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A B S T R A C T   

Human adenovirus (HAdV) can cause severe respiratory infections in immunocompromised patients, but its 
clinical treatment is seriously limited by side effects of drugs such as poor efficacy, low bioavailability and severe 
nephrotoxicity. Trace element selenium (Se) has been found will affect the disease progression of pneumonia, but 
its antivirus efficacy could be improved by speciation optimization. Therefore, herein we performed anti-HAdV 
effects of different Se speciation and found that lentinan (LNT)-decorated selenium nanoparticles (SeNPs) 
exhibited low cytotoxicity and excellent anti-HAdV antiviral activity. Furthermore, SeNPs@LNT reduced the 
HAdV infection-induced mitochondrial damage and excessive production of reactive oxygen species (ROS). It 
was also involved in the repair of host cell DNA damage and inhibition of viral DNA replication. SeNPs@LNT 
inhibited HAdV-induced apoptosis mainly by modulating the p53/Bcl-2 apoptosis signaling pathway. In vivo, 
SeNPs@LNT replenished Se by targeting the infected site through the circulatory system and was involved in the 
synthesis of Glutathione peroxidase 1 (GPx1). More importantly, GPx1 played an antioxidant and immuno
modulatory role in alleviating HAdV-induced inflammatory cytokine storm and alleviating adenovirus pneu
monia in Se-deficient mice. Collectively, this study provides a Se speciation of SeNPs@LNT with anti-HAdV 
activity, and demonstrate that SeNPs@LNT is a promising pharmaceutical candidate for the treatment of HAdV.   

1. Introduction 

Severe adenovirus pneumonia is viral pneumonia and one of the 
most serious types of pediatric pneumonia. Human Adenovirus (HAdV) 
is an enveloped double-stranded DNA virus that can cause respiratory 
tract infection in children [1]. Adenovirus Type 14 (HAdV-14) was 
originally isolated from the Dutch army in 1955 and identified as a 
pathogen causing acute respiratory disease. HAdV-14 belongs to the B 
subgenus of HAdV, which primarily causes respiratory tract infections 
[2]. Compared with general pathogens that only infect the upper res
piratory tract, HAdV-14 that can infect the lower respiratory tract have a 
higher rate of severe pneumonia [3]. HAdV-14 is characterized by its 
rapid onset, rapid transmission, and high mortality rate. It is also the 
primary type responsible for mutated strains. HAdV-14 has caused 

severe outbreaks of respiratory disease and even deaths in both China 
and the United States, and HAdV-55 is a novel virus composed of a 
recombination of the HAdV-11 and HAdV-14 genes, which make up the 
majority of the HAdV-14 genome [4–6]. Once adenovirus pneumonia 
develops into severe pneumonia characterized by acute respiratory 
distress syndrome (Ards), the patient may suffer severe lung injury or 
even die from multiple organ dysfunction syndrome. In patients with 
severe pneumonia caused by adenovirus infection, in addition to the 
respiratory system, other systems are often involved, such as the nervous 
system and digestive system. Severe adenovirus pneumonia often leads 
to serious complications such as nerve damage, liver damage, myocar
dial damage, and shock [7]. The pathogenesis of HAdV-14 infection is 
still not clear and there is no specific drug against HAdV-14 infection, 
the broad-spectrum antiviral and immunotherapy strategies are still 
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adopted in the clinical treatment of HAdV-14 infection. Anti-adenoviral 
drugs have specific antiviral effects against pathogens, which means 
they can solve problems at the source [8,9]. Thus, they have important 
clinical significance for inhibiting the development of diseases. 

The Adenovirus infection antiviral drug can be divided into two main 
categories according to the different antiviral mechanisms, including 
DNA polymerase inhibitors and broad-spectrum antiviral drugs [10,11]. 
Among them, DNA polymerase inhibitors mainly inhibit DNA poly
merase and thus affect the production of viral DNA [12], and 
broad-spectrum antiviral drugs can inhibit viral DNA replication and 
RNA transcription and they are effective for a variety of viral infections 
[13]. As a non-enveloped double-stranded DNA virus, when HAdV in
fects the host cells, the DNA replication process would be carried out in 
the nucleus. Thus, DNA polymerase inhibitors are the common choice 
for specific anti-adenoviral drugs in clinical treatment. Cidofovir is a 
nucleotide analog that can inhibit the HAdV DNA polymerase after 
being converted into the bisphosphate form in the cells, in order to 
terminate the viral DNA chain [14]. At present, cidofovir is a clinically 
recommended drug for the treatment of adenovirus. However, the use of 
cidofovir has certain limitations [15]. For example, the application of 
cidofovir in the early stage of HAdV infection has a higher effective rate. 
However, the early clinical manifestations of children with adenovirus 
pneumonia have no obvious specificity, and it is difficult to distinguish 
them from common respiratory pathogen infections only by physical 
signs and inflammatory indicators which increases the difficulty of early 
clinical identification and diagnosis. More importantly, cidofovir has 
low bioavailability, low cell penetration, and severe nephrotoxicity. Due 
to the lack of medication standards, treatment may cause irreversible 
sequelaes in children [16]. These factors greatly reduce the clinical 
effective treatment of HAdV infection, and miss the best time for 
treatment. 

Lentinan (LNT) is involved in a variety of anti-pathogen and immune 
regulation activities, such as antioxidant, immunomodulatory, anti
tumor, antivirus and antibacterial functions. In order to optimize the 
Bioavailability of LNT and exert its excellent biological activity, the 
structure modification of LNT and nanoparticles is the research hotspot 
[17,18]. In the previous research of Ren G et al., the LNT was selenized 
by the HNO3–Na2SeO3 method to convert the LNT-modified selenium 
nanoparticles (SeNPs). The surface structure and main elements of 
polysaccharides and SeNPs have undergone great changes [19]. LNT 
effectively disperses and stabilizes SeNPs of different sizes through the 
structure of Se–O–C, O–Se–O, and Se––O to improve the bioavailability 
and bioactivity of Se element while retaining the excellent biological 
activity of LNT [20]. In the human body, Se is one of the essential 
micronutrients, and it is related to many metabolic pathways, among 
which the most familiar are the regulation of antioxidant function and 
immune function. Meanwhile, the infection of respiratory viruses such 
as HAdV-14 has a certain correlation with the reduction of Se content in 
the body [21]. As a special form of Se, SeNPs have lower toxicity and 
higher biocompatibility than inorganic Se and organic Se, and retains 
the antioxidant and immunomodulatory functions of Se [22]. More 
importantly, SeNPs is added not only as a carrier to drug synthesis but 
also because of the redox regulation of Se. According to previous studies, 
SeNPs have good applications in cell models and animal models of many 
diseases, including various cancers and infectious diseases [23,24]. In 
the chemotherapy of tumor, SeNPs can not only act as the carrier of drug 
delivery, but also participate in the regulation of protein and DNA 
biosynthesis and the activity of protein kinase C, which can inhibit the 
proliferation of cancer cells [25]. An increasing number of research also 
suggests that SeNPs could be used as a potential immunotherapy. SeNPs 
interact directly with innate immune cells such as macrophages, den
dritic cell, and natural killer cell, to regulate the activation of anti-cancer 
molecular signaling pathway, cell polarization, activation of cytokines, 
and then influence the innate immune response. In addition, SeNPs can 
promote T cell proliferation, differentiation, secretion, receptor 
expression and cytotoxicity, and then regulate the adaptive immunity. 

Recent studies on SeNPs as adjuvant for viral vaccine have shown that 
SeNPs can modulate the expression of GPxs in immune cells, enhance 
immunity and modulate redox activity, effectively improve its function 
and responsiveness to vaccination [26]. SeNPs have potential in the 
development of anti-cancer, anti-infection and anti-inflammatory ther
apeutic strategies [27,28]. Among them, SeNPs works mainly by con
verting to selenoproteins in vivo [29]. Glutathione peroxidase (GPx), as 
an important selenoprotein in the body, plays an important role in 
antioxidant defense [30]. At the same time, selenoproteins have a reg
ulatory effect on immune cells in inflammatory environments and the 
immune homeostasis changes induced by inflammatory factors pro
duced by them [31]. Previous studies have shown that in the case of 
respiratory virus infection, the Se content and GPx in the body tend to 
decrease, indicating that the metabolism of Se is closely related to virus 
infection [32–34]. While, our prior investigation revealed that SeNPs 
lacking surface decoration exhibited significant aggregation and pre
cipitation, rendering them unsuitable for the intended application. In 
contrast, surface-decorated SeNPs were observed to maintain mono
dispersed spherical morphology in aqueous media, and exhibited sus
tained stability [35]. Consequently, solitary SeNPs treatment was 
omitted from the present study. Furthermore, our observations indicated 
that LNT-functionalized SeNPs exhibited favorable attributes, including 
low cytotoxicity, efficient cellular uptake, and sustained stability [36]. 
Research from B. Xie et al. suggests that, SeNPs@LNT can increase the Se 
content and selenoprotein expression in the skin, reduce mast cell acti
vation and inflammatory cell infiltration, and thus demonstrate effective 
therapeutic effects in the study of allergic dermatitis [37]. Therefore, 
SeNPs@LNT may exhibit its antioxidant capacity and immune regula
tion by enhancing the activity of selenoprotein. 

In this study, we synthesized SeNPs@LNT, which exhibited syner
gistic effects and showed excellent antioxidant responses and antiviral 
abilities, for the specific treatment of HAdV-14 (Scheme 1). SeNPs@LNT 
inhibits HAdV-14-induced apoptosis by modulating p53/Bcl-2 apoptosis 
signaling pathway. Meanwhile, SeNPs@LNT alleviated the damage of 
inflammatory cytokine storm by inhibiting the NFκB signal pathway in 
the lung of Se-deficient mice infected with HAdV-14. We hypothesized 
that SeNPs@LNT exerts its antioxidant activity by regulating the con
version of Se elements into selenoprotein, which enhances GPx1 level 
and increases Se content at the infection site to against HAdV-14. This 
study provides a Se-containing drug with anti-HAdV-14 activity and low 
cytotoxicity, which has the potential to fill the gap of adenovirus-specific 
therapeutic drugs. 

2. Materials and methods 

2.1. Materials 

A549 cells, derived from ATCC (USA), were subcultured in labora
tory. HAdV-14 were isolated from sputum samples of patients in the 
central laboratory of Guangzhou Women and Children Medical Center 
affiliated to Guangzhou Medical University and were adaptively sub
cultured in A549 cells. The fetal bovine serum (FBS) from Thermo Fisher 
Science (USA) and DMEM containing 4.5  g/L glucose from Gibco (USA) 
were used as culture medium components. The penicillin/streptomycin 
combination antibiotics were purchased from Gibco (USA). SeNPs@LNT 
was generously provided by the School of Chemistry, Jinan University. 
Fluorescent probe reagents include JC-1 detection kit for mitochondrial 
membrane potential, Annexin-V apoptosis detection kit and one-step in 
situ end labeling apoptosis detection kit provided by Beyotime (China). 
Chemiluminescence reagents include Caspase-3 activity detection kit 
and enhanced cell counting kit-8 (CCK-8) purchased from Beyotime 
(China). Fluorescent dyes include Lyso-Tracker, DAPI and 2′, 7′- 
dichlorofluorescin (DCF) -diacetate purchased from Sigma-Aldrich 
(USA). Antibodies of p-ATM (Ser1981), p-ATR (Ser428), Erk1/2, Bcl- 
xL, Bcl-2, Bad, T-PARP, c-PARP (Asp214), T-mTOR, p-mTOR 
(Ser2448), RIP3, β-actin, T-p38, T-p53, p-JNK (Thr183/Tyr185), T-JNK, 
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T-Caspase-3, T-Akt, and p-Akt (Ser473) were offered by Cell Signaling 
Technology (USA). The Mouse GPx1 (Glutathione Peroxidase 1) ELISA 
Kit (MOES01393, Reagent Genie, Ireland) and the Mouse Thioredoxin 
Reductase 1/TXNRD-1 ELISA Kit (MOFI01171, Reagent Genie, Ireland) 
were purchased from Reagent Genie (Ireland). Mice as in vivo animal 
models were obtained from Guangdong Provincial Medical Laboratory 
Animal Center (China). The Se-deficiency mouse model was constructed 
and validated by Jinan University for use in experiments. The proced
ures of all animal experiments were performed in accordance with the 
guidelines of the Guangdong Medical Laboratory Animal Center. Aim
plex Cytokine Detection Kit was provided by QuantoBio (Beijing, 
China). 

2.2. Synthesis of SeNPs@LNT 

According to the previous study by Song Z et al., under low-speed 
stirring, 2 mL LNT solution in the concentration of 1 mg/mL was 
filtered through a MCE membrane filter with 0.22 μm at room temper
ature. The LNT solution obtained from the previous step was mixed with 
2 mL Na2SeO3 (10 mM). After that, the mixture was added drop by drop 
to 2 mL of 40 mM Vc solution and reconstituted with Milli-Q water 
constant volume to 10 mL. The mixture was stirred for 10 h, then it was 
dialyzed with Milli-Q water for 24 h, unreacted LNT, Na2SeO3 and Vc 
could be eliminated. The final compound nanoparticles were named 
SeNPs@LNT, and the storage temperature was 4 ◦C. The operations in 
this experiment were conducted under aseptic conditions [38]. 

2.3. Characterization of SeNPs@LNT 

SeNPs@LNT was provided by college of chemistry and materials 
science, Jinan University, Guangzhou, China. ICP-MS was used to 
determine the concentration of Se in SeNPs@LNT. The hydrodynamic 

size and the charge on the surface of synthesized LNT-SeNPs were 
detemined by Zetasizer Nano ZS particle analyzer (Malvern Instruments 
Limited, UK). TEM images of SeNPs@LNT were photographed by 
transmission electron microscope (TEM, Hitachi H-7650, 80 kV, Japan). 
As well as the X-ray photoelectron spectroscopy (XPS, Thermo Scientific 
ESCALAB 250, UK) was used to characterize the chemical structure of 
SeNPs@LNT [38]. 

2.4. Detection of cell viability 

CCK- 8 assay was used to detect the activity of A549 cells to reflect 
the cytotoxicity of SeNPs@LNT [39]. The TCID50 virulence of HAdV-14 
fluid was detected by Reed-Mutch two-layer method, and the titer of 
HAdV-14 was listed in Supplementary Table 1. A549 cells were cultured 
in 96-well flat-bottomed cell culture plate at the density of 8 × 104 

cells/mL in the condition of 37 ◦C and 5 % CO2. When the density of 
A549 cells accounted for 80 % of the bottom area of the culture bottle, 
100 TCID50/mL HAdV-14 was used to infect the cells. The virus was 
co-incubated with cells at 37 ◦C and 5 % CO2 for 2 h, and A549 cells were 
washed with PBS for three times to remove the uninternalized virus. 
SeNPs@LNT was stored in the concentration of 2.5 mM, and 
SeNPs@LNT was diluted with DMEM according to the concentration 
range of 1, 2, 4, 8, 16 μ M. SeNPs@LNT was co-incubated with A549 
cells for 48 h. CCK-8 reagent and DMEM were mixed at 1:10 to form the 
detection working solution, which was incubated with cells of different 
groups for about 1 h. The absorbance was measured at 450 nm after 
incubation. 

2.5. Antiviral efficiency monitoring 

RAD14EGFP, a kind of HAdV-14 with inserted eGFP gene could 
replicate and express viral nucleic acid while expressing eGFP after 

Scheme 1. Schematic diagram of SeNPs@LNT designed for the treatment of adenovirus pneumonia caused by HAdV-14 infection.  
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infecting A549 cells [40]. The titer of rAD14 EGFP was listed in Sup
plementary Table 2. As mentioned above, A549 cells were infected with 
rAD14EGFPr with virulence 100 TCID50/mL. The infected A549 cells 
were treated with SeNPs@LNT with a concentration gradient of 1, 2, 4, 
8 μM. Fluorescence microscope (Leica, Germany) and fluorescence 
microplate reader (Thermo Fisher Science, USA) were used to qualita
tively and quantitatively observe the specific fluorescence of 
HAdV-14-eGFP in infected A549 cells. 

2.6. Post-exposure antiviral activity of the progeny virus 

To visually confirm the viral load of HAdV-14 in A549 cells, rAD14 
EGFP expressing green fluorescence was used for this experiment. Pre
liminary experiments were set up as virus group and SeNPs@LNT 
treatment group. A549 cells were plated at a density of 8 × 104 cells/mL 
in the 6 cm dishes. After the cells had grown to 80 %, rAD14 EGFP with 
virulence of 100 TCID50/mL was added, and the uninternalized virus 
was removed after incubation at 37 ◦C and 5 % CO2 for 2 h. The 
SeNPs@LNT treatment group was treated with SeNPs@LNT for 48 h, 
and the virus group had no treatment. After culturing for 48 h at 37 ◦C 
and 5 % CO2, the suspension liquid of each group was collected for 
TCID50 determination, and the virulence of progeny viruses after 
SeNPs@LNT treatment was determined. The inhibitory effect of 
SeNPs@LNT on progeny virus production was confirmed by observing 
the changes of green fluorescence intensity in the infected cells. 

2.7. Detection of viral load of HAdV-14 in A549 cells and culture 
supernatant 

Culture supernatant from different treatment groups was collected, 
and the remaining culture supernatant was discarded. After A549 cells 
were washed with PBS, Trizol (#254712, Invitrogen, Thermo Fisher 
Scientific, USA) was added to lyse cells for DNA extraction. The specific 
primers used to detect HAdV-14 were as follow: HAdV-14 forward 
primer, 5′-CAGCAGTCTATGCCCAACAG-3′, and HAdV-14 reverse 
primer, 5′-GCTTGGTCTCCATTTAACTGAATC-3’. The specific primers 
used to detect RPL-18 were as follow: RPL-18 forward primer, 5′- 
CCTGGATACCGCAGCTAGGA-3′, and RPL-18 reverse primer, 5′- 
GCGGCGCAATACGAATGCCCC3′, which were used as normalization 
controls for HAdV-14 gene of A549 cells in different groups. The reagent 
for qPCR quantification was SYBR Green qPCR SuperMix (Invitrogen, 
Thermo Fisher Scientific, USA). The qPCR reaction system was: 95 ◦C for 
5 min (1 cycle); 94 ◦C for 1 min, 52 ◦C for 45 s, 72 ◦C for 45 s (35 cycles); 
the amplification step ended at 72 ◦C for 7 min. The qPCR was detected 
by ABI PRISM® 7500 Sequence Detection System (Thermo Fisher Sci
entific, USA). 

2.8. Infection process of HAdV-14 in A549 cells 

RAD14EGFP was a HAdV-14 with an inserted eGFP gene. HAdV-14 
invaded A549 cells by adsorbing on the surface of cytomembrane and 
interacting with the specific receptors such as CAR andαV-integrin re
ceptor. The eGFP-labeled HAdV-14 replicated and proliferated after 
entering the cells, expressing eGFP to emit green fluorescence. The green 
fluorescence from rAD14 EGFP was used to label the location of the viral 
particles in A549 cells. The red fluorescence emitted by the Lyso-tracker 
was used to label lysosomes, and the blue fluorescent DAPI was applied 
to label the nuclei. The changes of cell pathological change (CPE) and 
fluorescence morphology of A549 cells were continuously monitored by 
fluorescence microscopy, and then the position of HAdV-14 in A549 
cells were recorded from 0 to 30 h. 

2.9. Caspase-3 activity detection 

The structural proteins of A549 cells were lysed with lysis buffer and 
purified by centrifugation to obtain the functional proteins. The enzyme 

activity of caspase-3 in purified cell lysates was detected by spectro
photometry. Caspase-3 could bind to the substrates and catalyze Ac- 
DEVD-pNA (acetyl-Asp-Glu-Val-Asp p-nitroanilide) into pNA (p-nitro
aniline), which was yellow. Therefore, the activity of caspase-3 was 
detected by measuring the absorbance near 405 nm [41]. 

2.10. TUNEL-DAPI co-staining assay 

Apoptosis could activate several DNA endonucleases, which caused 
the damage of genomic DNA. In order to detect the DNA status of the cell 
nucleus, DAPI was used to locate the position of the nucleus in the 
experiment. FITC-labeled dUTP was used to detect the fragmented DNA 
to determine the DNA damage of A549 cells. Changes in FITC fluores
cence representing fragmented DNA in the nucleus of A549 cells were 
observed by the fluorescence microscope [42]. 

2.11. Detection of phosphatidylserine transformation by flow cytometry 

In the early stage of apoptosis, the membrane surface of the cells 
would turn over and the FITC-labeled Annexin V could specifically bind 
to phosphatidylserine. The necrotic cells and the late apoptotic cells 
might lose the integrity of the cell membrane, and propidium iodide (PI) 
could directly stain the DNA in the nucleus [43]. After treatment with 
SeNPs@LNT, the cells in different groups were stained with Annexin 
V-FITC and PI for 20 min. The fluorescence changes of A549 cells were 
observed by fluorescence microscope, and the proportion of apoptotic 
and necrotic cells were detected by BD FACSCanto II flow cytometer (BD 
Biosciences). 

2.12. Change of mitochondrial membrane potential (ΔΨm) 

JC-1 fluorescent probe was used to quickly and sensitively detect the 
changes of mitochondrial membrane potential in different experimental 
groups [44]. According to the reagent instructions, the JC-1 fluorescent 
probe was configured to the working solution concentration, and the 
working solution of 1 mL was used for the staining of A549 cells in 
different groups of 105/mL. Incubation at the condition of 37 ◦C and 5 % 
CO2 for 30 min. Afterwards, the JC-1 special buffer was washed to 
remove the unbound JC-1 fluorescent probe. The fluorescence changes 
of A549 cells were observed qualitatively and quantitatively by fluo
rescence microscope and BD FACSCanto II flow cytometry (BD 
Biosciences). 

2.13. Morphological changes of mitochondria by transmission electron 
microscope (TEM) 

The SeNPs@LNT treated A549 cells were washed with PBS. The cells 
were harvested by centrifugation after trypsinization, then the number 
of the cells was quantified to 106 by cell counting. The collected cells 
were fixed with 2.5 % glutaraldehyde for 2 h, and the cells were 
centrifuged to remove impurities. The glutaraldehyde was added again 
to fix the cells and place them in 4 ◦C for later use. Uranium and lead had 
different electronic staining effects, and the double staining method was 
generally used for this experiment. After dyeing for 5–10 min, the sec
tions were rinsed with double distilled water, and were checked with 
TEM. 

2.14. ROS generation detection 

The detection of cellular oxidative stress was designed by the 
mechanism that ROS could oxidize non-fluorescent DCFH to fluorescent 
DCF [45,46]. Fluorescence microscope and fluorescence microplate 
reader were used to monitor the fluorescence of DCF at 488 nm exci
tation wavelength and 525 nm emission wavelength, and the level of 
ROS in A549 cells was detected qualitatively and quantitatively. 
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2.15. Western blotting analysis 

RIPA protein lysate with protease inhibitor and phosphatase inhib
itor was used to cleave A549 cells treated with SeNPs@LNT, and non- 
structural proteins were obtained by centrifugation. Protein concentra
tion was measured by BCA method [47]. The protein of the same quality 
was transferred to PVDF membrane after electrophoresis. Subsequent to 
the non-specific protein site blockade, PVDF membrane was combined 
with specific primary antibody and incubated overnight at 4 ◦C. TBST 
eluted the unbound primary antibody, and the PVDF membrane was 
incubated with HRP-coupled IgG secondary antibody at room temper
ature for 1 h. The ECL detection kit was used for the color development 
of WB bands and the expression of target protein was detected on a 
developing imager. 

2.16. In vivo treatment of SeNPs@LNT in mice 

There were twenty-four female BALB/c mice at 4–6 weeks old were 
randomly assigned and formed into four experimental groups: control 
group, virus group, single SeNPs@LNT treatment group, and virus +
SeNPs@LNT treatment group. The mice were anesthetized by intraper
itoneal injection for 3 μL/g of 10 % chloral hydrate. The mice in the 
control group and the single SeNPs@LNT treatment group received 20 
μL of normal saline through the nose, and the mice in the Virus group 
and the virus + SeNPs@LNT treatment group were infected by a titer of 
1000 TCID50/mL HAdV-14 through the nose. After 24 h, mice in the 
single SeNPs@LNT treatment group and the virus + SeNPs@LNT 
treatment group were fed SeNPs@LNT (0.2 mg Se/kg) through gavage 
for three consecutive days. The weight and the clinical symptoms of the 
mice were record every two days. After the mice were euthanized, the 
blood samples of the mice in each group were collected from the eyeball 
or heart. The lungs were taken, perfused with normal saline, and fixed 
with paraformaldehyde for subsequent experiments. The lung tissue of 
each group of the mice was used for lung index determination, HE 
staining, TUNEL-DAPI staining, and immunohistochemical staining. The 
dyeing results were observed by digital microscope (Leica, Germany). 
After HE staining, the lung tissues of different groups were observed by a 
digital microscope at 200× magnification. The number of cells in each 
field was counted and analyzed by Image J. 

2.17. In vivo treatment of SeNPs@LNT in Se-deficient mice 

The Se-deficient mouse model was established through continuous 
Se-deficient conditions, and the Se-deficient mouse model was tested to 
ensure that the systemic circulation of the mice was in a state of Se 
deficiency. Twenty-four female Se-deficient C57BL/6 J mice aged 4–6 
weeks were randomly divided into 4 experimental groups: control 
group, virus group, SeNPs@LNT group, and virus + SeNPs@LNT group. 
The establishment of the adenovirus pneumonia mouse model was the 
same as the above method. The body weight and clinical symptoms of 
the mice were recorded daily. After the mice were euthanized, blood 
samples from each group of mice were collected from eyeballs or hearts. 
Lungs were harvested, perfused with saline, and fixed with para
formaldehyde for subsequent experiments. The lung tissues of mice in 
each group were collected for lung index determination, HE staining, 
TUNEL-DAPI staining, and immunohistochemical staining. The staining 
results were observed with a digital microscope (Leica, Germany). The 
levels of IL-8, IL-12p70, IL-17 A, IL-22, and TNF-β inflammatory cyto
kines in mouse serum were determined by AimPlex multi-cytokines flow 
detection technology. The experimental results were acquired from BD 
FACSCanto II Flow cytometry, and the data was analyzed by FCAP Array 
v3 software. The relative expression of HAdV-14 DNA in mouse lung 
tissue lysate was detected by qPCR technology with GADPH as the in
ternal standard. The specific primers used to detect HAdV-14 were as 
follow: HAdV-14 forward primer, 5′-CAGCAGTCTATGCCCAACAG-3′, 
and HAdV-14 reverse primer, 5′-GCTTGGTCTCCATTTAACTGAATC-3’. 

The specific primers used to detect GADPH were as follow: GADPH 
forward primer, 5′-GCTCCCTCTTTCTTTGCAGC-3′, and GADPH reverse 
primer, 5′- GTTGTCATGGATGACCTTGGC-3′. 

2.18. Se metabolism of SeNPs@LNT in vivo 

Quantitative fresh lung tissue and serum was taken from mice in 
different treatment groups, and the lung tissue was subjected to nitrifi
cation under the heating of mixed acid (VHNO3:VHClO4 = 3:1). After 
the samples were resuspended in 2 % nitric acid solution, Se content in 
lung tissue was determined by inductively coupled plasma mass spec
trometer (ICP-MS, iCAP RQ, Ultimate 3000, Thermo Scientific) [48]. 
The serum of mice in different treatment groups was separated, and the 
Mouse GPx1 (Glutathione Peroxidase 1) ELISA Kit (MOES01393, Re
agent Genie, Ireland) and the Mouse Thioredoxin Reductase 1/TXNRD-1 
ELISA Kit (MOFI01171, Reagent Genie, Ireland) were used for detecting 
the GPx1 and the Thioredoxin Reductase 1 (TXNRD-1) in the serum by 
immuno-double antibody sandwich method. 

2.19. Statistical analysis 

GraphPad Prism v9.0 was used for the display of experimental data, 
and IBM SPSS Statistics v26.0 was used for statistical analysis of 
experimental data. The data of each experimental group were counted 
by mean ± SEM. Double-tailed student t-test and one-way ANOVA were 
used for comparison between the two groups and multiple groups. The 
statistical differences were further classified according to the P value, 
such as P < 0.05 (*), P < 0.01 (**), P < 0.001 (***) or P < 0.0001 (****). 

3. Results and discussion 

3.1. Design, preparation, and characterization of SeNPs@LNT 

Scheme 1 systematically demonstrated the rationality of designing 
SNPs@LNT in animal and cellular models for the treatment of adeno
virus pneumonia caused by HAdV-14 infection. We found that the size 
distribution of SeNPs@LNT was normally distributed with PDI was 
0.171 (Fig. 1A). Simultaneously, the average size and zeta potential of 
SeNPs@LNT was 125.5 ± 2.65 nm and − 13.9 ± 0.62 mV, respectively 
(Fig. 1A), while the zeta potential of SeNPs was − 7.95 mV (Fig. S1). 
Further, the TEM image shown the diameter of SeNPs@LNT was about 
90 nm (Fig. 1B). The slight aggregation of SeNPs@LNT and its sur
rounded liquid layer within water are the main contributors for the 
significant discrepancy. More importantly, we further used XPS to 
analyze the structure of SeNPs@LNT (Fig. 1C). O 1s at 532.88 eV and 
536.73 eV was present in the spectrum of LNT, while Se 3 d at 56.38 eV, 
58.38 eV and 60.43 eV were present in SeNPs. Both O 1s at 531.73 eV/ 
533.18 eV/538.28 eV and Se 3 d at 55.83 eV were observed in 
SeNPs@LNT, demonstrated that Se–O bond was presented in 
SeNPs@LNT particles, which accounting for the stability of SeNPs@LNT 
particles (Fig. 1D-E). These results demonstrated that the SeNPs@LNT 
was synthesized successfully. 

3.2. In vitro antiviral activity of SeNPs@LNT 

The cytotoxicity of SeNPs@LNT was assessed by CCK-8 assay. When 
the concentration of SeNPs@LNT reached 16 μM, the cell viability 
decreased significantly to below 90 %. However, SeNPs@LNT showed 
low cytotoxicity to A549 cells in the concentration range of 1–8 μM, and 
the cell viability of A549 cells was all higher than 90 % (Fig. 1F–G). So 
that SNPs@LNT in this concentration range was selected to test the 
antiviral efficiency. In order to directly study the inhibitory effect of 
SeNPs@LNT on HAdV-14 infection in A549 cells, the HAdV-14 virus 
strain RAD14EGFP with eGFP gene was used in this experiment. After 
the A549 cells infected by rAD14 EGFP were treated with different 
concentrations of SeNPs@LNT, the fluorescence morphology of A549 
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cells could be measured under fluorescence microscope. As shown in 
Fig. 1H–I, A549 cells infected with rAD14 EGFP showed obvious CPE, 
and the infected cells emitted green fluorescence with strong fluores
cence intensity, indicating that lots of cells were infected by the virus. 
When rAD14 EGFP replicated and assembled into virus particles, the 
inserted eGFP gene expressed green fluorescent protein along with the 
replication of the virus. The increased fluorescence intensity in the 
infected cells indicated a high intracellular viral load. After SeNPs@LNT 
treatment, the number of fluorescent cells decreased and the fluores
cence intensity decreased with the increase of drug concentration. In 
addition, the fluorescence intensity can also be achieved by multi-point 
fluorescence detection. When A549 cells infected by HAdV-14 were 
treated with 1–4 μM SeNPs@LNT, the fluorescence intensity was 98.4 %, 
97.9 % and 84.2 %, respectively, while the fluorescence intensity of 
group 8 μM SeNPs@LNT decreased significantly to 70.6 %, indicating 

that SeNPs@LNT improved antiviral efficiency in a dose-dependent 
manner. Furthermore, 8 μM was the optimal antiviral concentration 
with low toxicity, and the following experiments were performed with 8 
μM SeNPs@LNT. We also conducted experiments on sodium selenite 
(Na2SeO3) against HAdV14. It was found that there was no significant 
difference in fluorescence intensity, compared HAdV14 + Na2SeO3 
group to the HadV14 control group, indicating that Na2SeO3 did not 
have an anti- HAdV14 effect (Fig. 1H–I). Collectively, these results 
indicated that SeNPs@LNT significantly inhibited the infection rate of 
HAdV-14 in A549 cells. 

3.3. Assessment of antiviral activity from detecting the virulence of 
progeny virus after SeNPs@LNT treatment 

Benefit from the rAD14 EGFP that expressed eGFP, the infection rate 

Fig. 1. Design, preparation and characterization of the SeNPs@LNT, and the optimal antiviral concentration of SeNPs@LNT. (A) Hydrodynamic size dis
tribution diagram and zeta potential of SeNPs@LNT; (B) TEM image of SeNPs@LNT; (C) The XPS spectrum of LNT, SeNPs and SeNPs@LNT; (D) The binding energy of 
O 1s in LNT and SeNPs@LNT; (E) of Se 3 d in SeNPs and SeNPs@LNT; (F) Cytotoxicity and (G) quantitative analysis of SeNPs@LNT at a range of concentrations from 
1 to 16 μM on A549 cells. The cell viability of A549 cells treated with different concentrations of SeNPs@LNT was detected by CCK-8 assay; (H) Fluorescent 
morphological changes, fluorescence intensity changes (I) and quantitative analysis in rAD14 EGFP-infected A549 cells after treatment with SeNPs@LNT or Na2SeO3. 
Error bars represent the confidence interval for the mean (n = 3) at the 95 % level. SeNPs@LNT treated A549 cells for 48 h. Bars with different characters are 
statistically different at P＜0.05 (* or #), P＜0.01 (** or ##), or P＜0.001 (***) level. * represents comparison with the Control group, # represented comparison with 
the Control or Virus group. 
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of HAdV-14 in A549 cells could be observed by phase-contrast micro
scopy and fluorescence microscopy. As known as Fig. 2A-B, the titer of 
the primary virus group was 4.3 Log10 TCID50, while the viral titer of the 
progeny virus group was 1.5 Log10 TCID50. Most surprisingly, the viru
lence test of the supernatant in the virus + SeNPs@LNT group found that 
progeny virus treated with SeNPs@LNT in the supernatant of each 
dilution gradient caused no virus infection to A549 cells. As well as this 
result was consistent with the observations by phase-contrast micro
scopy and fluorescence microscopy. These data inferred that 
SeNPs@LNT effectively reduced the production of progeny virus by 
HAdV-14, thereby significantly reducing the cell damage caused by the 
progeny virus. The mechanism might be that SeNPs@LNT inhibited the 
replication of viral DNA to reduce the synthesis of progeny virus parti
cles, and finally reduced the burden of the virus on the host cell material 
metabolism. 

3.4. Intracellular and extracellular detection of viral load of HAdV-14 

Intracellular and extracellular HAdV-14-specific DNA was detected 
by qPCR in different treatment groups, and RPL-18 was used as an in
ternal standard for relative quantification. As shown in Fig. 2C-D, there 
was no significant difference in the relative expression levels of HAdV- 
14-specific DNA in the culture supernatant between the virus group 
and the virus + SeNPs@LNT group. However, the relative expression of 
HAdV-14-specific DNA in A549 cells in the virus + SeNPs@LNT group 

was significantly lower than that in the virus group, which demonstrated 
that SeNPs@LNT effectively reduced the viral load of HAdV-14 in A549 
cells. It was speculated that the antiviral effect of SeNPs@LNT was to 
inhibit the transport, replication, and proliferation of the virus in cells, 
and to repair the intracellular metabolic disorder caused by the virus. 

3.5. Translocation of HAdV-14 in A549 cells 

In the early stage of viral invasion (0–6 h), there was no obvious CPE 
in the cells, and green fluorescence was scattered in the cytoplasm and 
overlapped with the red fluorescence of labeled lysosomes (Fig. 3A). 
This result suggested that the virus was transported in the cytoplasm 
after infecting cells, and might undergo structural changes under the 
action of lysosomes, such as detaching from endosomes and releasing 
viral particles for subsequent infection. This was consistent with previ
ous studies [49]. The CPE of the cells and the intensity of green fluo
rescence gradually increase over time. With the development of viral 
infection (12 h–30 h), the green fluorescence expressed by the virus 
tended to accumulate in the nucleus area, and the green fluorescence 
intensity in the nucleus area increased significantly (Fig. 3A). The result 
suggested that HAdV-14 might aggregate in the host nucleus, and then 
released viral DNA and replicated. Since HAdV-14 could synthesize viral 
DNA by inhibiting or utilizing the nucleic acid synthesis mechanism of 
host cells, it might cause metabolic disorders of cellular nucleic acids 
and proteins to a certain extent. Furthermore, HAdV-14 might mediate 

Fig. 2. Evaluation of HAdV-14 viral load and progeny virus virulence after SeNPs@LNT treatment. (A and B) Assessment of the virulence of progeny virus after 
SeNPs@LNT treatment by TCID50 assay. (a) A549 cells infected by primary virus; (b) A549 cells infected by progeny virus; (c) A549 cells infected by progeny virus 
were treated with SeNPs@LNT; (C) There was no significant difference in the relative expression of the HAdV-14-specific DNA in the culture supernatant between the 
virus group and the virus + SeNPs@LNT group; (D) The relative expression of the HAdV-14-specific DNA in A549 cells of the virus + SeNPs@LNT group was 
significantly reduced compared with the virus group. Bars with different characters are statistically different at P＜0.001 (***) or P＜0.00001 (****) level. 
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the genomic DNA damage by invading the nucleus (Fig. 3B). 

3.6. Inhibition of caspase-3 activation and DNA fragmentation by 
SeNPs@LNT improves apoptosis 

Caspase-3 was a protease that play an irreplaceable role in the pro
cess of cell apoptosis. The abnormal expression of caspase-3 might lead 
to the disorder of procedural cell apoptosis. As shown in Fig. 3C, the 
caspase-3 activity of A549 cells infected by HAdV-14 was obviously 
increased to 277.79 %, while the caspase-3 activity of SeNPs@LNT 
treatment group was significantly decreased to 143.41 %. Caspase-3 was 
a potent apoptosis-inducing enzyme that catalyzed the specific cleavage 

of many pivotal cellular proteins. Caspase-3 cleaved key cellular pro
teins in apoptosis through a cascade effect that transmited apoptosis 
signals from cell-surface-based death receptors to a series of caspases. 
During the induction of apoptosis, caspase-3 played an integral role in 
chromatin condensation and DNA fragmentation. Our results demon
strated that SeNPs@LNT effectively inhibited the activity of caspase-3, 
indicating that SeNPs@LNT might regulate the abnormal apoptosis 
caused by HAdV-14 through the caspase-3-mediated signaling pathway. 

Benefit from the experimental results above, after HAdV-14 infected 
A549 cells, it aggregated in the nucleus, and conducted DNA replication 
and protein synthesis. HAdV-14 could up-regulate the activity of 
caspase-3 to a certain extent, and might cause DNA damage in 

Fig. 3. Intracellular localization of HAdV-14 and the inhibitory effect of SeNPs@LNT on apoptosis induced by HAdV-14 infection. (A) DAPI was used for 
nuclear staining and Lyso-tracker was used for lysosome staining. The A549 cells were infected by rAD14 EGFP for different periods and were observed under the 
fluorescent microscope; (B) Schematic diagram of the infection process of HAdV-14 in A549 cells; (C) HAdV-14 infection of A549 cells were treated with SeNPs@LNT 
and the caspase-3 activity was detected by the absorbance of pNA; (D) DNA fragmentation and nuclear deformation in A549 cells were detected by TUNEL-DAPI co- 
staining assay; (E and F) A549 cells in each group were stained with Annexin V-FITC and PI to detect phosphatidylserine on the cell membrane surface. The results of 
fluorescent labeling were observed by flow cytometry and fluorescence microscopy. The A549 cells were treated with 8 μM SeNPs@LNT for 48 h. Bars with different 
characters are statistically different at P＜0.05 (* or #) level. * represents comparison with the Control group, # represented comparison with the Virus group. 
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chromosomes in the process of inducing apoptosis. To examine the 
status of DNA in the nucleus, TUNEL-DAPI co-staining assay was per
formed on A549 cells in different groups. A549 cells infected with 
HAdV-14 showed obvious CPE, the nucleus was deformed and the DNA 
in the nucleus was fragmented (Fig. 3D). The experimental results 
showed that SeNPs@LNT effectively restored the morphology of the 
nucleus to a certain extent and inhibited the DNA fragmentation caused 
by HAdV-14 infection. 

The early apoptotic cells were positive for Annexin V-FITC staining 
and negative for PI staining. There were 0.7 % and 0.5 % of early 
apoptotic cells in the control group and the SeNPs@LNT group, 
respectively (Fig. 3E). However, the early apoptotic cells in the virus 
group accounted for 1.4 %, and the early apoptotic cells in the virus +
SeNPs@LNT group decreased to 0.2 % (Fig. 3E). The late stage of 
apoptotic cells was double positive for Annexin V-FITC staining and PI 
staining. The control group and the SeNPs@LNT group had 0.5 % and 
0.8 % late apoptotic cells, respectively, while the virus group had a late 
apoptotic rate of 2.0 % (Fig. 3E). However, the late apoptotic rate of the 
virus + SeNPs@LNT group was significantly reduced to 0.6 % (Fig. 3E). 
The changes in intracellular fluorescence were observed by the fluo
rescence microscope and flow cytometry, and the CPE of A549 cells were 
observed by the optical microscope. Cells with obvious CPE in the virus 
group showed the phenomenon of phosphatidylserine eversion, and 
some cells had enhanced permeability. After SeNPs@LNT treatment, the 
phenomenon of early and late apoptosis was significantly reduced 
(Fig. 3F). In conclusion, our data showed that SeNPs@LNT could 
effectively inhibit the cellular early and late apoptosis caused by HAdV- 
14 infection. 

3.7. SeNPs@LNT repairs ROS-mediated mitochondrial dysfunction 
induced by HAdV-14 infection 

The change of JC-1 probe from red fluorescence to green fluores
cence was used to evaluate the decrease of mitochondrial membrane 
potential (ΔΨm) in A549 cells, which reflected the functional state of 
mitochondria and suggested the early apoptosis signal. As shown in 
Fig. 4A, the transition from red fluorescence in PE fluorescence channel 
to green fluorescence in FITC fluorescence channel was monitored by 
flow cytometry. There were 25.6 % of red fluorescence turned to green 
fluorescence in control group, and 56.1 % of red fluorescence turned to 
green fluorescence in virus group. After treatment with SeNPs@LNT, 
only 37 % of the red fluorescence in the virus + SeNPs@LNT group 
turned to green fluorescence. As shown in Fig. 4B, the JC-1 probe in the 
control group entered the mitochondria and showed high intensity red 
fluorescence signals mainly in the presence of aggregate. However, 
mitochondrial depolarization occurred in A549 cells infected with 
HAdV-14, and the JC-1 probe was transformed into monomer form in 
cytoplasm, which changed from red fluorescence to high intensity green 
fluorescence. SeNPs@LNT treatment significantly reversed the mito
chondrial depolarization induced by HAdV-14 infection in A549 cells, 
showing a decrease in green fluorescence intensity and an increase in 
red fluorescence intensity. These results demonstrated that HAdV-14 
infection might mediate mitochondrial dysfunction. Mitochondria 
were involved in the oxidative phosphorylation reaction, which was the 
site of oxidative metabolism in cells and had the ability to regulate the 
cell cycle. HAdV-14 infection might cause the performance of mito
chondria to decline through oxidative stress, and lead host cells abnor
mally enter the apoptosis stage. Therefore, SeNPs@LNT resisted HAdV- 
14 infection mainly by maintaining the stability of mitochondrial state 

Fig. 4. SeNPs@LNT repairs mitochondrial dysfunction and reduces ROS overproduction induced by HAdV-14 infection. (A, B) SeNPs@LNT inhibited 
apoptosis in HAdV-14 infection of A549 cells. Mitochondrial membrane potential changes were detected by mitochondrial membrane potential assay kit with JC-1; 
(C, D) SeNPs@LNT repaired the damage and deformation of mitochondria induced by HAdV-14 infection in A549 cells. N: nucleus; M: mitochondria; (E) The levels of 
ROS in A549 cells of different groups could be detected by monitoring the fluorescence of DCF and the green fluorescence produced by ROS was detected by a 
fluorescence microscope; (F) The quantitative fluorescence intensity of ROS was detected by a fluorescence microplate reader. The A549 cells were treated with 8 μM 
SeNPs@LNT for 48 h. Bars with different characters are statistically different at P＜0.01 (**), P＜0.001 (*** or ###), or P＜0.00001 (****) level. * represents 
comparison with the Control group, # represented comparison with the Virus group. 
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and regulating apoptosis. 
After a series of operations such as fixation, dehydration, embedding, 

and sectioning of A549 cells, the morphology of mitochondria in the 
different groups was observed by TEM. As shown in Fig. 4C–D, the 
mitochondria in the cells of the control group were oval with obvious 
cristae structure. In the virus group, the mitochondria within the cells 
found obvious deformation, such as swelling, light staining, and the 
cristae structure became shorter and shifted. In addition, the presence of 
blank areas in the mitochondria indicated that the mitochondrial matrix 
was dissolved. However, in the SeNPs@LNT treatment group, the 
mitochondria recovered the obvious double-layer membrane structure 
and the cristae structure appeared. The results show that SeNPs@LNT 
could effectively repair the damage of mitochondria. Mitochondrion, an 
organelle that was extremely sensitive to damage, and changes in 
mitochondrial morphology could reflect the functional changes caused 
by mitochondrial damage to a certain extent. ROS was one of the by- 
products of molecular oxygen produced by mitochondrial oxidative 
phosphorylation. Oxidative stress occurred when there was an imbal
ance between ROS metabolism and antioxidant defense system. We 
speculated that the antiviral effect of SeNPs@LNT was related to the 
repair of mitochondria that undergo oxidative stress. 

Intracellular ROS could oxidize non-fluorescent DCFH into fluores
cent DCF. The detection of DCF fluorescence effectively reflected the 
production of ROS, which was used to explain the state of intracellular 
oxidative stress. As shown in Fig. 4E, there was no significant difference 
in fluorescence intensity between the control group and the SeNPs@LNT 
group, but viral infection significantly increased the production of 
intracellular ROS. The fluorescence intensity of virus + SeNPs@LNT 
group remarkably decreased compared with the virus group. What’s 
more, the fluorescence intensity of the SeNPs@LNT group was slightly 
different from the control group. The specific fluorescence intensity of 
DCF in different groups was detected semi-quantitatively by fluores
cence microplate instrument. Compared with the control group, the 
fluorescence intensity of the virus group significantly increased to 474.3 
%, while that of the virus + SeNPs@LNT group decreased to 283.8 %, as 
shown in Fig. 4F. ROS was important molecule in physiological pro
cesses and contributed greatly to the homeostasis of redox reactions in 
the body, especially apoptosis signaling, cell proliferation, and immune 

system maintenance. Once ROS was overproduced, it would lead to an 
imbalance of basic redox metabolism, resulting in excessive oxidative 
stress. Oxidative stress gave rise to ROS-mediated direct or indirect 
damage to nucleic acids, proteins, and lipids, and this damage mecha
nism was associated with a variety of pathological conditions [50]. The 
results suggested that the decrease in ROS might be involved in the 
antiviral effect. HAdV-14 infection led to excessive ROS production, 
activating a potent oxidative stress response. From the experimental 
results, it is speculated that oxidative stress might cause DNA damage 
and activate a series of apoptosis signaling pathways. After SeNPs@LNT 
treatment, ROS-mediated cell damage and apoptotic activity were 
reduced to counteract the damage caused by the virus. 

3.8. Regulation of ROS-mediated apoptosis signaling pathway by 
SeNPs@LNT 

As obtained from previous experiments, mitochondria, as the main 
site of cellular oxidative metabolism, could regulate the cell cycle to a 
certain extent. HAdV-14 infection led to mitochondrial dysfunction, and 
the oxidative stress response in the host cells was unbalanced. Ulti
mately, the host cells entered the apoptotic stage. SeNPs@LNT inhibited 
the mitochondria-induced apoptosis (Fig. 5A). In the process of mito
chondrial oxidative stress, the regulatory functional proteins Erk1/2, 
Akt, Bcl-xL and Bcl-2 played an important role in inhibiting excess ROS- 
mediated apoptosis signaling pathway. Especially Bcl-xL and Bcl-2 
stayed in the outer membrane of the mitochondria, and inhibited the 
release of cytochrome C, in order to prevent cytochrome C combine with 
APAF-1. Furthermore, cytochrome C could form an activation complex 
with caspase family, resulting in a cascade reaction to activate apoptotic 
proteins such as PARP to induce apoptosis [51,52]. Bad was a member of 
the pro-apoptotic family of Bcl-2 signaling pathways, which promoted 
apoptosis by blocking the binding function of Bcl-2 and Bcl-xL. Akt and 
Erk1/2 prevented the binding of Bad to Bcl-2 and Bcl-xL by phosphor
ylating Bad, and inhibited the apoptotic activity of Bad [53]. As shown 
in Fig. 5B, HAdV-14 infection led to a decreased expression of Bcl-xL and 
Bcl-2 proteins and increased expression of Bad protein. After treatment 
with SeNPs@LNT, the expression of Bad protein was down-regulated 
while the expression of Bcl-xL and Bcl-2 proteins was up-regulated. In 

Fig. 5. Regulation of SeNPs@LNT on oxidative stress response and DNA damage-mediated apoptosis signaling pathway caused by HAdV-14 infection. (A) 
The sketch of apoptotic signaling pathways participated in the antiviral activities of HAdV-14 b y SeNPs@LNT; (B) Regulation of apoptotic proteins in the Bcl-2 
signaling pathways by SeNPs@LNT; (C) Regulation of DNA damage proteins in the p53 signaling pathways by SeNPs@LNT. The A549 cells were treated with 8 
μM SeNPs@LNT for 48 h. 
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addition, the expression levels of p53, PARP, c-PARP (Asp214), p-ATM 
(Ser1981) and p-ATR (Ser428) in the virus + SeNPs@LNT group were 
significantly lower than those in the virus group (Fig. 5C). Benefit from 
the above experimental results, we found that in the process of HAdV-14 
infection, HAdV-14 would aggregate in the nucleus to complete viral 
DNA replication and proliferation. In order to explore whether HAdV-14 
would damage the host cell, especially the DNA in the nucleus, when 
HAdV-14 conducted the viral particle synthesis, we examined the DNA 
state in the nucleus. The experiments found that HAdV-14 infection 
could cause damage to cellular DNA. The PARP-related signaling 
pathway caused apoptosis mediated by DNA damage, which was 
consistent with our experimental conclusions [54]. DNA damage could 
lead to the phosphorylation of ATM and ATR, and the activated p-ATR 
(Ser428) protein upregulated the expression of p53 protein, and finally 
form a p53 and PARP-mediated apoptosis pathway. The p53 and PARP 
proteins also participated in the ROS-related caspase-3 cascade reaction 
to further promote apoptosis [55,56]. Compared with the virus group, 
the virus + SeNPs@LNT group remarkably increased the expression 
levels of mTOR and p-mTOR (Ser2448), and reduced the expression 
level of RIP3, as shown in Fig. 5B. The mTOR and RIP3 signaling 
pathways could promote material metabolism, participate in cell 
apoptosis, autophagy, and play a non-negligible role in life cycle. The 
results indicated that the signaling pathway composed of functional 
proteins including Erk1/2, Akt, Bad, Bcl-xL, Bcl-2, p53, PARP, ATM, 
ATR, mTOR and RIP3 was involved in the restriction of apoptosis by 
SeNPs@LNT. In the in vitro cellular model, HAdV-14 infection resulted 

in excessive mitochondrial production of ROS and caused cellular DNA 
damage. SeNPs@LNT effectively inhibited HAdV-14-induced host cell 
apoptosis in a specific signaling pathway, as shown in Fig. 5A. 

3.9. Alleviation of inflammation and DNA damage-mediated apoptosis in 
mice treated with SeNPs@LNT 

Since SeNPs@LNT effectively suppressed HAdV-14 infection in the 
A549 cell model, we next evaluated the therapeutic effect of 
SeNPs@LNT in mice. As shown in Fig. 6A–C, after the mice in the virus 
group were infected with HAdV-14 through nose drops, there was no 
significant change in the body weight of the mice, but the lung index was 
significantly higher than that in the control group. Inflammation in the 
lungs might cause the proportion of lung weight increased, suggesting 
that the animal model of pneumonia caused by HAdV-14 infection was 
successfully replicated. Compared with the virus group, the virus +
SeNPs@LNT group could significantly reduce the lung index of mice 
with pneumonia (Fig. 6B). Furthermore, there was no significant dif
ference in body weight of the mice between the SeNPs@LNT group and 
control group, which proved that SeNPs@LNT had excellent safety and 
effectiveness in animal models. The increase in the lung index of the 
mice indicated that the lungs of the mice developed inflammation after 
HAdV-14 infection, and the reactive proliferation of inflammatory cells 
and tissue cells caused the lungs swelling. 

In order to visually observe the morphological changes and inflam
matory responses of the lung tissue from mice in different groups, lung 

Fig. 6. SeNPs@LNT resists adenovirus pneumonia induced by HAdV-14 in mice. (A) Schematic showing the in vivo experimental design for the treatment of 
HAdV-14 infection; (B) Analysis of lung index in mice treated with SeNPs@LNT. After the mice in the virus group were infected with HAdV-14 through nose drops, 
the lung index was significantly higher than that in the control group; (C) Survival and body weight of mice in different groups at 14 d; (D) The lung tissue sections of 
mice in different treatment groups were stained with HE and the number of cells in each field was counted and analyzed by Image J. TUNEL test was performed on 
the lung tissue of mice to detect the DNA fragmentation; (E) Immunohistochemistry of the mice in different groups. The dark brown particles representing T-p38, T- 
p53, T-JNK, p-JNK (Thr183/Tyr185), T-Caspase-3, T-Akt, and T-Erk proteins expression in the lung tissue of the mice. The therapeutic concentration of SeNPs@LNT 
was 0.2 mg Se/kg. Bars with different characters are statistically different at P＜0.05 (* or #) or P＜0.01 (**) level. * represents comparison with the Control group, # 
represented comparison with the Virus group. 
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tissue sections of the mice in different groups were used for HE staining. 
As shown in Fig. 6D, compared with the control group, the mice in the 
virus group exuded a large number of inflammatory cells in the lung 
parenchyma, and the lung tissue structure collapsed. There were a mass 
of tissues and epithelial cell proliferation in the lung, and the alveolar 
size was heterogeneous. In the virus + SeNPs@LNT group, lung 
inflammation was improved, manifested by reduced lung tissue exuda
tion, and decreased inflammatory cell numbers as shown in Fig. 6D. 
Meanwhile, the alveolar structure returned to normal vacuolar shape. 
We speculated that in the mouse lungs, SeNPs@LNT inhibited HAdV-14 
infection by reducing the replication and proliferation of HAdV-14. 
Since the pathogenic source of adenovirus pneumonia was suppressed, 
the symptoms of inflammatory cell aggregation and tissue compensatory 
inflammatory hyperplasia caused by pneumonia were alleviated. In 

order to verify whether the mechanism of adenovirus-induced damage 
to mouse lung tissue was consistent with in vitro cell models, the lung 
tissue from mice in different groups was used for TUNEL-DAPI test to 
detect DNA fragmentation in the nucleus. Similar to the experimental 
results on the cell models, HAdV-14 infection could cause DNA damage 
in the nucleus of the mouse lung tissue. However, SeNPs@LNT effec
tively repaired the DNA damage in the lungs of mice caused by HAdV-14 
infection (Fig. 6D). The results directly demonstrated the function of 
SeNPs@LNT to regulate apoptosis in lung tissue by inhibiting viral 
infection-mediated DNA damage. 

The results of in vitro cell models showed that the damage caused by 
HAdV-14 infection was closely related to apoptosis. In order to deeply 
explore the molecular biological mechanism of SeNPs@LNT against 
HAdV-14 infection, immunohistochemical staining were performed of 

Fig. 7. SeNPs@LNT inhibits inflammatory cytokine storm-mediated apoptosis in Se-deficient mice. (A) Survival rate and body weight of mice in different 
groups at 14 days; (B) Analysis of lung index of mice in different groups; (C, D) HE staining of lung tissue sections of mice in different groups to observe lung tissue 
morphology and inflammatory cell proliferation. TUNEL/DAPI staining of lung tissue sections of mice in different groups to detect DNA fragmentation damage in 
lung tissue and cells; (E–H) The heat map showed the changes in the expression of IL-8, IL-12p70, IL-17 A, IL-22, and TNF-β inflammatory cytokines in the serum of 
mice in each group; (I) qPCR technology was used to detect the relative expression of HAdV-14-specific DNA in lung tissue of mice in different groups; (J) 
Immunohistochemical staining of mice in different groups. Dark brown particles represent the expression of T-PARP, p-Akt (Ser473), T-NFκB, T-Stat3, T-Erk1/2, Bcl- 
xL, and Bcl-2 proteins in mouse lung tissue. The therapeutic concentration of SeNPs@LNT was 0.2 mg Se/kg. Bars with different characters are statistically different 
at P＜0.05 (* or #), P＜0.01 (##), P＜0.001 (***), or P＜0.0001 (****) level. * represents comparison with the Control group, # represented comparison with the 
Virus group. 
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lung tissue from mice in different groups. By detecting the expression of 
proteins on the signaling pathways that promoted and inhibited 
apoptosis, the results showed that compared with the control group, the 
expression of pro-apoptotic proteins in the virus group was significantly 
increased including T-p38, T-p53, T-JNK, p-JNK (Thr183/Tyr185), T- 
Caspase-3. Meanwhile, the expression of apoptosis inhibitory proteins 
was significantly down-regulated, such as T-Akt and T-Erk1/2. How
ever, the expression of pro-apoptotic proteins in the virus + SeNPs@LNT 
group was significantly lower than that in the virus group, while the 
expression of apoptosis-inhibiting proteins was higher than that in the 
virus group (Fig. 6E). The apoptosis regulatory proteins T-p53, T-Akt, T- 
Erk1/2 and T-Caspase-3, which were detected in A549 cell moodel, were 
consistent with the regulation of apoptosis signal pathway in mouse lung 
tissue. We speculated that the difference in experimental results might 
be that A549 cells were a single type of lung cells, whereas lung tissue 
was composed of different types of alveolar cells, epithelial cells, con
nective tissue, and abundant capillaries. Therefore, the changes of 
apoptosis-regulating proteins in the in vivo animal models might be 
under the influence of adenovirus pneumonia on the homeostasis of the 
internal environment, reflecting the protein expression rules of multi- 
cell and tissue. 

3.10. SeNPs@LNT treatment inhibits inflammatory cytokine storm- 
mediated apoptosis in Se-deficient mice 

In order to further explore the mechanism of Se in the adenovirus 
pneumonia mouse model, we established a Se-deficient mouse model to 
study the therapeutic mechanism of SeNPs@LNT. After the Se-deficient 
mice in the virus group were infected with HAdV-14 b y intranasal 
instillation, the body weight of the mice did not change significantly, but 
the lung index was significantly higher than that of the control group, 
and the lung index decreased after SeNPs@LNT treatment (Fig. 7A and 
B). Meanwhile, compared with the normal mice (0.199 %), the lung 
index of the Se-deficient mice increased by 0.2486 % after being infected 
with HAdV-14, indicating that the degree of lung inflammatory injury of 
the Se-deficient mice was higher than that of the normal mice, and Se 
might be involved in regulating HAdV-14 pneumonia (Figs. 6C and 7B). 
The increase of lung index in Se-deficient mice indicated that the mice 
infected with HAdV-14 developed pneumonia, which was manifested by 
inflammatory cell exudation and tissue inflammatory proliferation. HE 
staining was performed on the lung tissue sections of different groups of 
mice to observe the morphological changes and inflammatory responses 
of the lung tissue. As shown in Fig. 7C and D, compared with the control 
group, the mice in the virus group had a large amount of inflammatory 
cell exudation in the lung parenchyma, the alveolar tissue structure 
collapsed in different sizes, and a mass of tissues and epithelial cells 
proliferated in the lung. Pulmonary inflammation was improved after 
SeNPs@LNT treatment, manifested as reduced inflammatory hyperpla
sia of lung tissue and inflammatory cell exudation, and alveolar struc
ture returned to normal. TUNEL-DAPI assay was performed on the lung 
tissue of different groups of mice to detect DNA fragmentation in the 
lung tissue. HAdV-14 infection might lead to DNA damage in the 
interstitial and nucleus of the lung tissue of Se-deficient mice. However, 
SeNPs@LNT effectively repaired DNA damage in mouse lungs induced 
by HAdV-14 infection (Fig. 7C). It was demonstrated that SeNPs@LNT 
alleviated lung tissue damage by inhibiting viral infection-mediated 
DNA damage. 

There are many pathogenic mechanisms for the damage caused by 
virus infection. The inflammatory cytokine storm induced by pro- 
inflammatory cytokines makes the immune regulation disorder of the 
body is one of the most common mechanisms [57,58]. Immunohisto
chemical staining of mouse lung tissue showed that the protein ex
pressions of T-NFκB and T-Stat3 were significantly increased in the lung 
tissue of Se-deficient mice infected with HAdV-14 (Fig. 7J). The 
NFκB-mediated signaling pathway is involved in the response of cells to 
external stimuli, and promotes the production of corresponding 

cytokines to participate in the response. NFκB plays a key role in the 
process of cellular inflammatory response and immune response [59, 
60]. The results showed that HAdV-14 infection as an external stimulus 
activated the NFκB signaling pathway. Immediately, we detected in
flammatory cytokines in the serum of mice, and found that the levels of 
IL-8, IL-12p70, IL-17 A, IL-22, and TNF-β in the virus group increased, 
among which the levels of IL-8, TNF-β, and IL-22 were significantly 
increased. After SeNPs@LNT treatment, the expressions of T-NFκB and 
T-Stat3 proteins in lung tissue were down-regulated, while the levels of 
inflammatory cytokines in mouse serum recovered to lower levels 
(Fig. 7E–H). In the context of immune system disturbances, an excessive 
cellular immune response can lead to a storm of inflammatory cytokines 
and damage to host cells. We speculated that since the mice were in 
Se-deficient conditions, they might develop more severe adenovirus 
pneumonia after infection with HAdV-14. The virus acted as an exoge
nous stimulus to activate the production of inflammatory cytokines, and 
the excessive immune response caused the body damage. SeNPs@LNT 
treatment effectively supplemented the Se element in the systemic cir
culation of Se-deficient mice, inhibited the infection of HAdV-14 and 
down-regulated the NFκB signaling pathway. This was also consistent 
with previous research [61]. Thus, the level of inflammatory cytokines 
in the systemic circulation of mice was effectively reduced, and the 
excessive immune response mediated by inflammatory cytokine storm 
was avoided. After SeNPs@LNT treatment, the viral load in the lung 
tissue of Se-deficient mice was significantly reduced, further verifying 
the antiviral effect of SeNPs@LNT (Fig. 7I). 

In order to explore the molecular biological mechanism of 
SeNPs@LNT curing Se-deficient mice, immunohistochemical staining 
experiments were performed on lung tissues of mice in different groups. 
The apoptosis signaling pathway mediated by DNA damage was 
explored by detecting the expression of T-PARP protein. The cell cycle 
signaling pathway mediated by mitochondrial function was explored by 
detecting the expression of Bcl-XL and Bcl-2 proteins. By detecting the 
expression of p-Akt (Ser473) and T-Erk1/2 proteins, the anti-apoptotic 
regulatory signaling pathway was explored. The results showed that 
the expression of the pro-apoptotic protein T-PARP was significantly 
increased in the virus group compared with the control group. Mean
while, the expressions of p-Akt (Ser473) and T-Erk1/2 anti-apoptotic 
proteins were significantly down-regulated. Similar to the regulation 
of signaling pathways in the in vitro cell experiments, the expression of 
Bcl-xL and Bcl-2 proteins in the virus group decreased, inhibiting their 
anti-apoptotic activities, thereby mediating mitochondrial oxidative 
damage to induce apoptosis [62]. However, the virus + SeNPs@LNT 
group significantly inhibited the expression of the pro-apoptotic protein 
T-PARP, and at the same time up-regulated the expression of the 
anti-apoptotic proteins Bcl-xL, Bcl-2, p-Akt (Ser473) and T-Erk1/2 
(Fig. 7J). 

3.11. SeNPs@LNT increases Se content in lung tissue and converted it 
into a metabolic program of selenoenzymes in Se-deficient mice 

In the in vivo models of Se-deficient mice, SeNPs@LNT was admin
istered by gavage to ensure that the quantitative drug was taken up by 
the mice. In order to further investigate whether SeNPs@LNT could 
accumulate active ingredients such as Se elements into the target organs 
of HAdV-14 infection through the systemic circulation after entering 
into mice. The Se content in the lung tissue from mice in different groups 
was detected by ICP-MS. The results showed that compared with the 
mice of the control group, the Se content of the mice in the virus group 
was reduced to a certain extent, and the Se content of mice in the 
SeNPs@LNT group was increased. Surprisingly, the Se content of mice in 
the virus + SeNPs@LNT group was also higher than that in the control 
group and virus group (Fig. 8A). Meanwhile, SeNPs@LNT treatment 
could significantly up-regulate the Se content in serum of Se-deficient 
mice infected with HAdV-14 (Fig. 8B). We speculate that in the Se- 
deficient mouse model, SeNPs@LNT can not only supplement the Se 
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content at the site of HAdV-14 infection, but also upregulate the Se 
content in the systemic circulation, thereby effectively alleviating the 
Se-deficiency state in the whole body of mice. 

Selenoproteins were key components in redox reactions, in which 
GPx played an important role in antioxidant defense. Previous studies 
have found that when Se was deficient, GPx1 would undergo significant 
changes, which were manifested in decline of enzyme activity, protein 
expression and mRNA level [63]. Some research had shown that Se was 
an essential component of the catalytic reaction of GPx1, which cata
lyzed glutathione to decompose peroxides in the body [64]. Most 
importantly, the occurrence and development of many diseases, espe
cially viral infections and tumors, were related to ROS, and the activity 
of GPx1 decreased to varying degrees during the pathogenesis [65]. 
Therefore, SeNPs@LNT metabolites, including two important sele
noenzymes, GPx1 and TXNRD-1, were detected by ELISA. By means of 
semi-quantitative detection, the results demonstrated that the level of 
GPx1 in the serum of the mice in the virus group decreased, while the 
level of GPx1 in the serum of the mice was significantly increased after 
SeNPs@LNT treatment (Fig. 8C). However, TXNRD-1 was 
down-regulated after SeNPs@LNT treatment compared to virus group 
(Fig. 8D). We speculated that SeNPs@LNT increased the content of Se in 
the lung tissue of mice after entering the systemic circulation, and 
further exhibited antioxidant and antiviral biological activities by con
verting into GPx1, which had a significant repair effect on the oxidative 
stress damage caused by HAdV-14. The experimental results supported 
the speculation that SeNPs@LNT increases the Se content at the infec
tion site as well as in the systemic circulation, and further exhibited 
oxidative stress-regulating activity through conversion to GPx1. 

4. Conclusions 

In this study, we discovered and synthesized a kind of SeNPs@LNT 
nanoparticles with excellent bioactivity. SeNPs@LNT resists adenovirus 

pneumonia by inhibition the oxidative stress response caused by HAdV- 
14 infection in mice. SeNPs@LNT reduced the damage caused by HAdV- 
14 infection by selenoprotein to inhibit the inflammatory cytokine storm 
in the serum of Se-deficient mice. By maintaining the stability of mito
chondrial function, reducing the production of ROS, repairing DNA 
damage, reducing the production of progeny viruses, and inhibiting the 
signaling pathway of apoptosis, the infection of HAdV-14 is alleviated. 

This study possesses the following advantages: (i) SeNPs@LNT has 
been validated in cell and animal models with the characteristics of low 
toxicity and excellent antiviral effect, which means potential develop
ment prospects; (ii) The experiments have proved that anti-oxidative 
reaction is one of the important directions of SeNPs@LNT in anti- 
HAdV-14 infection; (iii) SeNPs@LNT could effectively increase the Se 
content in the lungs and could up-regulate the GPx1 level in the systemic 
circulation, effectively alleviating the inflammatory cytokine storm 
mediated by HAdV-14 infection, proving the utilization of SeNPs@LNT 
in biology; (iv) The research and development of the anti-HAdV-14 
therapeutic mechanism of SeNPs@LNT could help to fill the gap of 
adenovirus lacking specific therapeutic drugs. Thus, SeNPs@LNT might 
provide a small molecular Se-containing nanoparticles with effective 
anti-HAdV-14 virus properties. 
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