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Introduction: The potential effects of selenium nanoparticles (SeNPs) administration on arsenic exposure-mediated nephrotoxicity 
by alleviating fibrosis, inflammation, oxidative stress-related damage, and apoptosis remains more detailed investigations.
Methods: After the synthesis of selenium nanoparticles (SeNPs) by sodium selenite (Na2SeO3) through a versatile and green 
procedure, the biosafety of SeNPs was assessed by assaying renal functions and inflammation in mice. Subsequently, nephroprotective 
effects of SeNPs against sodium arsenite (NaAsO2)-induced damages were confirmed by biochemical, molecular, and histopatholo-
gical assays, including renal function, histological lesion, fibrosis, inflammation, oxidative stress-related damage, and apoptosis in 
mice renal tissues and renal tubular duct epithelial cells (HK2 cells).
Results: The excellent biocompatibility and safety of SeNPs prepared in this study were confirmed by the non-significant differences in the 
renal functions and inflammation levels in mice between the negative control (NC) and 1 mg/kg SeNPs groups (p>0.05). The results of 
biochemical, molecular, and histopathological assays confirmed that daily administration of 1 mg/kg SeNPs for 4 weeks not only 
ameliorated renal dysfunctions and injuries caused by NaAsO2 exposure but also inhibited the fibrosis, inflammation, oxidative stress- 
related damage, and apoptosis in the renal tissues of NaAsO2-exposed mice. In addition, altered viability, inflammation, oxidative stress- 
related damage, and apoptosis in the NaAsO2-exposed HK2 cells were effectively reversed after 100 μg/mL SeNPs supplementation.
Conclusion: Our findings authentically confirmed the biosafety and nephroprotective effects of SeNPs against NaAsO2 exposure- 
induced damages by alleviating inflammation, oxidative stress-related damage, and apoptosis.
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Introduction
Over past decades, accumulating epidemiological studies have confirmed that continuous anthropogenic activities promote the 
ubiquitous distribution of arsenic in the atmosphere, hydrosphere, lithosphere, biosphere, and anthroposphere.1 Nearly 108 
countries are being affected by arsenic-contaminated groundwater resources and agroecosystems, with concentrations exceeding 
the World Health Organization (WHO) recommended maximum safe levels (10 μg/L in drinking water or 15 μg/kg inorganic 
arsenic intake).1 Seriously, the health of more than 200 million people in Southeast Asian countries, including Bangladesh, China, 
India, Vietnam, and Thailand, has been compromised by the consumption of arsenic-contaminated groundwater and foods with 
terrestrial and aquatic origins.1

As a toxic element belonging to the highest health hazard category, arsenic has already been classified in the Group 1 
of carcinogenic compounds known to humans by the International Agency of Research on Cancer (IARC, 2004) and has 
been described by WHO as “the largest mass poisoning of a population in history”.2 In addition, these comprehensive 
studies have demonstrated that acute or chronic exposure to arsenicals through oral, percutaneous contact, inhalation, or 
parenteral pathways not only disturbs the expression of genes related to protein translation, signal transduction, 
transcription regulation, and iron homeostasis but also promote an array of adverse effects through multiple mechanisms 
including Ca2+ homeostasis deregulation, altered reactive oxygen species (ROS) generation, inhibition of DNA repair, 
mitochondrial dysfunction, and mitochondrial permeability transition (MPT)-dependent apoptosis.2
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Regardless of the well-developed mechanism of mammalian bioremediation to resist environmental arsenic,1 causal relation-
ships between arsenical exposure and altered ROS generation/mitochondrial dysfunctions have been associated with increased 
risk of breast, skin, bladder, kidney, lung, and liver cancers,3 as well as these various human disorders including neurotoxicity, 
cardiovascular disease (CVD), diabetes, gastrointestinal disturbances, liver failures, and renal dysfunctions through inducing 
endoplasmic reticulum (ER)- and oxidative stress-related damages.4–7 In laboratory conditions, a recent study from our team 
initially confirmed oxidative stress-related damage in mammalian gametes caused by arsenic exposure,8 consistent with the 
findings of these substantial publications related to arsenic exposure-induced reproductive toxicities.9,10 Most importantly, shreds 
of evidence also suggest that arsenic exposure is positively associated with alterations in DNA methylation and histone 
maintenance in mammalian cells, animal models, and humans,11 leading to the transgenerational genotoxicity of arsenic 
exposure12 and raising concerns about the effects of arsenic exposure on environmental risk and public health.

In addition, compelling literature has revealed positive corrections between arsenical exposure and nephrotoxicity by 
promoting oxidative stress-related damage, inflammation, and apoptosis.13–15 Moreover, González-Cortés et al confirmed 
that arsenic exposure disrupted the mammalian extracellular matrix (ECM) remodeling process by altering the expression 
patterns of genes including matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs),16 in 
turn, resulted in an imbalance between excessive synthesis and reduced ECM component breakdown and triggered 
progressive renal fibrosis and renal dysfunctions including glomerulosclerosis and end-stage renal diseases.17,18

Over the past decades, natural or synthetic antioxidants such as naringenin,19 sodium selenite (Na2SeO3),20,21 betaine,15 

bosentan,14 tetramethylpyrazine,22 and chlorogenic acid23 have been used to combat arsenic exposure-induced nephrotoxicity. 
Encouragingly, these previous publications have confirmed the protective effects of nanotechnology functionalized selenium 
(Se) nanomedicines including chitosan Se nanoparticles (NPs), porous Se@SiO2 nanospheres, Se@BSANPs, starch- 
stabilized SeNPs, Trolox functionalized SeNPs, and lycopene-coated SeNPs against the renal injuries in rats, making the 
aforementioned Se nanomaterials with excellent antioxidant activity and low toxicity a hotspot.24–39 Whereas, the potential 
effects of SeNPs administration on arsenic exposure-mediated nephrotoxicity by alleviating fibrosis, inflammation, oxidative 
stress-related damage, and apoptosis has not been reported.

To confirm the hypothesis that SeNPs interventions protect against arsenic exposure-mediated nephrotoxicity by ameliorating 
fibrosis, inflammation, oxidative stress-related damage, and apoptosis, we fabricated SeNPs using a one-step chemical synthesis 
routine with nephroprotective effects of SeNPs interventions against in vivo NaAsO2 exposure-induced renal nephrotoxicity 
assessed by biochemical, molecular, and histopathological assays including renal function, histological injury, fibrosis, inflam-
mation, oxidative stress-related damage, and apoptosis. In addition, the potential effect of SeNPs supplementation on inflamma-
tion, oxidative stress-related damage, and apoptosis of in vitro NaAsO2-exposed renal tubular duct epithelial (HK2) cells were 
analyzed to determine the nephroprotective effect of SeNPs interventions against arsenic exposure-induced nephrotoxicity.

Materials and Methods
Chemicals
Unless otherwise indicated, all chemicals and culture media used in this study were purchased from Sigma-Aldrich 
(Shanghai, China) and Thermo Fisher (Shanghai, China).

Animals and Ethics Statement
All animal-related experimental protocols applied in this study were conducted according to the standards of the Ethics 
Committee of Inner Mongolia People’s Hospital. Male (5-week-old) C57BL/6 mice, obtained from Beijing SiPeiFu 
Biotechnology Company, were housed in polyethylene veterinary cages under controlled environmental conditions 
(temperature: 20–22°C, relative humidity: 60 ± 10% and 12-h light/dark cycles) with a standard balanced rodent diet 
and water supplied and consumed ad libitum.

Synthesis and Characterization of SeNPs
Based on previous literature with small modifications, the synthesis of SeNPs was carried out by a versatile and green 
method.40,41 Briefly, 4 g of sodium selenite (Na2SeO3, S5261, Sigma-Aldrich, Shanghai, China) and 4 g of glucose 
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(G6172, Macklin, Shanghai, China) were dissolved in 200 mL of 50% ethylene glycol solution (E808737, Macklin, 
Shanghai, China). After pH was adjusted to 7.2, the reactants were stirred at a constant speed until red signals appeared. 
The by-product and excess reactants were separated by dialysis for 4 d with a 1000 Da dialysis bag (YA1035, Solarbio, 
Beijing, China) with the freeze-drying for a subsequent 48 h conducted with a freeze-drying machine to obtain SeNPs. 
The size and morphology of SeNPs were analyzed by scanning electron microscopy (SEM). In addition, the composi-
tional analysis of SeNPs was performed by an energy dispersive analysis of X-ray spectroscopy (EDAX) microanalysis 
system coupled with SEM.

Biosafety Assessment of SeNPs
To confirm the in vivo biosafety of SeNPs administration, 18 mice were randomly divided into two experimental 
groups (n = 9 per group). For daily drug exposure, the SeNPs administration group was intragastrically adminis-
tered with 1.0 mg/kg body weight of SeNPs, while the negative control (NC) group was intragastrically 
administered with the same volume of normal saline.23,29 After 14 d of daily drug administration, the plasma of 
all mice was collected before the mice sacrifice by cervical dislocation. Subsequently, the liver and kidney 
functions of each group were analyzed by assessing plasma levels of alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), blood urea nitrogen (BUN), and creatinine (CRE) with an automated chemical analyzer 
(AU5800, Beckman, Shanghai, China). In addition, plasma inflammation levels in each group were confirmed by 
assessing plasma levels of IL-1β and IL-10 with commercial enzyme-linked immunosorbent assay (ELISA) kits 
(88-7013-88 for IL-1β and 88-7105-88 for IL-10, Thermo Fisher, Shanghai, China) according to the manufac-
turer’s instructions.

Drug Treatment
After acclimation for 7 d, 25 mice were randomly divided into five experimental groups (n=5 per group) as follows: 
negative control group (NC group, intragastrically administered with normal saline), NaAsO2 group (intragastrically 
administered with 5 mg/kg body weight of NaAsO2), 0.5 mg/kg SeNPs group (intragastrically administered with 5 mg/kg 
body weight of NaAsO2 and 0.5 mg/kg body weight of SeNPs), 1 mg/kg SeNPs group (intragastrically administered with 
5 mg/kg body weight of NaAsO2 and 1 mg/kg body weight of SeNPs), and 2 mg/kg SeNPs group (intragastrically 
administered with 5 mg/kg body weight of NaAsO2 and 2 mg/kg body weight of SeNPs). The concentration and 
treatment periods of NaAsO2 and SeNPs applied in the present study were selected based on these former publications 
with small modifications.23,29 In addition, the mice were intragastrically administered with different concentrations of 
SeNPs 1 h before the administration of NaAsO2. According to the experimental design, the mice of each group were 
daily administered the corresponding drugs for 4 consecutive weeks.

Organ Index Analysis
After drug treatment, the body weight of each mouse was recorded, followed by the collection of plasma and mice 
sacrifice by cervical dislocation according to the departmental protocols.

After the removal of fat tissues and through washes with phosphate buffer saline (PBS), the wet weight of bilaterally renal 
tissues in each sacrificed mouse was recorded with the renal index analyzed as the wet weight of renal tissue/body weight×100%. 
After calculating the renal index, renal tissues of each group were dissected into pieces (5 mm × 5 mm × 5 mm) by surgical 
blades, thoroughly washed with PBS solution, and randomly assigned with 30 pieces kept in 10% neutral buffered formalin 
solution (G2161, Solarbio, Beijing, China) for histological assay, 30 pieces kept in liquid nitrogen for PCR assay, and 30 pieces 
kept on the freshly prepared ice for tissue homogenization and biochemical analysis.

Renal Function Analysis
To analyze the ameliorative effect of SeNPs interventions against the renal dysfunctions caused by in vivo NaAsO2 

exposure, renal function in each group was analyzed with plasma levels of BUN and CRE in each group detected with an 
automated chemical analyzer.
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Histological Staining
Based on the results of renal index and kidney function, the concentrations of SeNPs were optimized for the following 
experiments. Subsequently, renal tissues from the NC, NaAsO2, and SeNPs groups were collected, fixed in 10% neutral 
buffered formalin solution at room temperature for 24 h, and embedded in paraffin. After the preparation of 3 μm sections 
according to the departmental protocols,42 the sections were stained with a commercial hematoxylin and eosin staining 
(HE) kit (G1120, Solarbio, Beijing, China), a Masson trichrome staining kit (G1345, Solarbio, Beijing, China), or 
a glycogen periodic acid Schiff (PAS/Hematoxylin) staining kit (G1281, Solarbio, Beijing, China) to confirm the tubular 
injury, inflammation, and fibrosis levels in each group. Moreover, Van Gieson staining, Resorcinol staining, and Alcian 
blue staining were applied to confirm the ameliorative effect of SeNPs interventions on the altered ECM remodeling 
process in the NaAsO2-exposed renal tissues.43

Immunohistochemistry Staining
To analyze the ameliorative effect of SeNPs interventions on the altered fibrosis, inflammation, and apoptosis in the 
NaAsO2-exposed renal tissues, immunohistochemistry (IHC) staining of proteins related to fibrosis (α-SMA and 
Fibronectin), inflammation (IL-1β and IL-10), and apoptosis (Bax and Bcl-2) in each group were performed according 
to the departmental protocols.44

Briefly, after dewaxing, gradient rehydration, and antigen retrieval, the paraffin sections of each group were incubated 
with 10% bovine albumin (BSA, V900933, Sigma-Aldrich, Shanghai, China) at 37 °C for 30 min. The sections after 
BSA blocking were subsequently incubated with primary antibodies at 4 °C overnight. Detailed information about the 
primary antibodies used in this study has been supplemented in Supplementation Table 1.

After incubation of primary antibodies, the sections were rinsed three times with PBS solution supplemented with 1% 
Tween 20 (T8220, Solaribo, Beijing, China) and then incubated with goat anti-rabbit-HRP secondary antibodies (with 
1:300 diluted concentrations in PBS solution, ZDR-5306, ZSGB-BIO, Beijing, China) at 25 °C for 2 h. After secondary 
antibody incubation, the sections were incubated with DAB substrate chromogen solution (DA1010, Solarbio, Beijing, 
China) at 25 °C for 3 min, followed by counter-staining of hematoxylin solution for 5 min and section sealing with 
neutral balsam (G8590, Solarbio, Beijing, China). These sealed sections were examined in a blinded fashion under a light 
microscope (CI-L, Nikon, Tokyo, Japan) with positive IHC staining intensity of each protein in different groups 
calculated by Image J software.

ELISA
To confirm the ameliorative effect of SeNPs interventions on altered inflammation in NaAsO2-exposed renal tissues, 
plasma levels of IL-1β and IL-10 in each group were analyzed by commercial ELISA kits according to the manufac-
turer’s instructions.

Assays of Antioxidant Potentials
After tissue homogenization, the levels of SOD, GSH, CAT, and MDA in NaAsO2-exposed renal tissues were analyzed 
by commercial assay kits (performed in triplicate, S0109 for SOD, S0052 for GSH, BC0205 for CAT, and S0131 for 
MDA, Beyotime, Shanghai, China) to analyze the ameliorative effect of SeNPs interventions on disturbed antioxidant 
potentials in the NaAsO2-exposed renal tissues.

PCR Assay
To analyze the ameliorative effect of SeNPs interventions on the abnormal expression levels of genes related to 
antioxidant (Sod2, Gpx, and Catalase), fibrosis (α-SMA and Fibronectin), inflammation (IL-1β and IL-10), and apoptosis 
(Bax and Bcl-2) in the NaAsO2-exposed renal tissues, total RNA from each group were extracted by Trizol solution 
(79,306, Thermo Fisher, Shanghai, China) according to the departmental protocols.43

The reversed syntheses of cDNA were conducted using a commercial Prime ScriptTM RT reagent kit (RR047A, 
Takara, Dalian, China), followed by real-time PCR analyses within a Pikoreal system. Gene expression levels between 
different groups were calculated using the 2−ΔΔCt method with the ubiquitously expressed GAPDH gene used as internal 
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control.42 The primers for reverse transcription PCR and real-time PCR analyses in the current study have been 
supplemented in Supplementation Table 2.

Cell Culture, Drug Treatment, and Experimental Group Setting
HK2 cells (renal tubular duct epithelial cells), validated by the short tandem repeat (STR) profiling, were purchased from 
the Cell Bank of Procell Life Science & Technology Company (Wuhan, China) and cultured with the culture medium as 
Dulbecco’s modified eagle medium (DMEM, 11965092, Thermo Fisher, Shanghai, China) supplemented with 10% fetal 
bovine serum (FBS, 10099141C, Thermo Fisher, Shanghai, China) and 100 IU/mL penicillin/streptomycin antibodies (P/ 
S, 15070063, Thermo Fisher, Shanghai, China) in a CO2 incubator (37.0 °C, 5% CO2).

For in vitro exposure to NaAsO2, 5 ng/mL NaAsO2 was dissolved in the culture medium with the experimental group 
set as NaAsO2 group.45 In addition, NaAsO2-exposed HK2 cells were supplemented with 50, 100, and 200 μg/mL SeNPs 
solution.46 Moreover, HK2 cells treated with a basic culture medium, instead of NaAsO2 or SeNPs exposure, were set as 
the normal control group (NC group). After drug treatment in a CO2 incubator (37.0 °C, 5% CO2) for 24 h, HK2 cells 
from each group were collected for the following assays.

Viability Assay
According to the departmental protocols, an MTT assay was applied to confirm the potential effect of SeNPs supple-
mentation on the viability deficiency of renal cells induced by in vitro NaAsO2 exposure and optimize the SeNPs 
concentration applied for the following assay.

After drug treatment, 10 μL MTT reagents (5 mg/mL, C0009S, Beyotime, Shanghai, China) were added to the culture 
medium of different groups with culture plates incubated at 37 °C for another 4 h. After the addition of 100 μL dimethyl 
sulfoxide (DMSO, CD4731, Coolaber, Beijing, China) solution and subsequent incubation at 37 °C for 3 h, the 
absorbance at 570 nm of culture plates was measured by a microplate reader with the optimization of SeNPs concentra-
tion further analyzed.

Assays of Cellular Inflammation Level
After drug treatment, the potential effect of SeNPs supplementation against inflammation in renal cells induced by 
in vitro NaAsO2 exposure was analyzed by ELISA with the supernatant levels of IL-1β and IL-10 in each group analyzed 
according to the manufacturer’s instructions.

Mitochondrial Function Analysis
According to the departmental protocols, the effect of SeNPs supplementation on mitochondrial dysfunctions in renal 
cells induced by in vitro NaAsO2 exposure was analyzed by assessing mitochondrial activity and Mitochondrial 
Membrane Potentials (ΔΨm) of renal cells by MitoTracker staining and JC-1 staining.8

For MitoTracker staining, HK2 cells after drug treatments were thoroughly washed with Dulbecco’s phosphate 
buffered saline solution (DPBS, 14190250, Thermo Fisher Scientific, Beijing, China) and incubated with 4% parafor-
maldehyde solution (PFA, P1110, Solarbio, Beijing, China) at room temperature for 15 min. Subsequently, HK2 cells 
from each group were incubated with 200 nM MitoTracker staining solution (C1049, Beyotime, Shanghai, China) at 37 
°C for 30 min. After incubation of 10 μg/mL DAPI staining solution (C0065, Solarbio, Beijing, China), the MitoTracker 
staining density of each group was analyzed by Image J software.

For JC-1 staining, HK2 cells after PFA fixation were incubated with 10 μM JC-1 staining solution (C2006, Beyotime, 
Shanghai, Zhejiang, China) at 37 °C for 20 min, followed by further incubation of DAPI staining solution and subsequent 
analysis of staining intensity by Image J software.

ROS Generation Assay
To analyze the ameliorative effect of SeNPs supplementation on antioxidant abnormality of renal cells caused by in vitro 
NaAsO2 exposure, ROS generation level of HK2 cells was detected with a ROS generation assay kit (S0033, Beyotime, 
Shanghai, China) according to the manufacturer’s instructions.8
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Briefly, HK2 cells after drug treatments were incubated with 10 μM dichlorofluorescein diacetate solution (DCFH-DA) at 
37 °C for 30 min and re-incubated with DAPI staining solution with the ROS generation level of each group observed under 
a confocal microscope and quantification of DCFH-DA staining intensity in each group conducted by Image J software.

Assays of Cellular Antioxidant Potentials
To further confirm the potential effect of SeNPs supplementation on altered antioxidant potentials of renal cells induced 
by in vitro NaAsO2 exposure, the levels of SOD, GSH, CAT, and MDA of each group were analyzed by commercial 
assay kits according to the manufacturer’s instructions.

Assays of Cellular Apoptosis
To analyze the potential effect of SeNPs supplementation on apoptosis of renal cells induced by in vitro NaAsO2 

exposure, expression of apoptosis-related proteins (γH2A) in HK2 cells was analyzed by immunofluorescence (IF) 
staining.8

Briefly, HK2 cells from each group were washed three times with DPBS solution containing 1% Tween 20 solution 
and fixed with 4% PFA at 37 °C for 30 min. Subsequently, HK2 cells were permeabilized with 0.5% Triton X-100 
solution (T8200, Solarbio, Beijing, China) at 37 °C for 30 min and incubated with 5% BSA solution (SW3015, Solarbio, 
Beijing, China) at 37 °C for 30 min. HK2 cells were then incubated with primary antibody at 4 °C overnight. Detailed 
information about γH2A antibody has been supplemented in Supplementation Table 1.

After incubation of Alexa Fluor® 555 secondary antibody (with 1:300 dilutions in DPBS solution, ab150074, Abcam, 
Shanghai, China) for 1 h, HK2 cells from each group were incubated with the DAPI staining solution, mounted on glass slides, 
and examined under a confocal microscope with the γH2A staining intensity of each group calculated by Image J software.

Statistical Analysis
Analyses of experimental data in this study were carried out with the Statistical Package for the Social Sciences (SPSS, 
IBM, Version 19.0). All descriptive statistics were presented as mean ± standard deviation (SD) and assessed by 
parametric (one-way ANOVA LSD test) and nonparametric (Wilcoxon) tests, based on the results of residual normality 
(Gaussian distribution) and variance homogeneity. Differences were considered significant at p<0.05.

Results
Characterization and Biocompatibility of SeNPs
As shown in Figure 1A, TEM images of SeNPs and micrograph assays confirmed the spherical structure of SeNPs with 
a diameter of 40–60 nm (Figure 1B). XRD pattern of SeNPs showed a broad peak at about 2θ = 22◦ (Figure 1C). There 
were no sharp and narrow diffraction peaks in the XRD spectra of SeNPs. In addition, the XRD peak shape results 
suggested the same amorphous structure of SeNPs compared to previous studies.47,48

When compared with the NC group, non-significant changes in plasma parameters including BUN, CRE, ALT, and 
AST were found in the SeNPs administration group (Figure 1D–G, p>0.05). Evidenced by these non-significant 
differences in the plasma parameters including IL-1β (Figure 1H) and IL-10 (Figure 1I) between the SeNPs and NC 
groups (p>0.05), the above results, notably demonstrated the excellent biocompatibility and safe nature of SeNPs 
prepared in this study.

Effect of SeNPs Interventions on Renal Dysfunctions Caused by the in vivo NaAsO2 

Exposure
During the study period, no treatment-related mortality was observed in animals treated with NaAsO2 and/or SeNPs. In addition, 
there were no significant differences in renal index between the NC, NaAsO2, and SeNPs groups (Figure 2A, p>0.05).

In contrast, significant increments in plasma BUN and CRE levels in NaAsO2-exposed mice were observed as 
compared to the NC group (Figure 2B and C, p<0.05), confirming the adverse effect of in vivo NaAsO2 exposure on 
mice renal function. Whereas, SeNPs interventions effectively attenuated NaAsO2 exposure-induced renal dysfunctions, 
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as evidenced by the significantly lower plasma levels of BUN and CRE in all SeNPs intervention groups compared to 
those in the NaAsO2 group (p<0.05, Figure 2B and C). Due to the non-significant differences in plasma BUN and CRE 
levels between the 1 mg/kg and 2 mg/kg SeNPs intervention groups (p>0.05, Figure 2B and C), the 1 mg/kg SeNPs 
intervention group was selected for the following experiments.

Effect of SeNPs Interventions on Abnormal Renal Fibrosis Caused by in vivo NaAsO2 

Exposure
As indicated in Figure 3A, the results of HE staining confirmed pathological injuries including glomerular hypertrophy, 
thickening of the tubular basement membrane, deterioration of the renal tubular structure, and peritubular inflammation 
in the mice renal tissues due to in vivo NaAsO2 exposure, consistent with these previous studies.23,49

Meanwhile, the results of PAS staining (Figure 3B) and Masson trichrome staining (Figure 3C) confirmed renal 
fibrosis and collagen disposition in NaAsO2-exposed renal tissues. In contrast, the alleviating effect of SeNPs 

Figure 1 Characterization and biocompatibility of SeNPs. (A) TEM assessment of SeNPs. (B) Particles size distribution of SeNPs. (C) XRD pattern of SeNPs. (D) Plasma 
BUN level. (E) Plasma CRE level. (F) Plasma AST level. (G) Plasma ALT level. (H) Plasma IL-1β level. (I) Plasma IL-10 level. 
Notes: (A) Scale bar= 1 μm. (D–I) NC and SeNPs represent negative control and SeNPs administration groups. The same lowercase letter (a) labeled in each column 
indicates non-significant differences between the NC and SeNPs groups (p>0.05).
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interventions on halting pathological damage and fibrosis in NaAsO2-exposed renal tissues were effectively confirmed by 
the observation of reductions in tubular alternation and collagen disposition in the SeNPs intervention group 
(Figure 3A–C).

Compared to the NC group, the cumulative distribution of glycosaminoglycan in the NaAsO2 group was confirmed by the 
assessment of alcian blue staining (Figure 3D). At the same time, altered glycosaminoglycan level in NaAsO2-exposed renal 
tissues was effectively ameliorated by the SeNPs interventions. Consistent with that of the Masson trichrome staining, the 
result of Resorcinol staining, shown in Figure 3E, revealed interstitial fibrosis caused by in vivo NaAsO2 exposure through 
the promotion of elastin accumulation in renal interstitium. In contrast, altered elastin accumulation in the NaAsO2-exposed 
renal tissues was effectively inhibited by the SeNPs intervention. In the collagen assay, the result of Van Gieson staining 
(Figure 3F) confirmed that in vivo NaAsO2 exposure significantly altered renal collagen distribution. However, SeNPs 
interventions effectively ameliorated the renal collagen distribution caused by in vivo NaAsO2 exposure, confirming the 
beneficial effect of SeNPs interventions on renal fibrosis caused by in vivo NaAsO2 exposure.

The gene and protein expression levels of α-SMA (Figure 3G, I and K) and fibronectin (Figure 3H, J and L) in the 
NaAsO2 group were notably higher than those in the NC group (p<0.05), demonstrating the effect of in vivo NaAsO2 

exposure on inducing renal fibrosis. Effective decreases in gene and protein expression levels of α-SMA and fibronectin 
from the NaAsO2 group to the SeNPs group were found (Figure 3G–L, p<0.05), revealing the recuperative effect of 
SeNPs interventions against fibrosis in NaAsO2-exposed renal tissues.

Effect of SeNPs Interventions on the Increased Oxidative Stress-Related Damage 
Caused by the in vivo NaAsO2 Exposure
Consistent with our former study,8 previous publications have confirmed that arsenic exposures trigger carcinogenicity, 
hepatotoxicity, neurotoxicity, and reproductivity via promoting oxidative stress-related damage.50,51 To confirm the 
potential effect of SeNPs interventions on ameliorating oxidative stress-related damage caused by in vivo NaAsO2 

exposure, antioxidant potentials of each group were analyzed by assessing SOD, GSH, CAT, and MDA levels in mice 
renal tissues. Meanwhile, qRT-PCR of genes related to the regulation of the mammalian antioxidant defense system was 
also conducted.

The results revealed that renal SOD (Figure 4A), GSH (Figure 4B), and CAT (Figure 4C) activities in NaAsO2- 
exposed renal tissues were significantly lower than those in the NC group (p<0.05), whereas MDA activity (Figure 4D) 
in the NaAsO2 group was significantly up-regulated compared to the NC group (p<0.05). Combined with significantly 

Figure 2 Effect of SeNPs interventions on renal dysfunctions caused by in vivo NaAsO2 exposure. (A) Renal index. (B) Plasma BUN level. (C) Plasma CRE level. 
Notes: (A) NC, NaAsO2,0.5 mg/kg SeNPs, 1 mg/kg SeNPs, and 2 mg/kg SeNPs represent negative control, 10 mg/kg NaAsO2 exposure, 10 mg/kg NaAsO2 supplemented 
with 0.5 mg/kg SeNPs, 10 mg/kg NaAsO2 supplemented with 1 mg/kg SeNPs, and 10 mg/kg NaAsO2 supplemented with 2 mg/kg SeNPs groups. The same lowercase letter 
(a) labeled in each column indicates non-significant differences between the corresponding experimental groups (p>0.05). (B and C) NC, NaAsO2,0.5 mg/kg SeNPs, 1 mg/kg 
SeNPs, and 2 mg/kg SeNPs represent negative control, 10 mg/kg NaAsO2 exposure, 10 mg/kg NaAsO2 supplemented with 0.5 mg/kg SeNPs, 10 mg/kg NaAsO2 

supplemented with 1 mg/kg SeNPs, and 10 mg/kg NaAsO2 supplemented with 2 mg/kg SeNPs groups. Different lowercase letters (a, b, c, etc.) labeled in each column 
indicate significant differences between the corresponding experimental groups (p<0.05).
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lower expression levels of Sod2, Gpx, and Catalase in the NaAsO2 group compared with those in the NC group 
(Figure 4E–G, p<0.05), these results confirmed the effect of NaAsO2 exposure on triggering oxidative stress-related 
damage in mice renal tissues.

We found that the renal SOD, GSH, and CAT activities in the SeNPs group were effectively up-regulated compared to 
the NaAsO2 group (p<0.05). In terms of the renal MDA activity assay, the results showed that SeNPs interventions 
effectively inhibited the altered renal MDA activity due to NaAsO2 exposure (p<0.05). Along with remarkably elevated 
expression levels of Sod2, Gpx, and Catalase in the SeNPs group compared to those in the NaAsO2 group (p<0.05), these 

Figure 3 Effect of SeNPs interventions on abnormal renal fibrosis caused by in vivo NaAsO2 exposure. (A) HE staining. (B) PAS staining. (C) Masson trichrome staining. (D) 
Alcian blue staining. (E) Resorcinol staining. (F) Van Gieson staining. (G) IHC staining of α-SMA. (H) IHC staining of fibronectin. (I) Relative staining intensity of α-SMA. (J) 
Relative staining intensity of fibronectin. (K) α-SMA expression. (L) Fibronectin expression. 
Notes: (A–G) NC, NaAsO2, and SeNPs represent negative control, NaAsO2 exposure, and NaAsO2 supplemented with SeNPs groups. Scale=50 μm. (H) NC, NaAsO2, 
and SeNPs represent the negative control, NaAsO2 exposure, and NaAsO2 supplemented with SeNPs groups. Scale=50 μm. (I and J) NC, NaAsO2, and SeNPs represent 
the negative control, NaAsO2 exposure, and NaAsO2 supplemented with SeNPs groups. Scale=50 μm. (K and L) NC, NaAsO2, and SeNPs represent negative control, 
NaAsO2 exposure, and NaAsO2 supplemented with SeNPs groups. Different lowercase letters (a, b, c, etc.) labeled in each column of each panel indicate significant 
differences between the corresponding experimental groups (p<0.05).
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noteworthy results suggested the promising effect of SeNPs interventions on attenuating oxidative stress-related damage 
induced by in vivo NaAsO2 exposure.

Effect of SeNPs Interventions on Abnormal Renal Inflammation and Altered Apoptosis 
Caused by the in vivo NaAsO2 Exposure
Inflammation levels in each group were analyzed by IHC staining, qRT-PCR, and ELISA of IL-1β and IL-10 in mice plasma 
and renal tissues to confirm whether SeNPs interventions could protect against NaAsO2 exposure-induced renal inflammation.

As shown in Figure 5, the results of ELISA and IHC staining confirmed that in vivo NaAsO2 exposure not only 
promoted the expression level of IL-1β in mice renal tissues and release of IL-1β into plasma (Figure 5A, C and D) but 
also severely inhibited the expression level of IL-10 in mice renal tissues and release of IL-10 into plasma (Figure 5B, 
E and F), which was consistent with the gene expression patterns of IL-1β and IL-10 between the NC and NaAsO2 groups 
(Figure 5K and L, p<0.05).

In contrast, the expression patterns of IL-1β and IL-10 in mice plasma and renal tissues after the SeNPs interventions 
confirmed the negative corrections between SeNPs interventions and NaAsO2 exposure-induced renal inflammation, as 
evidenced by the different protein and gene expression patterns of IL-1β and IL-10 between the SeNPs and NaAsO2 

groups (p<0.05). In addition, protein and gene expression levels of IL-1β in mice renal tissues after SeNPs intervention 

Figure 4 Effect of SeNPs interventions on increased oxidative stress-related damage caused by in vivo NaAsO2 exposure. (A) Renal SOD activity. (B) Renal GSH activity. 
(C) Renal CAT activity. (D) Renal MDA activity. (E) Sod2 expression. (F) Catalase expression. (G) Gpx expression. 
Notes: (A, B and D) NC, NaAsO2, and SeNPs represent negative control, NaAsO2 exposure, and NaAsO2 supplemented with SeNPs groups. Different lowercase letters 
(a, b, c, etc.) labeled in each column indicate significant differences between the corresponding experimental groups (p<0.05). (C) NC, NaAsO2, and SeNPs represent 
negative control, NaAsO2 exposure, and NaAsO2 supplemented with SeNPs groups. Different lowercase letters (a, b, c, etc.) in each column indicate significant differences 
between the corresponding experimental groups (p<0.05). (E–G) NC, NaAsO2, and SeNPs represent negative control, NaAsO2 exposure, and NaAsO2 supplemented with 
SeNPs groups. Different lowercase letters (a, b, c, etc.) labeled in each column of each panel indicate significant differences between the corresponding experimental groups 
(p<0.05).
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Figure 5 Effect of SeNPs interventions on abnormal renal inflammation and altered apoptosis caused by the in vivo NaAsO2 exposure. (A) Plasma IL-1β levels. (B) Plasma IL-10 
levels. (C) IHC staining of IL-1β. (D) Relative staining intensity of IL-1β. (E) IHC staining of IL-10. (F) Relative staining intensity of IL-10. (G) IHC staining of Bax. (H) Relative 
staining intensity of Bax. (I) IHC staining of Bcl-2. (J) Relative staining intensity of Bcl-2. (K) IL-1β expression. (L) IL-10 expression. (M) Bax expression. (N) Bcl-2 expression. 
Notes: (A) NC, NaAsO2, and SeNPs represent negative control, NaAsO2 exposure, and NaAsO2 supplemented with SeNPs groups. Different lowercase letters (a, b, c, 
etc.) in each column indicate significant differences between the corresponding experimental groups (p<0.05). (B, D, F, H and J) NC, NaAsO2, and SeNPs represent 
negative control, NaAsO2 exposure, and NaAsO2 supplemented with SeNPs groups. Different lowercase letters (a, b, c, etc.) labeled in each column indicate significant 
differences between the corresponding experimental groups (p<0.05). (C, E, G and I) NC, NaAsO2, and SeNPs represent negative control, NaAsO2 exposure, and NaAsO2 

supplemented with SeNPs groups. Scale=50 μm. (K–M) NC, NaAsO2, and SeNPs represent negative control, NaAsO2 exposure, and NaAsO2 supplemented with SeNPs 
groups. Different lowercase letters (a, b, c, etc.) labeled in each column of each panel indicate significant differences between the corresponding experimental groups 
(p<0.05).
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were effectively suppressed, consistent with ELISA results. Compared with those in the NaAsO2 group, the remarkably 
up-regulated IL-10 expression level in the SeNPs group (p<0.05) promisingly revealed the beneficial effect of SeNPs 
interventions against renal inflammation caused by the in vivo NaAsO2 exposure.

As shown in Figure 5, we found that the Bax staining intensity in the NaAsO2 group was significantly higher than that 
in the NC group (Figure 5G and H, p<0.05), whereas the Bcl-2 staining intensity in the NaAsO2 group was significantly 
lower than that in the NC group (Figure 5I and J, p<0.05), confirming the adverse effect of NaAsO2 exposure on 
exacerbating the renal development through upstreaming cellular apoptosis.23,52 We also found that SeNPs interventions 
not only inhibited Bax staining intensity (Figure 5G and H, p<0.05) but also remarkably promoted Bcl-2 staining 
intensity in NaAsO2-exposed mice renal tissues (Figure 5I and J, p<0.05). Combined with the expression patterns of Bax 
and Bcl-2 (Figure 5M and N), indicating apoptosis in mice renal tissues, the above results provided a pleasant condition 
that SeNPs interventions could efficaciously avert renal inflammation and apoptosis caused by the in vivo NaAsO2 

exposure.

Effect of SeNPs Supplementation on Fibrosis, Oxidative Stress-Related Damage, 
Inflammation, and Apoptosis in NaAsO2-Exposed HK2 Cells
Compared to the NC group, the viability of HK2 cells exposed to NaAsO2 was significantly reduced (Supplementation Figure 1, 
p<0.05), confirming NaAsO2-induced cytotoxicity in HK2 cells.22 In contrast, SeNPs supplementation effectively ameliorated 
the decreased viability of NaAsO2-exposed HK2 cells, as demonstrated by the remarkably increased viability of SeNPs 
supplementation groups (Supplementation Figure 1, p<0.05). Based on the MTT result, 100 μg/mL SeNPs supplementation 
was selected for the following assay due to the non-significant difference existing in viability between the 100 and 200 μg/mL 
SeNPs supplementation groups (p>0.05).

As for the effect assessment of SeNPs supplementation on mitochondrial dysfunctions in NaAsO2-exposed HK2 cells, 
the severe decrease in MitoTracker staining intensity (Figure 6A and B, p<0.05) and ΔΨm potentials (relative J-AGG/ 
J-MON ratio, Figure 6C and D, p<0.05) from the NC group to the NaAsO2 group confirmed mitochondrial dysfunctions 
in NaAsO2-exposed HK2 cells. In contrast, SeNPs supplementation not only ameliorated the reduced staining intensity of 
MitoTracker in HK2 cells caused by NaAsO2 exposure (p<0.05) but also inhibited altered ΔΨm potentials of the NaAsO2 

-exposed HK2 cells (p<0.05), confirming the beneficial effect of SeNPs supplementation on the mitochondrial functions 
of NaAsO2-exposed HK2 cells.

As shown in Figure 6E and F, we also found that DCFH-DA staining intensity in the NaAsO2 group was seriously 
increased compared to that in the NC group (p<0.05), confirming that NaAsO2 exposure promoted ROS generation in 
HK2 cells. Whereas, altered ROS generation level in NaAsO2-exposed HK2 cells was efficaciously attenuated after 
SeNPs supplementation, as evidenced by a significant difference in DCFH-DA staining intensity between the NaAsO2 

and SeNPs groups (p<0.05).
In addition, SOD, GSH, and CAT activities in the NaAsO2-exposed HK2 cells were seriously reduced compared to 

those in the NC group (Figure 6G–I, p<0.05), consistent with the above in vivo results. Combined with elevated MDA 
activity in the NaAsO2 group compared to the NC group (Figure 6J, p<0.05), these biochemical content assays confirmed 
the potential effect of NaAsO2 exposure on triggering oxidative stress-related damage in HK2 cells. After SeNPs 
supplementation, SOD, GSH, and CAT activities in HK2 cells were effectively increased compared to those in the 
NaAsO2 group (p<0.05). Regardless of the significant differences found in SOD, GSH, and CAT activities between the 
SeNPs and NC groups (p<0.05), the decreased MDA activity in the SeNPs group compared to that in the NaAsO2 group 
(p<0.05) at least confirmed the ameliorative effects of SeNPs supplementation on attenuating oxidative stress-related 
damage induced by NaAsO2 exposure.

For inflammation evaluations, the ELISA results, shown in Figure 6K and L, confirmed that NaAsO2 exposure not 
only remarkably promoted IL-1β level in HK2 cells (p<0.05) but effectively inhibited IL-10 level in HK2 cells (p<0.05). 
After SeNPs supplementation, altered expression levels of IL-1β and IL-10 levels in NaAsO2-exposed HK2 cells were 
effectively ameliorated.
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Figure 6 Effect of SeNPs supplementation on inflammation, oxidative stress-related damage, and apoptosis in NaAsO2-exposed HK2 cells. (A) Representative MitoTracker staining 
result. (B) Relative staining intensity of MitoTracker. (C) Representative JC-1 staining result. (D) Relative staining ratio of J-AGG/J-MON. (E) Representative DCFH-DA staining result. 
(F) Relative staining intensity of DCFH-DA. (G) SOD activity of HK2 cells. (H) GSH activity of HK2 cells. (I) CAT activity of HK2 cells. (J) MDA activity of HK2 cells. (K) IL-1β level of HK2 
cells. (L) IL-10 level of HK2 cells. (M) Representative IF staining results of γH2A. (N) Relative staining intensity of γH2A. 
Notes: (A) NC, NaAsO2, and SeNPs represent negative control, NaAsO2 exposure, and NaAsO2 supplemented with SeNPs groups. MitoTracker represents MitoTracker 
staining specific for mitochondrial activity. DAPI represents DAPI staining. Scale bar=50 μm. (B, F–L and M) NC, NaAsO2, and SeNPs represent negative control, NaAsO2 

exposure, and NaAsO2 supplemented with SeNPs groups. Different lowercase letters (a, b, c, etc.) labeled in each column indicate significant differences between the 
corresponding experimental groups (p<0.05). (C) NC, NaAsO2, and SeNPs represent negative control, NaAsO2 exposure, and NaAsO2 supplemented with SeNPs groups. 
Different lowercase letters (a, b, c, etc.) labeled in each column indicate significant differences between the corresponding experimental groups (p<0.05). (D) NC, NaAsO2, 
and SeNPs represent negative control, NaAsO2 exposure, and NaAsO2 supplemented with SeNPs groups. Different lowercase letters (a, b, c, etc.) labeled in each column 
indicate significant differences between the corresponding experimental groups (p<0.05). (E) NC, NaAsO2, and SeNPs represent negative control, NaAsO2 exposure, and 
NaAsO2 supplemented with SeNPs groups. Different lowercase letters (a, b, c, etc.) labeled in each column indicate significant differences between the corresponding 
experimental groups (p<0.05). (M) NC, NaAsO2, and SeNPs represent negative control, NaAsO2 exposure, and NaAsO2 supplemented with SeNPs groups. Different 
lowercase letters (a, b, c, etc.) labeled in each column indicate significant differences between the corresponding experimental groups (p<0.05).
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Finally, the results of the apoptosis assay showed that the IF staining intensity of γH2A (Figure 6M and N) in HK2 
cells was significantly increased after NaAsO2 exposure as compared with that in the NC group (p<0.05), suggesting the 
detrimental effect of NaAsO2 exposure on the apoptosis of HK2 cells. In contrast, a reduction in the positive staining 
signals of γH2A was observed in the SeNPs group compared to that in the NaAsO2 group (p<0.05), which was highly 
indicative of the nephroprotective effect of SeNPs supplementation against the cytotoxicity of NaAsO2 exposure via 
alleviating the NaAsO2 exposure-induced inflammation, oxidative stress-related damage, and apoptosis.

Discussion
Decades of previous literature have highlighted the nephrotoxicity caused by overdosed exposures to a variety of 
nephrotoxicants, including environmental chemicals, heavy metals, pesticides, and air pollutants.53,54 Compared with 
other trace elements, arsenic is abundant in the environment and presents serious complications to plants, animals, and 
humans via the trophic transfer through the water-soil-crop-animal-human route.55 As a result of arsenic exposure, 
decreases in the productivity of edible plants lead to tremendous economic losses.55 Regardless of the applications of 
arsenic treatments as a therapeutic agent for solid tumors and acute promyelocytic leukemia (APL),56,57 the clinical 
symptoms and pathophysiological findings of arsenic exposure-mediated nephrotoxicity have been described.58 The 
occupational arsenic exposures in industrial workers triggered large-scale toxicity and clinical nephrotoxicity symptoms 
including hemolysis and acute renal failures. For centuries, numerous epidemiological and animal model studies have 
confirmed the potential associations between arsenic contaminations and nephrotoxicity,23,59 consistent with our finding 
about the renal dysfunctions manifested by the elevated plasma levels of BUN and CRE and histopathological 
alternations in the NaAsO2 exposed mice renal tissues. Given that millions of people are potentially exposed to 
overdosed levels of arsenic, the positive associations between overdosed arsenic exposure in daily life and hazardous 
health outcomes make arsenic exposure-mediated nephrotoxicity a challenge to the global health problem.

While detailed studies examining the mechanisms related to arsenic exposure-mediated nephrotoxicity are desperately 
needed, emphasis is also required on identifying alternative interventions and more functional nutrients to combat or at 
least minimize arsenic exposure-mediated nephrotoxicity. The supplementations of proactive nutrients, including 
resveratrol,60 naringenin,19 mushroom lectin,61 green tea extract,62 taurine,63 and flaxseed oil,64 have been considered 
cost-effective alternatives to ameliorate arsenic exposure-mediated nephrotoxicity. To date and to the best of our 
knowledge, the efficacy of SeNPs supplementations to counteract arsenic exposure-mediated nephrotoxicity or other 
injurious impacts has not been investigated.

According to previous publications, the size similarity between NPs and biomolecules, such as proteins and poly-
nuclear acids, promoted the extensive applications of NPs in biology and clinical medicine.31,65 Due to the physiochem-
ical characteristics including excellent bioavailability, lower toxicity, and advanced therapeutic properties compared to 
those of Se ions, SeNPs with high selenium loading potentials, overwhelms the low therapeutic index of organic and 
inorganic forms of selenocompounds.66,67 Meanwhile, SeNPs have been recognized as a promising tool for adjunctive 
therapies and preclinical researches in drug delivery, diabetes, infections, neurological diseases, nano-biosensor, and 
cancer prevention.68,69 In addition, converging lines of evidence have proved the multiple pharmacological properties 
and favorable therapeutic significances of SeNPs in attenuating renal injuries induced by ischemia/reperfusion, diabetes, 
irradiation, and exposure to drugs and nephrotoxic molecules (such as cisplatin, acetaminophen, glycerol, gentamicin, 
streptozotocin, melamine, and nicotine).27,30,34,35,70 In support of these previous reports, the present study provided 
fundamental evidence that the SeNPs exhibited considerable protective activity against the NaAsO2-induced renal 
dysfunctions.

Prompted by the promising developments in nanotechnology, decades of research related to nanomedicine have 
dramatically expanded our understanding of the positive connections between the synthetic conditions of NPs and their 
structural, optical, and electronic properties, which in turn regulate the functions and biosafety of NPs.71 For the 
development of feasible, safer, inexpensive, large-scale, and environmentally friendly processes for manufacturing of 
SeNPs,71 the trend of SeNPs-related research is now directed towards the different fabrication systems of SeNPs via 
physical, chemical, and biological methods using fungi, bacteria, and plant extract as substrates, causing great scientific 
acclaim in the field of biomedical application of SeNPs.37 In this study, SeNPs were synthesized at room temperature 
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with well-known chemical methods involving Na2SeO3 as the precursor. Moreover, glucose was added as a nontoxic 
stabilizer for the chemical synthesis of SeNPs to avoid the criticized conclusions due to the applications of toxic 
reagents in the chemical synthesis of SeNPs.72,73 Based on these former studies, the nontoxic reducing features of 
glucose supplementation benefit the chemical synthesis process of SeNPs and prevent the aggregations of SeNPs, which 
could be qualified as green chemical synthesis of SeNPs.73,74 The results of plasma parameters (BUN, CRE, ALT, AST, 
IL-1β, and IL-10) between the SeNPs and NC groups demonstrated the excellent biocompatibility and safe nature of 
SeNPs prepared in this study. Nevertheless, the beneficial effect of glucose supplementation on the bioactivity, 
biocompatibility, and bioavailability of SeNPs needs more detailed investigations.

Due to the heterogeneity of nephrotoxicity, the exact pathogenesis mechanism related to the protective effects of 
SeNPs against NaAsO2 exposure-mediated nephrotoxicity remains to be further investigated. However, a bundle of 
shreds of evidence suggests that fibrosis, inflammation, oxidative stress-related damage, and apoptosis are identified 
mechanisms during the pathogenesis of arsenic-mediated nephrotoxicity.23,75,76 In line with these findings, the nephro-
protective effects of SeNPs against NaAsO2-mediated nephrotoxicity were analyzed by the comprehensive assessments 
of fibrosis, inflammation, oxidative stress-related damage, and apoptosis in mice renal tissues and HK2 cells. Expectedly, 
based on the in vivo and in vitro results, we found that the functionalized SeNPs supplementations not only inhibited the 
expression levels of fibrosis-related proteins (α-SMA and fibronectin), pro-inflammatory cytokine (IL-1β), pro-apoptotic 
protein (Bax), and DNA damage related protein (γH2A) but also up-regulated the expression levels of anti-inflammatory 
cytokine (IL-10) and anti-apoptotic protein (Blc-2). Combined with the activities of antioxidant enzymes and expression 
patterns of oxidative stress related markers, the above results confirmed the protective effects of SeNPs against NaAsO2- 
mediated nephrotoxicity via its anti-fibrosis, anti-inflammation, antioxidant, and anti-apoptosis activities.

Despite the above experimental evidence for the protective capacity of SeNPs against NaAsO2-mediated nephrotoxi-
city, the exact causal factors responsible for the ameliorative effects of SeNPs against NaAsO2-mediated nephrotoxicity 
are not fully clear. According to these publications, a complex combination of mechanisms may be involved in the 
NaAsO2-induced toxicity ranging from cytotoxicity, DNA fragmentation, chromatin damage, disruption of antioxidant 
potentials, lipid peroxidation, genomic instability, suppressed immunomodulation, and altered apoptosis,77–79 which were 
partly consistent with the results obtained in the present study. In contrast, accumulating evidence have illustrated that the 
antioxidant SeNPs appears to be more effective than that of other Se compounds such as sodium selenite, selenomethio-
nine, selenium methylselenocysteine, and sodium selenosulfate at inducing the biosynthesis of selenoenzymes (such as 
glutathione peroxidases and thioredoxin reductases) and selenoproteins.80 Beginning with the discovery of GPx as the 
first mammalian selenoprotein in 1973, considerable achievements have been made in the past decades for elucidating the 
physiological roles of selenoenzymes or selenoproteins in the regulation of mammalian antioxidant defense systems by 
reducing tyrosyl radicals in proteins, degrading lipid hydroperoxides, scavenging free radicals, and preventing oxidative 
DNA damages and cell apoptosis.80,81 These former literatures have also confirmed that these characterized selenoen-
zymes or selenoproteins induced by SeNPs effectively diminish the outcomes of disrupted inflammatory response 
cascades such as the increased expression of chemoattractant cytokines, adhesive molecules, fibrogenesis, collagens, 
and metalloproteinase by inhibiting the activation of nuclear factor-κB (NF-κB) or phosphorylation of NF-κB via redox 
related signaling pathways or macrophage signaling transduction pathways.82,83 It is also of interest that the dramatic 
reductions in the inflammatory response cascades decompose the proliferation of fibroblasts and then benefit the anti- 
fibrosis, anti-inflammatory, and antioxidant properties of SeNPs.82 Therefore, we speculated that the counteract capacity 
of SeNPs against NaAsO2-mediated nephrotoxicity may be related to the effective induction of antioxidant defense 
systems by inducing the selenoenzymes or selenoproteins, partly confirmed by the ameliorated Gpx expression levels in 
the NaAsO2 exposed mice renal tissues after the SeNPs treatments. However, more detailed investigations remain 
urgently awaited to elucidate these variable and complex mechanisms.

Of particular significance, we also found that the NaAsO2 exposure triggered the mitochondria dysfunctions in HK2 
cells, partly consistent with the results of our former study.8 Mitochondria dysfunctions mediated nephrotoxicity has been 
heavily studied over past decades but continues to produce new and exciting findings.84 Under pathological disorders, 
mitochondria dysfunctions triggered the damaged integrity of mitochondrial membrane potential (MMP), in turn, 
potentiating the release of a variety of mitochondrial components from the impaired mitochondrial into the cytoplasm 
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or extracellular environment and promoting downstream oxidative stress, fibrosis, and inflammatory response 
cascades.85,86 Moreover, the endonucleases from the mitochondria due to the hyperpermeable mitochondrial membranes 
translocate to the nuclei and cause DNA fragmentation.33,87 The releases of proapoptotic factors from the impaired 
mitochondrial also trigger nephrotoxicity by promoting apoptosis, necrosis, or autophagy.

Due to the vital functions of mitochondria in mammalian renal development, these mitochondria-related therapeutic 
components including elamipretide, CoQ10, and MitoQ have been used in preclinical trials through enhancing the 
mitochondrial functions or dampening the consequences of mitochondrial dysfunctions, including hyperpermeable 
mitochondrial membranes, altered mitochondrial dynamics, oxidative stress, fibrosis, overexpression of cytokines, and 
apoptosis.88 Recent studies related to nanotechnology have also focused on new approaches to either preserve mitochon-
drial functions or promote mitochondrial biogenesis to ameliorate nephrotoxicity induced by cisplatin exposure.84,89 Our 
previous study has confirmed that Se supplementation in the form of nanomaterials effectively promoted mammalian 
mitochondrial functions.90 In the present study, we also found that the mitochondria dysfunctions and the subsequent 
nephrotoxicity consequences of mitochondrial dysfunctions in the NaAsO2 exposed mice renal tissues and HK2 cells 
were effectively ameliorated by the SeNPs supplementation. Nevertheless, the detailed signaling pathways remain to be 
further investigated.

Conclusion
Taken together, the above findings in the present study authentically confirmed the biosafety and nephroprotective effects 
of SeNPs treatments against the NaAsO2 exposure-induced fibrosis via alleviating inflammation, oxidative stress-related 
damage, and apoptosis. And we hope that the nephroprotective effects of SeNPs treatments will benefit drug investiga-
tions based on the special characteristic of SeNPs and this future research related to the clinical applications of SeNPs.
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