-Cd-coenriched agricultural
products, and the impact of the interaction between Se, Cd, and the HFD on overall health.

5. Conclusions

In summary, our study suggests that, in the presence of Cd accumulation, Cv2 still
demonstrates effects in terms of alleviating the elevated levels of serum TC and TG, as
well as liver lipid deposition, histological damage, and oxidative stress, in HFD mice.
The observed beneficial effects of Cv2 on HFD-induced metabolic disorder were probably
associated with its unique Se speciation to antagonize the combined exposure to the HFD
and Cd via its regulation of the expression of specific lipid metabolic genes and seleno-
proteins. However, the current study suggests that, when considering the consumption
of Se-enriched agricultural products as a means of Se supplementation, it is necessary to
evaluate the potential toxicity caused by the coaccumulation of Cd. Further research is still
needed to explore the interaction of Se, Cd, and the HFD and its effects on health to provide
a better reference for the development of Se supplements and Se-enriched agricultural
products originating from naturally Se-Cd-rich areas.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/nu16183208/s1, Figure S1: Accumulation of copper, iron, and
zinc in the livers of adult female mice; Figure S2: Blood glucose changes in OGTT and ITT; Figure S3:
The relative mRNA expression of three ER selenoproteins and three non-ER selenoproteins; Table S1:
Primer sequences for qPCR; Table S2: Target protein, type, dilution, and source of primary antibodies
used for the Western blot analyses.
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Abstract: Selenium is a trace element of fundamental importance to human health. In recent
years, an increasing number of studies have been carried out in the field of skeletal muscle
health and sports nutrition. Selenium functions in the human body through selenoproteins.
Selenoproteins play an important role in maintaining skeletal muscle function by delaying
exercise fatigue and muscle aging. They mainly regulate skeletal muscle by anti-oxidation,
regulating signal pathways, and affecting protein metabolism. In this paper, we summarize
the latest advancements in research regarding selenium and its impact on skeletal muscle
health, along with its applications in sports nutrition.

Keywords: selenium; selenoprotein; skeletal muscle health

1. Introduction

Selenium functions in the body mainly through selenoproteins. Selenoproteins are
a special protein family containing the 21st amino acid (selenocysteine, Sec) [1,2]. Sec
is translated by the UGA stop codon and inserted into the protein. In eukaryotes, the
SEC-insertion sequence (SECIS) element located in the 3'-untranslated region (3'UTR) of
selenoprotein mRNA distinguishes between the UGA codon used to translate Sec and the
UGA stop codon and recognizes the binding of SECIS binding protein (SBP2) to it [34].
Thus, selenoprotein synthesis can be completed. So far, 25 selenium proteins have been
found in humans [5]. These selenoproteins have a variety of biological functions—including
regulation of thyroid hormone metabolism, intracellular and extracellular antioxidation,
reverse transport of proteins from endoplasmic reticulum to cytoplasm, etc.—which play
an important role in maintaining the homeostasis of cells and tissues and the health of
the body [6]. Se deficiency in individuals may cause a variety of diseases, such as tissue
oxidative stress, white muscle disease, and even cancer.

Skeletal muscle is a main target organ for tissue damage caused by Se deficiency. The
skeletal muscle tissue will be dysfunctional when organisms are deficient in selenium.
Se deficiency may eventually lead to impaired muscle contraction, muscle necrosis, and
atrophy, due to vascular injury, degeneration, and extensive calcification [7,8]. Selenium
deficiency affects the recovery of muscle atrophy and directly causes metabolic disorder
in skeletal muscle, which, in turn, affects the normal physiological function of skeletal
muscle [9]. Skeletal muscle represents the most massive tissue in the body in adult mam-
mals [10]. Following injury, skeletal muscle displays a powerful regenerative capacity
that is attributed to the ordered regulation of a cascade of events initiated by satellite cells
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(SCs). Skeletal muscle is indispensable for critical physiological functions, including loco-
motion, postural stabilization, respiratory mechanics, and thermoregulation. This tissue
predominantly consists of multinucleated myofibers formed through mitotic fusion during
development. The homeostatic maintenance and repair of muscle tissue are facilitated by
resident SCs, which reside in a quiescent state between the basal lamina and sarcolemma of
myofibers. Under physiological conditions, SCs remain primed for activation in response
to mechanical injury or exogenous growth signals, initiating myogenic differentiation and
regeneration processes to preserve tissue integrity [11]. Emerging evidence highlights the
critical importance of selenium and selenoproteins in skeletal muscle biology, particularly
their roles in reducing exercise-induced fatigue, improving post-exercise recovery, and
combating age-related muscle decline. However, the comprehensive mechanisms through
which Se and selenoproteins maintain skeletal muscle health remain to be fully elucidated.
This review systematically consolidates current knowledge regarding selenium’s biological
mechanisms, focusing on three key aspects, i.e., (1) antioxidant regulation, (2) mitochon-
drial function modulation, and (3) protein metabolism regulation, while discussing their
practical applications for enhancing athletic performance and maintaining muscle health.

2. Selenoproteins in Skeletal Muscle Biology

Se mediates its physiological roles in mammals predominantly through selenoproteins.
Of the 25 selenoproteins identified thus far in mammals, two (GPX4 and TXNRD2) are
classified as mitochondrial selenoproteins, while seven others (DIO2, SELENOF, SELENOK,
SELENOS, SELENOM, SELENON, and SELENOT) are localized in the endoplasmic reticu-
lum [5]. These selenoproteins have the ability to regulate mitochondrial and endoplasmic
reticulum (ER) homeostasis. Previous studies have focused on the function of individual
selenium proteins. Jing et al. showed that the biological function of selenoproteins is not
a single one, but a synergistic function of multiple selenoproteins [12]. We describe the
mechanisms by which selenium supplementation exerts its effects in muscle cells in the
form of selenoproteins to promote exercise fitness in Figure 1.

2.1. SELENOW

Selenoprotein W (SELENOW) is a skeletal muscle-enriched selenoprotein with a
thioredoxin-like fold; it belongs to the Rdx family. It was the first selenoprotein described
to be linked to white muscle disease in lambs [13]. Numerous studies have demonstrated
that SELENOW can function in redox regulation [14,15], cell cycle progression [16], and
myogenic differentiation [17,18], which are related to muscle growth and development.
It also plays a pivotal role in calcium homeostasis and proteostasis. During selenium
deficiency, downregulation of SELENOW disrupts the STIM1/TRPC1-mediated calcium
influx, leading to impaired myoblast fusion and muscle regeneration. In dexamethasone-
induced atrophy models, SELENOW knockout mice exhibited exacerbated muscle loss via
suppression of RAC1-mTOR signaling and activation of ubiquitin ligases (MuRF1/ Atrogin-
1) [19]. Clinically, SELENOW expression is positively correlated with grip strength in
elderly populations, suggesting its potential as a biomarker for sarcopenia [20].

SELENOW also plays a pivotal role in redox regulation through: its interaction with
GSH [19]. Mechanistically, under oxidative stress, glutathione S-transferase Pi (GSTP1)
catalyzes the S-glutathionylation of murine SELENOW at cysteine residue 33 (Cys33). This
post-translational modification prevents the formation of a second disulfide bond within
SELENOW, thereby enhancing its capacity to mitigate oxidative damage and maintain
cellular viability [15].
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Figure 1. Synergistic effects of selenoprotein networks in skeletal muscle. Several key seleno-
proteins collaborate to eliminate excess ROS, alleviate mitochondrial and ER stress, and restore
cellular homeostasis disrupted by oxidative stress induced by excessive exercise. Moderate sele-
nium supplementation helps maintain skeletal muscle homeostasis and protease balance, thereby
enhancing exercise performance and fitness. ER: endoplasmic reticulum; ERS: endoplasmic retic-
ulum stress; ROS: reactive oxygen species; MT:mitochondria.The red up thick arrow in the figure
indicates the increase in number. The figure was created with https://www.figdraw.com/ (accessed
on 10 May 2025).

2.2. SELENON

Selenoprotein N (SELENON) is an ER protein whose loss of function leads to human
SELENON-related myopathies [21]. It has a thioredoxin reductase-like domain on the
ER side of its sequence and regulates ER calcium levels by means of the redox regulating
SERCA2 pump [22]. SELENON directly interacts with ryanodine receptors (RyRs), consti-
tuting critical components of calcium release channels which serve as molecular regulators
of endoplasmic reticulum calcium homeostasis and redox equilibrium [23-25]. SELENON
is a selenoprotein that is widely recognized to play an important role in skeletal muscle
diseases. In the presence of selenium deficiency, decreased SELENON content leads to
decreased calcium release from the sarcoplasmic reticulum and increased production of
tonic contraction-associated ROS, directly leading to skeletal muscle pain, fatigue, and
proximal weakness that contribute to polyaxial disease, congenital muscular dystrophy,
and sarcopenia during aging, changes that can be alleviated by selenium, and sarcopenia
during aging, changes that can be alleviated by selenium supplementation [26,27].

2.3. SELENOK

Selenoprotein K (SELENOK) is also an ER protein. It is abundantly expressed in muscle
tissue and has functions such as the degradation of ER-related proteins, anti-oxidation,
regulation of Ca?* flux in the ER, and participation in immune response. Previous studies
have shown that SELENOK knockdown can cause an imbalance in calcium homeostasis and
glucose metabolism in chick embryo myoblasts, as well as impairing muscle development.
Studies have shown that SELENOK silencing impairs skeletal muscle repair and inhibits
myogenic differentiation of satellite cells. SELENOK plays a key role in regulating the
homeostasis of anti-oxidation and ER stress in myoblasts, as well as the level of apoptosis
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and autophagy. Therefore, SELENOK is involved in the mechanism of satellite cell-led
skeletal muscle regeneration. SELENOK binds to a variety of chaperones (p97, SELENOS,
Derlinl) on the ER and regulates the intensity of UPR response by promoting ERAD to
alleviate ER stress. SELENOK can regulate ER stress by promoting ERAD during skeletal
muscle regeneration and regulate antioxidant signaling in an ER stress-dependent manner
during myoblast differentiation. Selenoprotein K pro-tects skeletal muscle from damage
and is required for SC-mediated myogenic differen-tiation [28,29].

2.4. SELENOS

Selenoprotein S (SELENOS), highly expressed in skeletal muscle, is a transmembrane
selenoprotein that resides in the ER and has a C-terminal selenocysteine residue with
antioxidant properties and the ability to confer protection against ER stress [30]. In vitro
studies have shown that decreased expression of SELENOS (SELENOS) increases oxidative
stress and ER stress in various mammalian cell lines [31-33]. Studies have found that
SEPS1 has a protective and anti-inflammatory effect in vivo in a lipopolysaccharide (LPS)-
induced sepsis mouse model [34]. Genetic polymorphisms of SELENOS are associated
with elevated proinflammatory cytokines, and SELENOS has a protective effect against
inflammatory stress in vitro. SELENOS polymorphisms can cause congenital muscular
dystrophy [35]. Recent studies have identified SELENOS as a novel disease-modifying
gene in muscular dystrophy and myopathy by investigating whether genetic depletion of
SELENOS in mdx-dystrophic mice exacerbates skeletal muscle inflammation and impairs
the structure and function of dystrophic hind limb muscles [36].

2.5. GPx

One of the primary antioxidant systems in cells is catalyzed by the selenoenzyme
Glutathione peroxidase (GPx) [37]. The main function of the GPx family is to scavenge ROS
and protect cell membrane integrity. GPx1 plays a role in anti-oxidation in the cytoplasm
and reducing lipid peroxidation after exercise. GPx4, localized in mitochondria, uniquely
prevents ferroptosis by reducing lipid hydroperoxides [19]. In endurance athletes, the
activity of muscle GPx increases by 65% post-training, protecting mitochondrial membranes
from oxidative rupture [38,39]. Conversely, GPx4 inhibition triggers iron-dependent lipid
peroxidation, causing necrotic myofiber death in selenium-deficient models [40].

2.6. Txnrd

Thioredoxin reductase (Txnrd) is an oxidoreductase that catalyzes the reduction of
oxidized Thioredoxin (Trx) using NADPH [5]. Trx is, in turn, used by some cellular
enzymes as a cofactor in dithio-disulfide bond exchange reactions, which are the main
intracellular mechanism for maintaining a reducing environment, especially for the main-
tenance of reduced cysteine groups. Mammals express three Txnrd isoforms: Txnrd1l
(cytoplasmic/nuclear; TR1/TrxR1), responsible for reducing cytosolic thioredoxin (Trx1);
Txnrd2 (mitochondrial; TR3/TrxR2), which reduces mitochondrial thioredoxin (Trx2); and
Txnrd3 (testis-specific; not discussed here). Notably, cardiomyocyte-specific deletion stud-
ies revealed that Txnrd2 is indispensable for viability, underscoring its non-redundant
role in maintaining mitochondrial redox homeostasis during cardiac development. This
tissue-specific essentiality likely stems from the high energetic demands and ROS exposure
inherent to myocardial cells, necessitating robust Txnrd2-mediated antioxidant protection
within mitochondria. Based on existing studies, research on the mechanism of TXNRD1
function in sport related fields mainly lies in animal and in vitro verification [41-45].
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2.7. MsrB1

Methionine r-sulfoxide reductase (MsrB1) is the main mammalian MsrB located in
the cytosol and nucleus. MSRB1 was found to control mammalian actin assembly and
breakdown. Micals have been the only known partners of MsrB1, and actin is the only
target. This suggests that MSRB1 may be involved in skeletal muscle growth regulation [46].
In addition, MSRBI1 is involved in the regulation of redox homeostasis and protects proteins
from oxidative damage [47].

2.8. Other Selenoproteins

In addition to the selenoproteins described above, there are a number of selenoproteins
that may play a role in maintaining muscle health status. Selenoprotein P (SELENOP) is
mainly responsible for the transport of Se from plasma to various target organs, thus con-
trolling the expression of all selenoproteins and SEPHS2 and providing systemic antioxidant
defense [12]. Selenoprotein O (SELENOO) is the largest mammalian selenoprotein. SELENOO
has been shown to engage in redox interactions with unknown proteins via its CXXU motif.
Redox regulation of protein function in mitochondria may involve kinase function [1]. As
an ER selenoprotein, Selenoprotein F (SELENOF) can be regulated by both ER stress and
selenium status. It may have a functional link with endoplasmic reticulum protein folding
and secretion processes. Selenoprotein F (SELENOF) interacts with UDP-glucose:glycoprotein
glucosyltransferase (UGGT) to participate in ER quality control mechanisms, ensuring proper
folding of nascent glycoproteins. Following successful folding, these proteins are packaged
into COPII-coated transport vesicles for anterograde trafficking to the Golgi apparatus, where
they undergo post-translational modifications prior to secretion via exocytic pathways [48].
SELENOS is a core component of the reverse translocation channel in ER-related protein
degradation, which removes misfolded peptide chains and maintains ER homeostasis. Se-
lenoprotein T (SELENOT) is a member of the thioredoxin-like superfamily containing the
CXXU redox-active motif. It mainly has the function of maintaining ER redox balance and
regulating autophagy and apoptosis. SELENOT can alleviate ER stress and protect myoblast
survival by inhibiting the CHOP/ATF4 pathway. SELENOT knockout exacerbates skeletal
muscle aplasia [8]. SELENOK, SELENOT, and SELENOM control ER homeostasis by scav-
enging excess ROS and inhibiting apoptosis [49-52]. Taking the above analyses together, a
summary of the functions of skeletal muscle-associated seloproteins is presented in Table 1.
The occurrence of muscle-related diseases is not only related to a single protein but may be
caused by multiple proteins together. However, current research is limited, and more in-depth
molecular mechanism studies are needed to explore the connection between selenoproteins
and muscle-related diseases.

Table 1. Functional summary of skeletal muscle-related selenoproteins.

Regulatory

Selenoprotein Main Function Pathways/Molecular Patho!ogzlcal Subce.llul.ar References
. Association Localization
Mechanisms
Regulates calcium
homeostasis, inhibits
ubiquitin-proteasome Selenium
degradation, and deficiency
promotes muscle ) .
SELENOW tube fusion RAC1-mTOR ﬁzggslt;y and Cytoplasmic  [19,27]
Protects proliferating dystrophy

myoblasts from the
influence of
oxidative stress
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Table 1. Cont.
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autophagy
Congenital
ER redox and calcium myopathy [21,26,27,
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Promote satellite
cells-mediated
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Participates in repair differentiation; Inhibition of
SELENOK after sllzele tal p Prevents intracellular skeletal muscle ER, plasma [10]
muscle infur antioxidant regeneration membrane
Jury dysfunction, apoptosis  after injury
and autophagy by
regulating the level of
ER stress
. Selenium
Selenium transporters deficiency leads
maintain systemic ApoER2/LRP1 to musclg Secreted
SELENOP selenium homeostasis receptor-mediated atrophy and cvio las;nic [12,61,62]
and enhance selenium uptake phy ytop
. age-related
antioxidant defense
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Regulates endoplasmic Skeletal muscle
reticulum-associated injury and
SELENOS degradation (ERAD) to Sg;li-ilél)l growth ER [12,63-65]
improve insulin P retardation due
sensitivity to ER stress
Nrf2/HO-1;
Removes cytoplasmic Inhibit oxidative stress ~ Oxidative injury
hydrogen peroxide and apoptosis; Correct  after exercise, .
GPxl (Hy0O,) to protect cell insulin resistance; chronic Cytoplasmic  [27,66,67]
membrane integrity Regulate fatty inflammation
acid metabolism;
Specifically inhibits Livid Iron death
GPx4 lipid peroxidation and elfroxi dation/ACSL4 muscle fiber Cytoplasmic  [39,68]
prevents iron death P necrosis
DNA damage
Promotes DNA repair =~ Unknown (possibly Zr;de?;iiliirf:ber
SELENOH and maintains related to oxidative a Ese d by Nuclear [69]
genomic stability damage repair) selenium
deficiency
Catalyz?s the Metabolic
conversion of T4 to T3, . .
DIO2 regulates thyroid Thyroid hormone disorders after Membrane- [70,71]
signaling pathway exercise, muscle  associated ’

hormone metabolism
and energy balance
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lucose metabolism injury and
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and insulin signal,
affects muscle cell
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retardation due
to ER stress.

3. Mechanisms of Selenium in Muscle Health

Mammalian skeletal muscle accounts for 30-40% of the total body weight and has
important physiological functions, including internal organ protection, protein storage,
body movement, and thermogenesis [10,73,74]. The physiological hypertrophy of skeletal
muscle is characterized by the coordinated accumulation of contractile proteins and limited
lipid deposition [75]. Post-exercise oxidative stress (OS) disrupts this process in mammals,
resulting in impaired muscle growth through dysregulation of the proteostatic and lipostatic
pathways. Mechanistically, OS triggers mitochondrial dysfunction, leading to excessive
ROS generation that overwhelms antioxidant defenses. This redox imbalance promotes
oxidative modifications of cellular components which concomitantly suppress anabolic
signaling while activating catabolic pathways, ultimately driving muscle mass loss [76].

3.1. Antioxidant Defense

Exercise-induced oxidative stress is the result of an increase in free radicals produced
by mitochondrial respiration that exceeds antioxidant capacity. Selenium is well-regarded
for its role in enhancing muscle function, particularly due to its antioxidant properties. Se
supplementation may have significant potential in reducing exercise-induced oxidative
stress [77]. The GPx family of selenoproteins serves as a pivotal regulator of ROS-mediated
oxidative stress, particularly under conditions of heightened metabolic demand or patho-
logical states such as infection or tissue injury. Through enzymatic reduction of hydroperox-
ides, GPx isoforms maintain redox homeostasis in skeletal muscle, with their activity being
strictly dependent on Se incorporation into the catalytic selenocysteine residue. Notably,
mitochondrial GPx4 exhibits compartment-specific functionality by preventing lipid peroxi-
dation within inner mitochondrial membranes, thereby preserving electron transport chain
integrity. Collectively, Se-dependent antioxidant systems and mitochondrial bioenergetics
constitute critical determinants of skeletal muscle redox balance and metabolic plasticity
during stress adaptation [57].

3.2. Mitochondrial Function

Skeletal muscle is the largest energy-consuming tissue in the body, and mitochondria
are the main site of aerobic respiration in cells [78], which, besides being the structure
of energy production in cells, play an important role in the differentiation, growth, and
development and function of various tissues in the body [79,80] Selenium mainly affects
the capacity and function of mitochondria, which, in turn, affects muscle health. Dietary
selenium supplementation enhances mitochondrial content in skeletal muscle, as evidenced
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by elevated mitochondrial volume, density, and respiratory complex activity in both
in vivo and in vitro models. SELENOH, SELENON, SELENOW, SELENOO, and DIOs
show different effects on mitochondrial and/or skeletal muscle function. SELENOH
enhances mitochondrial biogenesis, whereas SELENON and SELENOW appear to affect
muscle calcium homeostasis and thus mitochondrial function. In addition, the residence
of SELENOO within mitochondria contributes to the redox function of Se. Deiodinase
regulates thyroid hormone activation, which, in turn, affects muscle cell regeneration,
metabolism, and ROS production [57].

There is also research that shows that the depletion of SELENOT leads to the accu-
mulation of mitochondrial superoxide and downregulation of mitochondrial dynamics
gene expression, which, in turn, induces disruption of mitochondrial potential and blocks
the oxidative phosphorylation process. Mitochondrial ROS overproduction leads to rate
limitation of ATP production, accompanied by cell cycle arrest, slow cell proliferation, and
increased myocyte apoptosis. The elimination of mitochondrial ROS has been shown to
effectively alleviate the above adverse effects and significantly restore the proliferative
potential of myoblasts. Therefore, SELENOT acts as a guardian of cellular homeostasis,
resisting mitochondprial oxidative stress, protecting ATP production, promoting myoblast
proliferation, and inhibiting apoptosis. Despite this, the exact relationship between dietary
Se and skeletal muscle mitochondria is currently unknown [8].

3.3. Protein Metabolic Balance

Selenium deficiency disrupts protein turnover by suppressing mTORC1 signaling
and activating the ubiquitin-proteasome pathway in skeletal muscle [81]. However, the
specific selenoproteins regulating skeletal muscle protein homeostasis remain unclear. The
SELENOW-RAC1-mTOR cascade has been proposed as a mechanism coordinating protein
synthesis and degradation. In SELENOW-knockout models, reduced EIF4G protein levels
and impaired translational activity have been observed. The ubiquitin-proteasome system
represents the predominant proteolytic pathway in skeletal muscle [82], driven by the
transcription factor FOXO, which upregulates atrophy-associated ubiquitin ligases (Atrogin-
1 and MuRF-1) [83]. mTORC2 is essential for AKT-FOXO signaling, while SELENOW
modulates both protein synthesis and degradation via the SELENOW-RAC1-mTOR axis,
underscoring its critical role in proteostasis [19].

3.4. Calcium Homeostasis and Muscle Contraction

Ca?" is a widespread intracellular signal that can participate in the regulation of a
variety of cellular physiological processes. Many effectors downstream of the Ca?* signaling
pathway are essential for muscle development, including CAM-dependent kinases and
phosphatases, mitogen-activated protein kinases (MAPKSs), Ca?* -sensitive transcription
factors, and nuclear factor of activated T cells (NFATc) [84]. The role of CAM-dependent
phosphatases in mouse myogenesis begins with their function in early skeletal muscle
cell differentiation by regulating the expression of transcription factors MEF2, MyoD, and
myogenin [85]. In addition to the classic CaM dependent way, other signal cascade may help
Ca®* dynamics drive the transduction of skeletal muscle development. Signaling through
several elements of the MAPK pathway regulates different steps of myogenesis [86,87].
MAPKSs and Ca?* signaling in spinal cord [88] can coordinate the regulation of skeletal
muscle development [89].

Ca?* signaling is involved in skeletal muscle development and is directly related to the
Ca?* + kinetic patterns of developing muscle cell stored Ca®* access (SOCE), prepared by
sensors of internal Ca2* stores, STIM1, SOCE channels Orail, and TRPC channels. STIM1
expression regulates development and peaks in developing mouse muscle [90]. Mice
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lacking STIM1 die of perinatal skeletal myopathy [91], indicating that STIM1-dependent
Ca?* signaling is required for myogenesis. At initiation, TRPC1 expression is also develop-
mentally regulated to differentiate and is required for myoblast migration and fusion into
myotubes. SELENOT is involved in the regulation of intracellular calcium concentration
in chick embryo myoblasts and significantly affects calcium homeostasis in chick embryo
myoblasts. A decrease in SELENOT expression was found to decrease the expression
of STIM1 and TRPC1—which are beneficial factors related to muscle development—in
calcium channels. Ca?* is an important part of the signal that promotes muscle formation,
balance, and regeneration. In particular, changes in Ca?* may directly contribute to muscle
satellite cell proliferation or differentiation [9].

4. Selenium Deficiency and Muscle Pathologies

Selenium deficiency impairs maximal contractile strength and isokinetic torque in
skeletal muscle, resulting in postural instability and motor dysfunction secondary to my-
opathic pathologies. This deficiency is further characterized by reduced serum creatine
kinase and lactate dehydrogenase activity, correlating with clinical manifestations of skele-
tal muscle pain and fatigue [92]. Previous studies have reported that Se deficiency is
the cause of different forms of cardiac and skeletal muscle disease in humans, termed
dystrophic muscular dystrophy [93]. These myopathies are characterized by alterations in
cardiac or skeletal muscle fibers, resulting in impaired contraction, muscle atrophy, and
varying degrees of limb or trunk stiffness. Keshan disease, a selenium-deficient cardiomy-
opathy, is characterized by myocardial necrosis, inflammatory infiltration, and calcification.
This pathology arises from the synergistic effects of dietary selenium insufficiency and
coxsackievirus B3 infection. Selenium deficiency impairs selenoenzyme activity (e.g.,
GPx), disrupting cardiomyocyte redox homeostasis and potentiating viral DNA oxidative
damage. The subsequent accumulation of viral genomic mutations enhances virulence,
exacerbating myocardial injury [27].

Sarcopenia is closely related to age-related oxidative stress and the imbalance of
protein metabolism. Selenium can delay the progression of muscle atrophy by protecting
the function of motor neurons and reducing the degeneration of neuromuscular junction.
Clinical studies have shown that people with lower plasma selenium levels are more likely
to have decreased hip strength and grip strength [20].

5. Exercise and Skeletal Muscle Adaptation
5.1. Exercise-Induced Increased Selenium Consumption

Intense exercise induces muscle damage, manifesting as delayed-onset muscle sore-
ness and impaired force-generating capacity. This impairment arises from multifactorial
mechanisms involving structural disruption of contractile proteins (e.g., myofibrillar Z-disc
streaming) and dysregulation of calcium-handling pathways (e.g., sarcoplasmic reticulum
Ca?*-ATPase dysfunction). These pathophysiological alterations are mediated by mechan-
ical stress from high-intensity eccentric contractions coupled with the exercise-induced
overproduction of ROS, which collectively exacerbate sarcolemmal and organelle mem-
brane permeability [94]. Vigorous exercise increases the production of free radicals or ROS
and nitrogen (RONS), which hinder muscle contractile function and lead to muscle fatigue
and decreased performance [95]. To combat muscle damage and fatigue and improve
performance, athletes often take antioxidant supplements [96]. As an antioxidant, selenium
has a strong scavenging capacity for ROS and may exert beneficial effects on exercise
performance and exercise recovery in athletic populations. At present, some studies have
applied selenium in related studies of exercise training, as shown in Table 2. We found
limited human studies showing reduced exertion-related lipid peroxidation in overweight
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participants with low Se levels [77], whereas several studies have shown no beneficial
effects on endurance performance [97-99]. This may be influenced by the form and dose of
selenium consumed, as well as the timing of supplementation.

Table 2. Summary of Human Trials on Selenium Supplementation and Exercise Performance.

Intervention Sample

. . Outcome References
Duration Size

Forms of Se Dose

No effect on the adaptation

induced by endurance training 571

selenomethionine 180 pg/d 10 weeks 24

selenomethionine 240 pg/d 10 weeks 24 Inc.r eased t}}e muscle GPx .Of [38]
subjects during acute exercise

Simultaneous and individual

200 ng/d supplementation of selenium and
sodium selenite (Zinc 4 weeks 32 zinc had no significant effect on [98]
30 mg/d) the resting testosterone and lactic

acid levels

Reduced blood levels of lipid
sodium selenite 200 pg/d 3 weeks 20 hydroperoxide postexercise in [77]
overweight adults

Significantly improved endurance

17.5 ng/d exercise performance (VO2max,
sodium selenite (Vitamin E 3 weeks 8 AT, and endurance performance [100]
400 IU) time), but decreased lactate
dehydrogenase (LDH)
17.5 ng/d SOD and GPx were significantly
sodium selenite (Vitamin E 3 weeks 9 increased and MDA [101]
400 IU) was decreased
SOD and GPx were significantly
17.5 ug/d increased, MDA was decreased.
sodium selenite (Vitamin E 3 weeks 10 Cardiopulmonary endurance [102]
400 IU) (VO2max, AT) was

significantly increased

SOD and GPX were significantly
17.5 ug /d increased, but MDA was
sodium selenite (Vitamin E 3 weeks 10 ldelcrease-d. .\?tamlln Eand [103]
400 IU) selenium significantly reduced
blood fatigue factors (NH3, LDH

and phosphorus)

selenium o
tablets(Not 200 pg/d 2 weeks 20 Reduced oxidative stress caused [104]

mentioned) by physical exercise

5.2. Effect of Selenium Supplementation on Exercise Recovery

Selenium is an essential trace element; deficiencies arising from dietary insufficiency
or malabsorption are associated with multiple disorders in humans and livestock, under-
scoring its critical physiological role. Furthermore, optimal selenium supplementation is
hypothesized to confer benefits across diverse aspects of human health. High-intensity
exercise elevates ROS generation, correspondingly increasing selenium-dependent an-
tioxidant demands [12]. Dietary antioxidant supplementation represents a therapeutic
strategy to mitigate oxidative damage. Se, a core constituent of endogenous antioxidant
systems, scavenges excessive ROS and enhances systemic antioxidant capacity through
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selenoprotein-mediated redox regulation [105,106]. Despite the benefits of selenium sup-
plementation for muscle health, exercise, especially resistance training, remains central
to preventing muscle degeneration. High-intensity resistance training combined with
selenium supplementation can significantly improve muscle mass and strength, and the
effect is better than that of single intervention.

5.3. Dosage and Form of Selenium Supplement

The dose and form of selenium supplements are critical for the effects of selenium.
The EFSA has set the dietary reference intake (DRI) of selenium for adults at 70 pg/day and
the tolerable upper intake level (UL) at 255 ug/day [107]. The DRI selenium for Chinese
residents is 60 pug/day, and the UL is also 400 png, while the RDI/UL is 55/400 pg per day
in US [108]. Selenium levels higher than UL levels result in selenopathy. The main clinical
manifestations of this condition are gastrointestinal dysfunction, slow reaction, stiffness
of limbs and hair loss. In severe cases, it may cause respiratory failure and death [109].
Therefore, further studies are needed to determine the optimal daily selenium intake for the
exercising population and to carry out personalized tailored regimens. Se is supplemented
by exogenous intake in humans. It comes from a variety of dietary items including meat,
seafood, cereals, dairy products, fruits, vegetables, and some specific Se supplements. Se
occurs in many forms in nature. Organic Se (such as selenomethionine and Se yeast) and
nano-selenium (SeNPs) have better bioavailability than inorganic Se. Thus, the first two
forms of Se should be preferred for the selection of selenium nutritional supplements. In a
study of exercising women [110], the consumption of selenium-enriched eggs increased
the body’s antioxidant capacity, prevented exercise-induced cellular oxidative damage,
and delayed the onset of degenerative diseases. Some animal studies have also found
that selenium supplementation is beneficial to the improvement of exercise capacity, as
mainly reflected in the improvement of antioxidant capacity. The increase in free radical
production and lactate levels induced by acute swimming exercise in rats may be offset
by sodium selenite supplementation [111,112]. Se supplementation alleviates liver injury
induced by exercise fatigue in rats. Se supplementation can also ameliorate oxidative, ener-
getic, metabolic, and endocrine imbalances via modulation of selenoproteins in rat skeletal
muscle [113]. Selenium-rich soybean peptides (SePPs) exhibit higher antioxidant and anti-
inflammatory activities in vivo than Selenoprotein, SeMet, sodium selenite (NaySeOs), or
PPs [114]. (PhSe) 2 was shown to protect against acute physical exercise-induced oxidative
damage in mice [115]. SeNPs have also been demonstrated to have tissue antioxidant prop-
erties in donkey and grey rabbit, thereby improving exercise fitness [116,117]. However, the
optimal timing, dose, and speciation of Se supplementation require further investigation.

6. Clinical Implications and Future Directions
6.1. Intervention Strategies Tnrgeting Selenoproteins

SELENORP is of significant interest due to its dual role as a biomarker and hepatic-
derived transporter to target tissues. SELENOP expression is tightly modulated by dietary
selenium availability, inflammatory signals, hypoxic conditions, and pharmacological
agents. However, comprehensive pharmacological screening to identify regulatory com-
pounds remains unexplored [118]. Current therapeutic strategies for muscle-related disor-
ders lack targeted delivery systems. Advances in nanotechnology, however, have enabled
the development of nanoparticle-based drug carriers (e.g., nanoscale delivery platforms)
that demonstrate potential for tissue-specific targeting. Notably, calcium-incorporated
nanoparticles designed to regulate calcium homeostasis have recently emerged as promis-
ing tools for modulating the bone microenvironment and attenuating pathological pro-
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gression [119]. Similarly, selenium nanomodulation may be used to treat muscle diseases
one day.

6.2. Synergistic Effects of Selenium with Other Trace Elements

Vitamin E («-tocopherol) deficiency commonly coexists with selenium insufficiency.
Notably, combined selenium and vitamin E deficiency serves as the predominant etiological
factor in most documented myopathic syndromes. Experimental evidence indicates that
concurrent selenium and vitamin E deficiency triggers systemic fatal myopathy in guinea
pigs, whereas isolated deficiency of either micronutrient leads to attenuated pathological
severity [120]. Lipid peroxidation was detected in affected muscle tissues concomitant with
reduced GPx activity—a biomarker likely indicative of selenium deficiency. Furthermore,
calves fed a selenium-deficient diet supplemented with adequate tocopherol and low
polyunsaturated fatty acids [121] exhibited no myopathic manifestations. These findings
suggest vitamin E may exacerbate the pathological consequences of selenium deficiency,
though the mechanistic interplay remains unresolved [30]. Synergistic micronutrient
supplementation strategies combining selenium and vitamin E have been employed to
enhance antioxidant enzyme activity and improve endurance performance. Recent clinical
trials demonstrated that the co-administration of selenium (17.5 pug/day as sodium selenite)
and vitamin E (400 IU/day) significantly lowered post-exercise malondialdehyde (MDA)
and lactate dehydrogenase (LDH) levels while elevating superoxide dismutase (SOD) and
GPx activities compared to placebo (p < 0.05) [101-103].

6.3. Gut-Muscle Axis and Regulation of Selenium

Given that dietary selenium supplements are ingested and absorbed in the intestine,
a gut microbiota—muscle axis may mediate selenium’s effects on skeletal muscle health.
This axis potentially links microbial communities to exercise performance, muscle strength
maintenance, and the prevention of motor function decline. Emerging evidence indicates
that microbiota—muscle crosstalk and microbiota—mitochondrial communication modulate
age-related muscle dysfunction. Specifically, the gut microbiota—muscle axis operates via
the modulation of metabolic pathways and mitochondrial network dynamics in skeletal
muscle, with dynamin-related protein 1 (DRP1)—a key regulator of mitochondrial fission—
being essential to mitigate exercise capacity deterioration during aging [122].

7. Conclusions

Selenium plays a multifunctional role in preserving skeletal muscle homeostasis and
enhancing exercise capacity through three primary mechanisms: antioxidative defense
mechanisms, the precise regulation of selenoprotein biosynthesis, and the orchestrated
modulation of redox-sensitive signaling pathways. Current mechanistic investigations
remain predominantly confined to preclinical animal models, highlighting an imperative
need for well-designed human clinical trials to validate these preclinical findings and
establish causal relationships. The strategic integration of optimized selenium supple-
mentation with evidence-based exercise protocols emerges as a promising intervention
for mitigating age-related muscle decline and preventing exercise-induced musculoskele-
tal injuries. Future research priorities should focus on three translational dimensions:
(1) dose-response optimization through pharmacokinetic/pharmacodynamic modeling,
(2) systems-level elucidation of selenoprotein—-muscle interactome networks, and (3) clinical
validation of selenium’s ergogenic potential via randomized controlled trials, ultimately
enabling targeted applications in sports nutrition and preventive medicine.
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Abstract: With the advancement of radiological medicine and nuclear industry technology, radiation
is increasingly used to diagnose human health disorders. However, large-scale nuclear leakage has
heightened concerns about the impact on human organs and tissues. Selenium is an essential trace
element that functions in the body mainly in the form of selenoproteins. Selenium and selenoproteins
can protect against radiation by stimulating antioxidant actions, DNA repair functions, and immune
enhancement. While studies on reducing radiation through antioxidants have been conducted for
many years, the underlying mechanisms of selenium and selenoproteins as significant antioxidants in
radiation damage mitigation remain incompletely understood. Therefore, this paper aims to provide
new insights into developing safe and effective radiation protection agents by summarizing the
anti-radiation mechanism of selenium and selenoproteins.

Keywords: selenium; radiation resistance; mechanism

1. Introduction

In recent years, radiation has been widely used in a variety of disciplines, including
medical imaging diagnosis, radiotherapy, and radiation sterilization, thereby facilitating the
advancement of the medical and food industries. While promoting industrial development,
radiation also has some negative effects that cannot be ignored, such as nuclear leakage,
medical radiation exposure, and radiation from electronic products. Recently, Japan’s
nuclear sewage discharge events have increased the risk of radiation to human life, leading
to more concerns. Selenium and selenoproteins have attracted the interest of researchers
due to their potential in radiation resistance. Studying the effects and mechanisms of
selenium and selenoproteins on radiation resistance will help researchers find safer anti-
radiation methods and develop effective anti-radiation drugs.

Radiation is categorized into ionizing radiation and non-ionizing radiation. This paper
focuses on the damage that ionizing radiation causes to human organs and tissues. Ionizing
radiation generates electromagnetic waves of various ions, leading to the production of
harmful free radicals in the body, which can result in decreased immunity, skin redness, can-
cer, and other adverse effects that can cause serious harm and even death [1]. The damage
mechanisms can be classified into three types: direct action, indirect action, and bystander
effect. Direct damage occurs when high-energy ionizing radiation directly affects important
macromolecules with biological activity, such as nuclear DNA, proteins or lipid membranes.
The key target of direct damage is DNA, which can result in DNA single-strand and double-
strand breaks [2]. Indirect damage is the primary form of ionizing radiation’s impact. Ray
energy acts on water molecules within cells, causing the ionization of water molecules,
producing various reactive oxygen species (ROS), resulting in oxidative stress [3,4]. Under
oxidative stress conditions, excessive ROS can cause DNA damage and inhibit DNA repair.
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Oligosaccharide molecules in the cell membrane are oxidized to unsaturated free radical
dimers, which impair the cell membrane function and cause protein dysfunction. Sustained
injury response can affect related signal transduction, such as activation of the p53 signaling
pathway, thereby stimulating the expression of cyclin-dependent kinase inhibitors p21 and
p16, causing cell senescence [5]. Mitochondrial damage causes a large amount of ROS to
escape, induces the loss of mitochondrial respiratory chain complex activity, reduces the
efficiency of oxidative phosphorylation level, causes cell apoptosis, leads to mitochondrial
cascade damage, and results in the doubling of free radical level in the whole cell, which
continues to cause more serious damage [6]. The bystander effect refers to transmitting
signals to adjacent or non-irradiated distal cells, causing them to be affected by radiation
and exhibit various biological dysfunctions, including DNA damage, chromosomal aberra-
tions, and micronuclei formation [7]. Furthermore, DNA damage and continuous oxidative
stress can destabilize growth and secretion in bystander cells. Consequently, the effects
induced in bystander cells may even spread to secondary observers and their offspring.
Regarding radiation damage mechanisms, existing anti-radiation measures mainly focus
on oxidation control, DNA repair enhancement, immune system strengthening, etc. While
radio-protective agents appear effective at reducing radiation-induced damage, most syn-
thetic agents have toxic side effects that make them impractical for long-term application.
Therefore, searching for new radiation protective measures is very necessary.

Selenium is an essential trace element in the human body and is available in inorganic
and organic forms. Inorganic selenium compounds include selenite, elemental selenium,
and selenium acids; organic selenium includes selenoproteins, selenomethionine (SeMet),
selenium yeast, and selenium polysaccharide. Selenium deficiency in the human body may
lead to various diseases [8,9], such as Keshan disease and carbon metabolism disorders,
or a decrease in resistance to certain viruses [10,11], and increase in radiation-induced
micronucleus formation [12]. Selenium plays various biological functions in the form
of selenoproteins in the human body, with 25 distinct species of selenium protein genes
identified [13]. Selenoproteins are intracellular antioxidants that play an important role in
limiting oxidative damage by acting as oxidoreductases for glutathione peroxidases (GPXs),
thioredoxin reductases (TRXRDs), and iodothyronine deiodinases (DIOs). Additionally,
several selenoproteins, such as selenoprotein P (SELENOP), selenoprotein H (SELENOH),
selenoprotein M, selenoprotein T (SELENOT), and selenoprotein W (SELENOW), possess
selenocysteine-like structural domains, suggesting potential redox-related functions [14].
Selenium and selenoproteins have various biological functions. Numerous studies have
indicated that selenium exhibits promising anti-tumor effects through its capacity of in-
hibiting tumor cell development, inducing tumor cells to die, and scavenging reactive
oxygen species via selenoproteins [15]. Furthermore, selenium and selenoproteins can
enhance immune system regulation [16], heavy metal resistance [17], cardiovascular system
protection [18], and radiation resistance. Therefore, selenium and selenoproteins hold
promise as potential radio-protective agents.

Selenium and selenoproteins play a crucial role in eliminating free radicals and re-
pairing DNA, thereby contributing to immune regulation and protection against radiation
damage. Despite this, there is a lack of comprehensive literature on the anti-radiation
properties of selenium and selenoproteins, as well as their underlying mechanisms. There-
fore, this review aims to elucidate the anti-radiation effects and mechanisms of selenium
and selenoproteins. It also outlines potential prospective future research avenues for their
application in anti-radiation therapy.

2. Selenoproteins and Their Anti-Radiation Effects

Ionizing radiation has the potential to cause damage to tissues and may induce cell car-
cinogenesis. Studies have indicated that selenium and selenoproteins may play a significant
role in various stages of radiation-induced damage. Certain selenium compounds can act
preventatively during the initial stage of radiation exposure, while others are involved in
the regulation, repair, and treatment of tissue damage following exposure to radiation [19].
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The following section provides descriptions of selenoproteins with anti-radiation
activity, as well as their corresponding effects in mitigating radiation (Table 1).

Table 1. Anti-radiation mechanisms of different selenoproteins.

Selenoprotein Position Action Mechanism Reference

Eliminate reactive oxygen species to reduce
radiation damage;
GPX1 Erythrocyte Promote DNA repair to prevent radiation injury; [19-26]
Exert anticancer effects to achieve the treat of
radiation damage.

Inhibit lipid peroxidation to reduce
radiation damage;
Cytoplasm, mitochondria Regulate apoptotic markers to alleviate
ST . [27-30]
and nucleus radiation-induced cell apoptosis;
Decrease the synthesis of 8-oxo-dG to minimize
DNA damage.

GPX4

Inhibition of radiation-induced late reactive
oxygen species accumulation;
Reduction of tumor occurrence as a tumor
SELENOP Plasma suppressor in radiation-induced inflammatory [31-37]
carcinogenesis;
Regulation of immune cell function as an
antioxidant for immune cells.

Alleviate radiation-induced endoplasmic

reticulum stress. [38,39]

SELENOS Endoplasmic reticulum

Plays a crucial role in T cell activation, enhancing

the immune response of immune cells. [4041]

SELENOI The Golgi apparatus

2.1. Glutathione Peroxidases (GPXs)

The main biological effects of selenium in the human body are mediated by selenopro-
teins. The glutathione peroxidase (GPX) group is an important component of the selenium
protein family, serving as a crucial antioxidant and scavenger of ROS in the body. Fur-
thermore, it regulates the REDOX balance in tissues [20]. Currently, eight GPX isoforms
have been found within the GPX family, namely GPX1-GPX8. Among them, GPX1-GPX4
and GPX6 have SeCys as a catalytic site. Thus, they are known as SeCys-containing GPXs.
Research has indicated that the molecular functions of GPXs include antioxidant activity,
peroxidase activity, and glutathione peroxidase activity. Additionally, GPXS are implicated
in glutathione metabolism, arachidonic acid metabolism, and other physiological metabolic
processes [21]. Both GPX1 and GPX4 are widely expressed in various tissues and may play
a pivotal role in the anti-radiation process. The subsequent content will primarily elaborate
the potential anti-radiation pathways of GPX1 and GPX4.

2.1.1. Glutathione Peroxidase 1 (GPX1)

GPX1 is a selenoprotein with an active site containing selenocysteine. It is expressed
universally in all tissues and shows high expression levels in red blood cells, liver, lungs,
and kidneys. Furthermore, it can be found in cytosol and mitochondria [22]. It plays a
crucial role in the cellular antioxidant defense mechanism, and can also promote DNA
repair, regulate cardiovascular function, and exhibit anti-cancer activity [23]. Because it
is involved in so many biological processes, the essential selenoprotein GPX1 is vital for
radiation defense.

GPX1 plays a crucial role in removing the excess free radicals generated by radiation,
regulating the REDOX balance in the body, and reducing cell damage caused by radiation,
thereby enhancing radiation resistance. Research reports indicate that ROS directly con-
tribute to oxidative stress accumulation and trigger additional ROS production through
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various mechanisms, further disrupting the body’s REDOX balance. According to Diane E.
Handy and colleagues, the accumulation of ROS may stimulate REDOX-mediated signal
transduction events, including activation of transcription factors such as nuclear factor
kappa B (NF-«kB), which predominantly occurs in GPx1-deficient endothelial cells and leads
to inflammation activation [24]. GPX1 can catalyze the reaction between glutathione (GSH)
and some superoxides, to regulate the accumulation of these superoxides. This adjustment
helps regulate the generation and accumulation of other forms of ROS, ultimately achieving
antioxidant effects [25]. GPX1 also promotes the repair of radiation-induced DNA damage.
A study conducted by Morais investigated the changes in selenium levels after exposure
to ionizing radiation and H2AX phosphorylation. H2AX is a histone that recruits DNA
damage repair proteins to injury sites, and its phosphorylation level indicates the extent
of DNA damage repair through its phosphorylation level. The study demonstrated that
GPX1 contributes to DNA damage repair [26]. Radiation has the potential to induce tumors
and cell carcinogenesis. GPX1 can exert an anticancer effect through various mechanisms.
Firstly, it can directly impact specific tumor suppressor genes in cancer cells, such as ac-
tivating the p53 gene and promoting cancer cell apoptosis. Secondly, it can enhance the
sensitivity of tumor cells to chemotherapy drugs [27]. Thirdly, it can inhibit tumorigene-
sis signaling pathways through antioxidant mechanisms and other means. For example,
promoting Nrf2 signaling pathway activation is implicated in tumor prevention, which is
considered a primary mechanism of action for many chemopreventive agents in inhibiting
tumor formation by preventing ROS-mediated DNA damage [28,29].

2.1.2. Glutathione Peroxidase 4 (GPX4)

Several selenium glutathione peroxidases have been identified to contribute to radi-
ation resistance, with GPX1 and GPX4 being particularly important. Radiation exposure
can trigger oxidative stress, leading to potentially severe metabolic dysfunctions such as
membrane lipid peroxidation and DNA damage [30]. While GPX4 effectively inhibits lipid
peroxide, it also promotes DNA repair to alleviate radiation-induced damage and adverse
effects, thereby maximizing its role in radiation therapy.

GPX4 has a more significant function in radiation therapy because, in addition to
its efficient inhibition of lipid peroxidation, it also helps repair DNA damage in order to
reduce radiation-induced damage and side effects [31]. Within the DNA structure, thymine
residues possess the highest electron affinity and are, therefore, the most susceptible sites
for free radical injury. GPX4 can reduce thymine peroxide caused by ionizing radiation,
reducing DNA damage [32]. Overexpression of GPX4 can totally suppress interleukin-1-
induced NF-«B activation, while GPX1 exerted only moderate effects on this pathway [32].
Furthermore, the experimental results demonstrate that GPX4 effectively regulates many
apoptosis markers in various cells, such as the release of cytochrome ¢, DNA fragmentation,
and inhibition of NF-«B. For example, it protects the preferred substrate of cytochrome c,
cardiolipin, from peroxidation and inhibits the release of cytochrome c from mitochondria
in response to oxidative stress exposure, effectively regulating apoptosis [33,34].

2.2. Selenoprotein P (SELENOP)

SELENOFP is an extracellular glycoprotein, a selenium transporter, and a major sup-
plier of selenium in tissues [35]. It is widely distributed in almost all tissues and it contains
ten SeMets, of which the N-terminal SeMet have antioxidant functions, while the C-terminal
nine SeMets are the main suppliers of selenium to tissues. SELENOP also plays a crucial
role in certain aspects of immune function. The REDOX tone also influences macrophage
differentiation, and several studies have indicated that SELENOP is especially important
in this process [36]. Studies suggest that SELENOP is a previously unidentified antioxidant
protein capable of regulating the late accumulation of ROS and mitigating toxicity in normal
human fibroblasts following radiation exposure. The expression of SELENOP effectively
suppresses radiation-induced late ROS accumulation and associated toxicity [37,38]. This
indicates that SELENOP is a crucial regulator of the cellular response to radiation. Fur-
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thermore, the antioxidant function of SELENOP suggests a possible involvement in cancer
prevention, particularly in cases characterized by heightened oxidative stress, such as in-
flammatory bowel cancer. Research conducted by Caitlyn W. Barrett et al. has demonstrated
that SELENOP acts as a haploid tumor suppressor in inflammatory carcinogenesis [39]. At
the same time, SELENOP also influences macrophage polarization, reducing the incidence
of inflammatory tumors by attenuating the activation of pro-inflammatory cells [39-41].

2.3. Selenoprotein S (SELENOS)

Selenoprotein S (SELENOS) is a small, inherently disordered membrane protein asso-
ciated with various cellular functions, including inflammatory processes and cellular stress
responses. It is most notably recognized for its involvement in the endoplasmic reticulum-
associated degradation (ERAD) pathway [42]. This pathway involves the extraction of
misfolded proteins or misassembled protein complexes from the endoplasmic reticulum
(ER) into the cytosol for proteasomal degradation. Radiation can lead to the accumulation
of misfolded proteins in the ER, causing ER stress and triggering the unfolded protein
response (UPR), further promoting inflammation. The participation of ERAD SELENOS
is crucial in the UPR process, as it regulates the removal of misfolded proteins or incor-
rectly assembled protein complexes from the ER to the cytoplasm, resulting in proteasomal
degradation and alleviating radiation-induced endoplasmic reticulum stress. It is evident
that SELENOS is also important in responding to radiation [43].

2.4. Selenoprotein I (SELENOI)

The selenoprotein I (SELENOI) group is a unique among selenoproteins. It acts as
an ethanolamine phosphate transferase (Ept) rather than a REDOX catalyst. This enzyme
is critical for synthesizing phosphatidyl ethanolamine (PE) and alkenyl PE in pluripotent
stem cells, as well as the proliferation of tumor cells [44]. Its involvement in metabolic
reprogramming is particularly significant [45]. Selenoprotein I may play crucial functions
in T cell activation and metabolic reprogramming. As a component, SELENOI can maintain
ethanolamine phospholipid synthesis in cell metabolic reprogramming, thus contributing
to the balance of cell metabolism and playing an essential function in the process of T cell
activation. Therefore, SELENOI can be instrumental in regulating immune cells to combat
radiation-induced immune responses and exhibits radiation resistance [46].

In conclusion, multiple selenoproteins can exert anti-radiation effects through different
mechanisms (Figure 1). Glutathione peroxidase 1 (GPX1) and glutathione peroxidase 4
(GPX4) contribute to anti-radiation activities by enhancing DNA repair and regulating
anti-inflammatory and anticancer signaling pathways. GPX4 is especially effective at
removing lipid peroxidation in response to radiation-induced oxidative stress. GPX1 and
SELENOP function by scavenging excess free radicals. GPX4 and SELENOI can also
promote radiation-induced apoptosis through immune regulation and other pathways.
Meanwhile, SELENOS primarily exerts its anti-radiation activity by relieving endoplasmic
reticulum stress.
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Figure 1. Radiation resistance mechanism of different selenoproteins.
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3. Radiation Resistance Mechanism of Selenium and Selenoproteins

Selenium and selenoproteins exhibit the potential to mitigate the effects of radiation, a
capability closely linked to biological activities such as anti-oxidation, immune regulation,
and apoptosis control. Research has demonstrated that selenium and selenoproteins combat
radiation by reducing oxidative damage, regulating the immune system, managing cell
apoptosis, and protecting DNA and the hematological system.

3.1. Improves Oxidative Damage

The REDOX system dynamically regulates the production of active oxygen free radi-
cals under normal physiological conditions to maintain a balanced level. Oxidative stress
occurs when there is an imbalance between oxidation and anti-oxidation in the body, lead-
ing to a pathological condition characterized by high ROS levels [47]. Radiation stimulation
causes the ionization and excitation of water molecules, resulting in the generation of an
excessive amount of reactive oxygen species. These ROS will subsequently cause a free rad-
ical chain reaction, causing oxidative stress. Consequently, excess ROS destroy biological
macromolecules such as DNA, lipids, proteins, and mitochondria [3]. Damage to nucleic
acids, lipid peroxidation, and protein damage might cause alterations in essential antioxi-
dant enzymes such as SOD and GSH-Px [48]. Additionally, non-enzymatic antioxidants
play a crucial role in combating free radicals. These substances include small molecular
compounds with antioxidant effects, such as GSH synthesized in cells, ceruloplasmin, and
vitamin E [49].

It has been reported that selenium and selenoproteins can scavenge ROS directly. In
biological systems, selenium compounds tend to be restored; it is a good nucleophilic
reagent. They are used in heavy metal detoxification to produce ROS-required metal ion
complexation, which indirectly removes ROS. Selenium also acts as a cofactor for various
antioxidant enzymes, such as GSH-Px, and contributes to antioxidant effects [50]. Sodium
selenite is the first selenium compound to be studied for radiation protection in a mouse
model [51]: it has been shown to be efficient when combined with vitamin E prior to gamma
irradiation in mice, preventing the radiation-induced decrease of antioxidant enzymes [52].
Supplementation with sodium selenite has been shown to increase serum GPX activity
while decreasing treatment-induced oxidative stress. 3'-3' Diselendipropionic acid (DSePA)
has been identified as a potent radio-protectant. It has shown efficacy as a free radical
scavenger, GPX mimic, and anti-hemolytic agent. The high levels of ROS observed in
GPX1 knockout mice during the injury response highlight the importance of antioxidant
pathways in limiting ROS-induced cell damage [53]. Furthermore, numerous studies have
demonstrated that GPX4 regulates lipid peroxidation and cell death induced by radiation.
In summary, radiation can induce oxidative stress and pathological changes in the body.
Improving oxidative damage is an important mechanism of selenium and selenoproteins
against radiation damage.

3.2. Protecting DNA

Thus far, the findings indicate that safeguarding DNA is crucial for selenium and
selenium proteins to resist radiation [3]. Ionizing radiation can degrade DNA molecules
and damage nucleotides and their components. To overcome this damage, eukaryotes have
a DNA repair system in place, which includes processes such as homologous recombination
(HR), non-homologous end joining (NHE]), base excision repair (BER), nucleotide excision
repair (NER), and other mechanisms that contribute to DNA repair, genome stability, and
aging. Double-stranded DNA breaks are repaired through HR or NHE], while single-strand
breaks are repaired through BER or NER [54]. Chromosome DNA and protein complexes
are sensitive to ionizing radiation, which can stimulate the ionization of cells in inland
waters, resulting in a large quantity of reactive oxygen species. The strong oxidizing power
of these species can destroy cell DNA, causing double-strand and single-strand breaks
that result in chromosome aberrations. A series of in vitro studies, animal models, and
human studies have demonstrated that selenium and selenium proteins can prevent DNA
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damage and enhance the activity of repair enzymes (such as DNA glycosylase, p53, BRCA1,
Gadd45) providing protection [55]. GPX1 was shown to stimulate the expression of Gadd45,
which is involved in DNA replication and damage repair [56]. SeMet protects against DNA
damage by the creation of protein complexes with Refl, p53, and Brcal. SeMet first induces
the DNA repair branch of the p53 pathway. Then, Brcal and Refl simultaneously interact
with p53 to form protein complexes that target the induction of DNA repair responses [57].

3.3. Regulating Cell Apoptosis

As a strong stimulus, ionizing radiation can induce cell apoptosis through various
mechanisms, including DNA damage, endoplasmic reticulum stress (ER stress), and ROS
overload. However, selenium and selenoproteins can exert radio-protective effects by in-
hibiting cell apoptosis. Research has shown that different forms of selenium have different
effects on cell apoptosis, with appropriate doses of selenium nanoparticles being more
effective than sodium selenite and yeast selenium [58]. In addition, radiation-induced
mitochondrial membrane damage can trigger the ER signaling pathway, ultimately leading
to cell apoptosis [59]. Selenoprotein S is a transmembrane protein located in the endoplas-
mic reticulum (ER) and plasma membrane. It essential in the ER-associated degradation
(ERAD) pathway and can regulate ER stress-induced cell apoptosis [60]. Furthermore,
studies have indicated that GPX4 inhibits cell apoptosis in vivo through an endogenous
apoptotic pathway [33]. This regulatory function is achieved by protecting the preferred
substrate, cardiolipin, from oxidation and inhibiting cytochrome c release from mitochon-
dria when exposed to oxidative stress [61,62].

3.4. Regqulating Immune System

The immune system, which is made up of immune organs (such as the spleen, thymus,
bone marrow, and lymph nodes), immune cells (including lymphocytes, macrophages,
and granulocytes), and immune molecules (such as TNEF, IFN, and IL), is responsible
for preventing pathogens from invading the body and maintaining a healthy body [63].
Studies have shown that selenoproteins, such as selenoprotein I, play a significant role in
the activation of T cells [45], while selenoprotein S regulates the steady-state aspects of
immunity. This suggests that selenoproteins profoundly affect the activation and regulation
of immune cells [64].

3.4.1. MAPK Signaling Pathways and PI3K/AKT Signaling Pathway

Mitogen-activated protein kinase (MAPK) family, which includes extracellular signal-
regulated kinase (ERK), p38 mitogen-activated protein kinase, and c-Jun N-terminal kinase
(JNK). These three essential members participate in cell growth, proliferation, apoptosis,
differentiation, and other growth processes [65]. lonizing radiation stimulates the JNK
and P38 pathways, activating classical MAPK signaling pathways and participating in
immune regulation [66]. Some studies have shown that selenium deficiency downreg-
ulates the expression of 19 selenoproteins, increasing intracellular ROS levels. This, in
turn, results in elevated levels of P38 and JNK gene expression, and increased expression
of proteins involved in the mitochondrial apoptotic pathway. These findings indicate a
close association between selenoproteins and ROS/MAPK-induced apoptosis, particu-
larly necrotic apoptosis. Selenium and selenoproteins can regulate this pathway through
multiple targets [67].

The PI3K/AKT pathway is a multifunctional signaling pathway related to defense, cell
proliferation, and apoptosis. It regulates mammalian cell development, proliferation, and
metabolic regulation. Activation of the PI3K/AKT pathway can accelerate DNA damage
repair and inhibit ionizing radiation [68]. Experiments have revealed that hydrogel loaded
with selenium nanoparticles (SeNPs) may eliminate reactive oxygen species and modify
pH, which may protect cells from oxidative stress. Furthermore, these SeNPs induced
macrophage M2 polarization through the PI3K/AKT and MAPK pathways, leading to
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reduced inflammatory cytokine production—a promising approach for mitigating radiation
damage [69].

3.4.2. Inflammation Signaling Pathway

As previously mentioned, exposure to ionizing radiation can lead to extensive oxida-
tive damage, DNA breakage, and cell death. This results in the release of pro-inflammatory
cytokines, including IL-1, IL-2, IL-4, IL-6, and TNF-«. Chronic upregulation of these cy-
tokines can result in sustained generation of free radicals and mediate the occurrence of
inflammation [70]. Inflammatory cytokines recruit immune cells and regulate the cellular
microenvironment. Selenium and selenoproteins also regulate inflammatory factors and
signaling pathways as part of their radio-protective mechanisms.

4. The Application of Selenium and Selenoproteins in the Treatment of
Radiation-Related Diseases

Exposure to ionizing radiation can result in tissue damage in living organisms. The
extent of the damage depends on the radiation exposure level. Acute clinical manifestations
can impact the gastrointestinal tract, liver, kidneys, and lungs. Furthermore, organ and
tissue damage may also occur. In addition to these organ systems, long-term observations
have shown that radiation can also lead to damage to the kidneys, liver, and cardiovascular
system, and even result in death [71]. As previously noted, selenium and selenium protein
show significant potential in mitigating radiation damage. The selenium compounds
used for radioprotection primarily consist of inorganic selenium compounds, selenoamino
acids, and selenoproteins. This article will review some of the uses of selenium and
selenium protein as radiation protective agents to alleviate multiple organ damage caused
by radiation or treat related diseases.

4.1. Lung Injury and Treatment

The lungs are one of the most sensitive organs to ionizing radiation. Aside from cancer
radiotherapy, the human body may be exposed to radiation environments for extended
periods of time as a result of nuclear or radiation disasters. Lung injury is one of the most
dangerous consequences of radiation exposure, which may lead to pneumonia and fibrosis.
Severe cases may cause lung cancer and even threaten life [72]. Seleno-L-methionine is an
effective antioxidant; previous research demonstrates its enormous potential in protect-
ing and alleviating radiation damage [73]. We can apply seleno-L-methionine to prevent
radiation-induced lung toxicity. It can reduce the accumulation of ROS and alleviate
radiation-induced DNA damage and cell death by upregulating antioxidant enzymes
to eliminate excessive ROS and directly chelating ROS. Amini et al. found that treating
rats with seleno-L-methionine reduced the expression of these cytokines, hence reducing
macrophage and lymphocyte infiltration [73]. 3’-3’ dithiopropionic acid (DSePA) is a sim-
ple, stable, and water-soluble organic selenium compound that can eliminate ROS and
exhibits GPX-like activity. DSePA has been found to reduce oxidative damage to tissues
by increasing the tissue levels of antioxidant defense enzymes, including GPX, thereby
preventing mortality in a whole-body exposed mouse model. Kunwar et al.’s study demon-
strated that DSePA treatment can decrease excessive free radicals and lipid peroxidation.
This intervention also reduced the severity of pneumonia in mice. It affected the recruit-
ment of lung radiation-induced inflammatory cells, such as pulmonary macrophages and
neutrophils, suggesting that DSePA influences the inflammatory cell recruitment involved
in the formation of radiation-induced lung injury [74]. SeNPs can prolong the radiation
protection time without obvious side effects in the lung. Moreover, they exhibit potent
cytotoxicity in cancer cells, but relatively little cytotoxicity in normal healthy cells [75].

4.2. Hematopoietic System

Bone marrow is one of the tissues most sensitive to radiation, and bone damage is a
significant cause of death after high-dose irradiation. Studies have shown that prolonged
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radiation exposure may result in hematopoietic dysfunction, with increased levels of
ROS and sustained oxidative stress potentially leading to long-term damage to radiation-
induced hematopoietic stem cells (HSC). In an in vivo experiment with sodium selenite in
mice, Jian Zhang et al. found that selenium can reduce radiation-induced hematological
dysfunction and protect hematopoietic function [76].

4.3. Gastrointestinal System

Long-term radiation exposure can cause tissue damage in the gastrointestinal tract,
with persistent oxidative stress potentially leading to inflammatory bowel disease and
associated malignancies, most notably colitis [77]. One selenoprotein previously associated
with colitis is SELENOP. SELENOP acts as an extracellular antioxidant and serves as a
selenium transport protein primarily expressed in the liver and secreted into the plasma.
Sarah et al. found that SELENOP deficiency increases the risk of inflammatory cancers,
emphasizing the critical antioxidant role of epithelial-produced SELENOP in the colonic
milieu [78].

4.4. Kidney and Liver

Following radiation exposure, the kidney tissue generates a large amount of free
radicals, leading to oxidative stress, which can result in renal dysfunction or the onset of
kidney disease. Both selenite and SeNPs can protect the kidneys from radiation damage by
alleviating oxidative injury. However, the data from Karami et al. showed that SeNPs, an
emerging agent for delivering selenium, are more effective than selenite [79]. SeNPs also
reduced inflammation and edema in irradiated rats, revealing potential anti-inflammatory
activity by inhibiting pro-inflammatory genes and antioxidant effects [80].

Ionizing radiation can also induce hepatotoxicity. Studies have shown that SeNPs may
have promising applications in mitigating radiation-induced liver toxicity. NF-«kB regulates
immunological and inflammatory responses, as well as cell apoptosis. Pharmacological
inhibition of NF-«B may be a potential approach for treating radiation injuries. SeNPs may
reduce hepatotoxicity by stimulating antioxidant status, increasing Nrf2 expression, enhanc-
ing GPXs, and reducing pro-inflammatory marker IL6, lowering NF-«B expression [81].
The discussion by Azmoonfar et al. also demonstrates that SeNPs prevent damage to
liver tissues induced by infrared and chemical exposure, confirming their liver-protective
action [82].

4.5. Cardiovascular System

Cardiovascular diseases account for the majority of global deaths, and radiation-
induced cardiovascular disease is one of the main side effects of ionizing radiation exposure.
Due to the enormous harm and high mortality caused by cardiovascular damage, it is essen-
tial to seek natural and safe therapeutic agents. Amini et al. investigated the combination
of selenium-L-methionine and curcumin to determine their capacity to prevent radiation-
induced cardiovascular damage. In this study, the combination of selenium-L-methionine
and curcumin significantly reduced the expression of pro-inflammatory factors in the heart
and blood vessels, indicating its ability to protect cardiovascular health by regulating the
redox system and chronic oxidative stress [83]. GPX1 can also repair cardiovascular func-
tional disorders in certain areas. Ye Xiong et al. have found that oxidative stress increases
DNA damage, ultimately causing cardiac myocyte cell cycle exit [84]. GPX1 is essential
for repairing of cardiovascular damage through DNA repair. Evidence from many other
studies indicates that a lack of GPX1 exacerbates heart failure and enhances angiotensin
II-mediated cardiac hypertrophy. In contrast, transgenic mice overexpressing GPX1 show
higher mitochondrial respiratory efficiency, better contractile strength, and diastolic func-
tion compared to wild-type hearts [24,85]. It is evident that GPX1 effectively alleviates
cardiovascular damage caused by radiation, protects cardiovascular function, reduces
radiation-induced cardiovascular stress, and plays a therapeutic role in radiation treatment.
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5. Effects of Selenium and Selenoproteins Doses on Radiation Resistance

The evidence for selenium being a chemoprevention agent includes that from animal
and epidemiological studies [86-88]. However, different results regarding the role of
selenium and selenoproteins in chemoprevention have emerged, which may be explained
by the selenium status entering the experimental subjects as well as the difference in
selenium dose [86]. The reviewed studies and some other ongoing investigations have been
providing mounting evidence on the beneficial role of selenium in both healthy people
and patients, but it is necessary to pay attention to its status, dose, and type. The dose
of selenium and selenoproteins associated with anti-radiation effects may be U-shaped;
namely, when the selenium content in the human body is less than ideal situation, selenium
and selenium protein may play a beneficial role [89], but when the level of selenium in
the human body more than is ideal, excessive amounts of selenium and selenium protein
may produce adverse effects [90]. For example, a study conducted by Wang et al. on
hens supplemented with three different concentrations of selenium orally for three time
periods found that excessive intake of selenium led to decreased immunity and increased
oxidative damage [91]. In another study, selenium deficiency caused testicular damage and
sperm abnormalities during spermatogenesis [92], and selenium excess impaired sperm
quality in male rats [93]. This suggested that non-optimal selenium intake decreased sperm
quality and quantity by causing the spermatogenic cells loss and shedding in the testes [94].
Selenium concentration changes will destroy the REDOX state and cause oxidative stress,
producing adverse effects.

Although the current experimental results of selenium and selenoproteins as chemo-
preventive agents are inconsistent, most of these experimental studies support the view
that there may be a U-shaped correlation between the doses of selenium and selenoproteins
and the anti-radiation effect; that is, the optimal intake of selenium can inhibit oxidative
stress, inflammation, apoptosis, etc., and achieve anti-oxidation, DNA repair and immu-
nity enhancement. Therefore, it can be concluded that an optimal Se intake will benefit
radiation resistance.

6. Summary and Prospects

Selenium is a crucial trace element in the human body, which has great potential for
radiation resistance due to its potent antioxidant, DNA repair, and immune regulatory
functions. According to current research reports, selenium and selenoproteins enhance
antioxidant capacity by clearing hydrogen peroxide and lipid peroxides to combat tissue
damage caused by radiation, and exhibit anti-radiation activity through enhancing DNA
repair. They protect cells from radiation damage by regulating mitochondrial apoptosis and
apoptosis pathways, and also regulate the immune response of the immune system through
the MAPK signaling pathway, PI3K/AKT signaling pathway, and inflammatory signaling
pathway. Selenium and selenoproteins play an essential role in alleviating and treating
radiation damage to organ tissues such as the lungs, kidneys, intestines, cardiovascular
systems, etc., with enormous potential.

In the future, we can focus on finding new selenium and selenoproteins with radio-
protective functions, and exploring the mechanisms by which different kinds of selenium
and selenoproteins work together to protect against radiation. We can also enrich the use
of selenium and selenoproteins in multi-organ injury caused by radiation in clinical studies.
How to choose the form and dosage of drugs containing selenium will be the challenge.
Thus, the complex mechanisms, forms, and dosages of selenium and selenoproteins in
anti-radiation activities may become a new research hotspot.
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Abbreviations

ROS, reactive oxygen species; GPXs, glutathione peroxidases; TXNRDs, thioredoxin reduc-
tases; DIOs, iodothyronine deiodinases; SELENOP, selenoprotein P; SELENOH, selenoprotein H;
SELENOM, selenoprotein M; SELENOT, selenoprotein T; SELENOW, selenoprotein W; SELENOS,
selenoprotein S; SELENOI, selenoprotein I; REDOX, oxidation-reduction; ERAD, endoplasmic
reticulum-associated degradation; ER, endoplasmic reticulum; Ept, ethanolamine phosphate trans-
ferase; PE, phosphatidyl ethanolamine; SOD, superoxidase dismutase; DSePA, 3'-3' diselendipropi-
onic acid; HR, recombination; NHE], non-homologous end joining; BER, base excision repair; NER,
nucleotide excision repair; SeMet, selenomethionine; MAPK, mitogen-activated protein kinase; ERK,
extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; SeNPs, selenium nanoparticles;
HSC, hematopoietic stem cells.
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