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Selenium Attenuates Radiation Colitis by Regulating

cGAS-STING Signaling

Qian Xue, Haogiang Lai, Haimei Zhang, Guizhen Li, Fen Pi, Qifeng Wu, Siwei Liu,

Fang Yang,* and Tianfeng Chen*

Radiation colitis is one of the most common complications in patients
undergoing pelvic radiotherapy and there is no effective treatment in the
clinic. Therefore, searching for effective agents for the treatment of radiation
colitis is urgently needed. Herein, it is found that the essential element
selenium (Se) is protective against radiation colitis through inhibiting
X-ray-induced apoptosis, cell cycle arrest, and inflammation with the
involvement of balancing the generation of reactive oxygen species after the
irradiation. Mechanistically, Se, especially for selenium nanoparticles (SeNPs),
induced selenoprotein expression and then functioned to effectively restrain
DNA damage response, which reduced X-ray-induced intestinal injury.

1. Introduction

As one of the three major conventional can-
cer treatments, radiotherapy is often the
first choice of adjuvant therapy because it
kills tumor cells directly with high-energy
X-rays. According to statistics, more than
70% of cancer patients receive radiother-
apy in the course of treatment.!l However,
the use of X-ray irradiation in radiotherapy
inevitably causes damage to some normal
cells or tissues that are sensitive to radia-
tion. Despite advancements in technology

Additionally, SeNPs treatment also restrained the cyclic GMP-AMP synthas
(cGAS)- stimulator of interferon genes (STING)-TBK1-IRF3 signaling pathway
cascade, thereby blocking the transcription of inflammatory cytokine gene,
IL-6 and TNF-«, and thus alleviating inflammation. Moreover, inducing
selenoprotein expression, such as GPX4, with SeNPs in vivo can regulate
intestinal microenvironment immunity and gut microbiota to attenuate
radiation-induced colitis by inhibiting oxidative stress and maintaining
microenvironment immunity homeostasis. Together, these results unravel a
previously unidentified modulation role that SeNPs restrained radiation colitis
with the involvement of inducing selenoprotein expression but suppressing
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and the development of precision radiother-
apy, up to 90% of patients with pelvic, ab-
dominal, and colorectal tumors still expe-
rience gastrointestinal reactions or discom-
fort shortly after radiotherapy.l?) Common
symptoms include nausea, vomiting, diar-
rhea, weightloss, and rectal bleeding, which
in severe cases can lead to death.l*) There-
fore, searching for strategies that could in-
hibit or attenuate radiation-induced dam-
age to intestinal tissue and the subsequent
inflammation response is of critical impor-
tance for cancer treatment, especially for
pelvic cancer treatment.

Although pathologically similar to
inflammatory  bowel disease (IBD),
the incidence of radiation colitis is much higher than that of
IBD.[I The pathogenesis of radiation colitis is mainly due to
radiation-induced hydrolysis producing reactive oxygen species
(ROS), such as hydrogen peroxide, superoxide anion radicals,
and hydroxyl radicals, which triggers a variety of pathways asso-
ciated with intestinal epithelial cell death®! and thus disrupts the
intestinal mucosal barrier and subsequently results in inflam-
mation and bleeding.[®! Studies have revealed that the primary
mechanism of radiation-induced intestinal injury is correlated
with the rapid death of mitotic cells,”] apoptosis,®! and some
other mechanisms."®! Strategies that target and modulate these
mechanisms have also been postulated, but the outlook is not
promising from a clinical translation and practical point of view,
necessitating the development of new treatments for radiation
colitis.

The innate immune system in the human body, serving as
the first wall of defense against invading pathogens, has evolved
a sensing mechanism capable of recognizing and eliminating
potential pathogens. This is primarily achieved by detecting
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pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs), to defend against micro-
bial intrusion.['] The roles of the cyclic GMP-AMP synthetase
(cGAS) and interferon gene-stimulating protein (STING) path-
ways in the detection of master of ceremonies and exogenous
double-stranded DNA (dsDNA), along with bacterial production
of cyclic dinucleotides (CDNs), have been considered to play
important roles in inducing inflammation response. Numer-
ous investigations have confirmed that the cGAS-STING sig-
naling pathway is significantly associated with many immune-
related diseases and is very important for intestinal health.['!]
Activation of the cGAS-STING signaling pathway is linked with
different kinds of cell death!""™?] and is important in defend-
ing against viruses and resisting bacterial invasion.'*) Addi-
tionally, the cGAS-STING signaling persistence cascade may
exacerbate intestinal inflammation, disrupting the integrity of
the intestinal structure and the balance of the environment!'*
as well as infection prevention.'>] Therefore inhibition of
this pathway may help to maintain the homeostasis of the
intracellular environment.

Since the gut environment is complex, the incidence and pro-
gression of radiation enteritis are very complicated. The interac-
tion between intestinal epithelial cells, immune cells, and mi-
crobiota is the basis for maintaining intestinal homeostasis. Ra-
diotherapy could induce overproduction of ROS, which induces
DNA damage to intestinal cells leading to cell death, thereby de-
stroying the wholeness of the intestinal barrier, which may facil-
itate the penetration of bacteria or gut microbiome into the gut
from the lumen, contributing to enlist and enactment of immune
cells in the lamina propria, further exacerbating the inflam-
matory response process. Emerging evidence has disclosed the
roles of the gut microbiome in radiation colitis. Radiation causes
changes in the assortment and variety of intestinal flora, mainly
manifested in the decrease of colonization of probiotics such as
Lactobacilli and Bifidobacteria, which may enhance the prolifera-
tion of pathogenic bacteria such as Proteus, gamma Proteobacteria,
and Coprococcus, and then increase of intestinal permeability, and
finally lead to the occurrence of radiation enteritis.!*® Fecal bac-
teria transplantation and probiotics/probiotics intervention can
alleviate the radiation damage, which may represent an effective
strategy to treat or prevent radiation enteritis.'”] Evidence has
also demonstrated the benefit of regulating the gut microbiome
to alleviate enteritis."®! Therefore, searching for agents that pos-
sess high efficiency and low toxicity for modulating or remodel-
ing the diversity of gut microbiome may help for radiation colitis
treatment.

Selenium (Se) is an essential element for humans.['?] It takes
on a role in growth, advancement, and various physiological pro-
cesses, primarily through the regulation of selenoproteins.[?%! Re-
search indicates that Se deficiency can lead to oxidative stress
and various chronic diseases associated with inflammation.[2>2!]
Preliminary clinical findings suggest that Se deficiency is com-
mon in patients with inflammatory bowel disease. This defi-
ciency can exacerbate the severity of intestinal damage and in-
flammatory responses.[??] 25 selenoproteins in the human body
play important roles in inhibiting inflammatory responses, al-
leviating oxidative stress, and regulating and supporting pro-
tective gut flora.l GPX2 and GPX3 were confirmed to pro-
mote the self-renewal ability of the intestinal epithelium cells.!?*]
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Evidence has also disclosed the regulation roles of Se in the
diversity of gut microbiota.l*®®) However, the biological func-
tions of Se are dependent on its chemical form and which Se
species possess better protective effects on intestinal damage re-
mains elusive. Therefore, searching for novel Se -based agents
with high efficiency and low toxicity for the powerful preven-
tion or treatment of intestinal inflammatory diseases is a topic of
intense research.

In this paper, after confirming the low toxicity of several dif-
ferent forms of selenium to normal intestinal epithelial cells and
normal intestinal crypt epithelial cells, we compared the protec-
tive outcome of these selenium compounds against radiation-
induced damage to intestinal epithelial cells in the cellular model
at an optimal radiation damage dose. Through screening, we
found that selenium nanoparticles (SeNPs) are characterized by
low toxicity, high biotransformation rate, and better resistance to
radiation damage to intestinal epithelial cells compared to other
forms of selenium. We also observed that SeNPs could effectively
restrict X-ray-induced ROS overproduction and the subsequent
DNA damage. Additionally, SeNPs may upregulate GPX4 expres-
sion upon X-ray irradiation stress and alleviate X-ray-triggered
cGAS-STING-IRF3/NF-k B signaling cascade activation in vitro.
Furthermore, SeNPs pretreatment enhanced GPX4 expression
in the intestinal tissue and reduced the damage effects and the
inflammation response induced by X-ray with the involvement
of inhibiting DNA damage and suppressing STING expression.
SeNPs were also found to restrict the disruption induced by
X-ray in the intestinal immune microenvironment by facilitat-
ing the proportion of M2 macrophages and neutrophils, which
cooperated to effectively intervene the radiation-induced colitis
(Scheme 1).

2. Results and Discussion

2.1. Se Reversed X-Ray-Induced Damages to Intestinal Epithelial
Cells Through Maintaining Mitochondria Homeostasis

To investigate whether Se could protect intestinal epithelial cells
from radiation injury, we first evaluated the proliferation sup-
pression effects of human normal colon mucosal epithelial cells
(NCM-460) and normal intestinal epithelial cells (IEC-6) after X-
ray irradiation. According to Figure 1A,B, X-ray treatment inhib-
ited NCM-460 and IEC-6 cell proliferation in a dose-dependent
pattern with IEC-6 cells exhibiting more sensitivity to the irradi-
ation. For instance, upon exposure to X-rays (16 Gy), the survival
rates of NCM-460 and IEC-6 cells decreased to ~84.19% + 3.7 and
66.42% + 2.8 when compared to the untreated cells, respectively.
When the irradiation dosage was raised to 32 Gy, the cell viabil-
ity decreased to 74.8% =+ 2.4 and 36.03% + 3.9. As illustrated in
Figure 1C,D, Se pretreatment restrained the suppression effects
of X-ray on NCM-460 cells and IEC-6 cells. Among the selected
Se species, we found that SeNPs, Ebselen and D-Ebselen preincu-
bation exhibited higher protective effectives against X-ray irradi-
ation in IEC-6 cells, which was reflected in the increased cell via-
bility compared to the X-ray treated group alone. Additionally, Se
pretreatment blocked X-ray-induced cell apoptosis as evidenced
by the decreased apoptotic cell population. For instance, there
was 12.00% of apoptotic cells were found in the X-ray group in
[EC-6 cells, however, the proportion of apoptosis cells was 4.43%
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Scheme 1. Schematic illustration of Se in antagonizing X-ray-induced colitis.

and 5.40% in SeNPs and SeCys, preincubation followed by X-
ray treatment groups, respectively (Figure 1E,F), which suggested
the protective roles of SeNPs and SeCys, in IEC-6 cells against
irradiation. Additionally, Se pretreatment, especially for SeNPs,
could reverse X-ray-induced damage to IEC-6 cells and promote
larger colony formation (Figure 1G). Additionally, we also exam-
ined whether Se treatment could scale down the antitumor con-
sequences induced by X-ray.[?’! As illustrated in Figure S2 (Sup-
porting Information), SeNPs pretreatment did not affect the anti-
tumor capabilities of X-ray on the cervical carcinoma cell lines
such as C33a, SiHa, and Hela, as well as the colon cancer cells
CT26, suggesting that the reversal of X-rays-induced intestinal
injury by Se may not affect the anticancer activity of X-rays.[?¢]
We will further use the tumor model to authenticate this conclu-
sion in our future work. Together, these consequences suggest
that Se treatment was managed to turn around the cell growth
quelling effects induced by X-ray. Mitochondria plays a central
role in modulating cell death.

To probe the duties of Se in reversing X-ray-induced injury to
intestinal epithelial cells, we examined the mitochondria poten-
tial after Se and X-ray treatment. As depicted in Figure 1H,1, treat-
ment with X-rays alone resulted in a 76.65% and 14.06% decrease
in mitochondrial membrane potential for NCM-460 and IEC-6
cells, respectively. However, Se pretreatment inhibited the dam-
age effects on mitochondria induced by X-ray, as shown by the
lower mitochondrial potential than irradiation groups. Especially,
SeNPs exhibited more potent protecting effects against X-ray irra-
diation with the depolarized mitochondria in NCM-460 and IEC-
6 cells decreased to 53.47% and 3.01%, respectively (Figure 1H,I).
All the above results demonstrate the protective role of Se against
irradiation in intestinal epithelial cells through maintaining mi-
tochondria homeostasis.
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2.2. Se Effectively Restrained X-Ray-Induced ROS Generation and
DNA Damage Response

We examined the intracellular location of SeNPs in IECs by flu-
orescence microscopy. SeNPs entered and located in the lyso-
some after 1 h treatment and its accumulation in lysosomes
became more obvious with the supplement of drug incubation
time. We also evaluated the absorption mechanism of SeNPs by
IEC6 cells, and the results showed that SeNPs mainly passed
through the membrane by endocytosis and were located in the
lysosome (Figure S3, Supporting Information). Additionally, to
evaluate the endocytosis mechanism, different endocytosis in-
hibitors (NaN;, Dynasore, Sucrose, Chlorpromazine and Nys-
tatin) were used for the evaluation. We found that 4 °C and
NaN, pretreatment significantly inhibited the uptake of SeNPs,
which suggests that SeNPs enters the cell through the energy-
dependent endocytosis pathway. Additionally, dynasore and su-
crose pretreatment significantly decreased the uptake of SeNPs
in IEC-6 cells. These results suggest that SeNPs was absorbed
by IEC-6 cells mainly by dynamin-mediated lipid raft endocy-
tosis and clathrin-mediated endocytosis (Figure S4, Supporting
Information). ROS overproduction-mediated DNA damage and
mitochondria dysfunction have been verified to a key compo-
nent of the primary mechanisms of X-ray.l?’! To further evalu-
ate whether Se exhibits the protective effects on intestinal ep-
ithelial cells against X-ray was correlated with restricting ROS
generation, the intracellular ROS was examined (Figure 2A). X-
ray irradiation-induced ROS accumulation in NCM-460 and IEC-
6 cells, while Se pretreatment significantly inhibited the induc-
tion of X-rays,[?®! with SeNPs having a stronger inhibitory effect
(Figure 2B,C), which may be due to the modulation roles of Se on
the intracellular reductase system as indicated by the upregulated
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Figure 1. Protective effect of selenium compounds on IEC-6 cells and NCM-460 cells against X-rays. A,B) The survival rate of NCM-460 and IEC-6 cells
after 48 h of X-ray irradiation (0, 8, 16 and 32 Gy). Effects of X-ray (16 Gy) and Se (2 uM) on the cell viability of NCM-460 cells C) and IEC-6 cells D). Cells
were primed with Se for 6 h followed by X-ray irradiation. After 48 h, cell viability was scrutinized by MTT assay (Data are represented as mean + SD, n
= 3). E-F) Effects of Se and X-ray irradiation on the cell apoptosis on IEC-6 cells. Data are represented as mean + SD, n = 2. Bars with characters a, b,
and c are denoted as significant differences between the treatment and control groups. G) The colony formation of IEC-6 cells after the therapy for Se (2

uM) and X-ray (16 Gy). H-1) Consequences of Se (2 uM) and X-ray (16 Gy) on

the mitochondria membrane potential of NCM-460 and IEC-6 cells. Cells

were pre-exposed to Se for 6 h and then irradiated by X-ray. After 48 h, cells were assembled and stained with a JC-1 probe and then analyzed by Flow
cytometry assay. Data are represented as mean + SD, n = 2. **P < 0.07 and **P < 0.001 levels are considered as significant differences in comparison

with the untreated control group. Bars with characters a, b and c are denoted

proportion of GSH/GSSG in the joint treatment groups of SeNPs
and X-ray. The slight reduction of GSH/GSSG may be the result
of SeNPs metabolized into Se™? and then HSe~ intracellular by
using GSH (Figure 2D). These results were further verified by the
decreased fluorescence of DCF in NCM-460 and IEC-6 cells after
cells were pretreated with Se upon X-ray exposure (Figure 2E;
Figure S5A,B, Supporting Information). Furthermore, Se pre-
treatment inhibited X-ray-triggered DNA damage. For instance,
X-ray irradiation induced obvious DNA fragmentation as indi-
cated by the long DNA fluorescence in the tail.*) However, Se
preincubation, especially for SeNPs, dramatically inhibited the

Adv. Sci. 2024, 11, 2403918 2403918 (4 of 14)

as significant differences between the treatment and control groups.

damage effects as demonstrated by the comet tail, and the DNA
fragmentation was less inhibited by Na, SeO; incubation. To fur-
ther estimate the protection of intestinal epithelial cells by Se,
we also investigated the expression of histone, one representative
hallmark of DNA damage response, after X-ray treatment. As de-
picted in Figure 2F, SeNPs pretreatment dramatically restricted
the X-ray-induced DNA break frequencies as evidenced by the
decreased expression of y-H2AX (Figure 2G; Figure S5C, Sup-
porting Information). Additionally, we also found the potent an-
tioxidant N-acetylcysteine (NAC) could inhibit the X-ray-induced
damage effects, as evidenced by the declined expression of y-
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value represents the mean + SD of three replicates. Letters a, b, ¢, d, e, f, g, and h are considered statistically significant at P < 0.05. ***P < 0.001 is
considered as significant difference between the comparing groups. D) Changes in glutathione expression levels in IEC-6 cells pretreated with SeNPs
after irradiation. E) DCF fluorescence images (green) of NCM-460 and IEC-6 cells pretreated for 6 h with different selenium drugs under X-ray irradiation
(16 Gy). F) Representative fluorescence images of DNA double-strand damage repair in IEC-6 cells pretreated with nano selenium and irradiated (16 Gy).
Scale bar = 1000 pm. The arrow indicates the DNA tails in the comet assay. G) Immunofluorescence analysis of phosphorylated y-H2AX, with Hoechst
33342 marked as nuclei (blue) and phosphorylated y-H2AX marked in green. Scale bar = 200 um.
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H2AX in IEC-6 cells (Figure S6, Supporting Information), which
suggests that X-ray irradiation induces ROS generation and re-
sults in DNA damage. These results suggest that Se is effective
in reducing X-ray-induced DNA damage in the presence of scav-
enging ROS.

2.3. SeNPs Alleviated DNA Damage-Mediated cGAS-STING
Signaling Pathway Activation Through Inducing Selenoprotein
Expression

The cyclic guanosine phosphate-cGAS is considered to be an im-
portant cytoplasmic DNA receptor in mammalian cells, which
can bind double-stranded DNA to activate STING and induce
the demonstration of type I interferon and other inflamma-
tory factors.’% Given the important effect of the cGAS-STING
pathway on inflammatory diseases, we examined whether Se
alleviated X-ray-triggered DNA damage response could block
the cGAS-STING cascade and suppress inflammation response
(Figure 3A). X-ray treatment induced the upregulation of proteins
that are involved in DNA damage including phospho-CHK2, and
phospho-p53. However, cells treated with SeNPs reversed the in-
ducing capacity of X-ray as indicated by the downregulated pro-
tein expressions, which further confirmed that SeNPs could ef-
fectively restrict irradiation-damaged DNA (Figure 3B). Addition-
ally, we also found that exposure of IEC-6 cells to X-rays acti-
vated the cGAS-STING signaling pathway. The demonstration
of phospho-STING, phosphor-TBK1 and phospho-IRF3 was up-
regulated upon irradiation but decreased by pretreatment with
SeNPs (Figure 3C). cGAS-STING pathway activation can stim-
ulate NF-xB transcription and induce the expression of inflam-
matory cytokines such as IL-6, IL-# and TNF-a.[*!] SeNPs prein-
cubation induced downregulated expression of these molecules
after the irradiation of X-ray. Similar results were also found in
macrophages including RAW264.7 and the bone marrow-derived
macrophages by Western blot and Elisa assay (Figure 3D-I).
These results suggest that SeNPs treatment alleviated X-ray-
induced DNA-sensing cGAS-STING pathway activation thus
suppressing inflammatory response.

To further investigate how SeNPs blocked the cascade of
cGAS-STING, we examined the mRNA expression of selenopro-
teins. X-ray irradiation induced a marked reduction in seleno-
protein expression including GPX2, GPX4, TrxR1, SeLK, SeLS,
SeLM, SeLN, SeLlI, and SeP15. However, the SeNPs treatment
increased the levels of these selenoproteins and the Western blot
assay also confirmed these results as evidenced by the decreased
expression of GPX2 and GPX4 under X-ray treatment but upreg-
ulated at the presence of SeNPs (Figure 3],K). Collectively, these
consequences proffer that Se effectively inhibits DNA damage-
mediated activation of the cGAS-STING pathway, which sup-
presses X-ray-induced inflammation and is involved in the in-
duction of selenoprotein expression.

2.4. SeNPs Attenuates Radiation-Induced Intestinal Damage In
Vivo

Inspired by the radioprotective properties of SeNPs in vitro,
we further evaluated their protective effects against radiation-
induced colitis in C57BL/6] mice in vivo. Previously, we found
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that SeNPs (2 mg kg~!) administration exhibited better protec-
tion against cisplatin-induced nephrotoxicity with a higher safety
index. Additionally, we also performed preliminary experiments
to investigate the SeNPs effects on X-ray irradiation and we found
that oral administration with SeNPs 2 mgkg~! per day for 14 days
possesses better protective effects against X-ray-induced injury
to colon tissues when compared to 1 mg kg™! dosage (data not
shown). Therefore, mice were administered SeNPs (2 mg kg™)
every other day for 14 days, with the last dose given 6 h before
abdominal irradiation at 16 Gy. Subsequently, hematochezia and
histopathological examinations were carried out at specified time
points post-irradiation (Figure 4A). Mice in the radiation-induced
colitis model exhibited signs of colitis, such as significant diar-
rhea (wet tail) and hematochezia (fecal occult blood), which may
account for the acute inflammation response after irradiation.
However, SeNPs pretreatment significantly reduced the damage
response induced by X-ray as showed by the weight changes, less
weight loss, and less hematochezia (Figure 4B,C). Additionally,
we also observed that X-ray treatment induced more obvious con-
gestion and lower Disease Activity Index (DAI), the symptoms
scoring index, while SeNPs treatment attenuated the damages
induced by X-ray including weight loss, colon shortening and
higher DAI (Figure 4D-H). Hematoxylin and eoxin (H&E) stain-
ing assay further illustrated the protective effect of SeNPs against
radiation-induced colonic damage. As depicted in Figure 4I, the
colonic tissue in the irradiation test group suffered severe dam-
age to the villous structure, whereas SeNPs treatment signifi-
cantly protected the colonic mucosa as evidenced by the villous
structures and integrity. Additionally, we also found that SeNPs
pretreatment could alleviate the damage effects of X-ray on the
duodenum and ileum tissues (Figure S7, Supporting Informa-
tion). Together, these data demonstrate that SeNPs pretreatment
significantly attenuates X-ray-induced intestinal tissues damage.

2.5. SeNPs Pretreatment Shapes the Immune Microenvironment
of X-Ray-Induced Colitis

X-ray irradiation may disrupt the homeostasis of the colonic
immune microenvironment by promoting infiltration of neu-
trophils and inflammatory macrophages, which thus promotes
inflammation response.*?) Macrophages and neutrophils exhibit
higher resistance levels to radiation-induced cell death, and stud-
ies have shown that M2-like macrophages possess more resis-
tance to radiation than M1-like macrophages.**! Since SeNPs
pretreatment could inhibit X-ray-induced injury in colon tissue,
we next examined the changes in immune cell proportion after
the treatment of SeNPs and X-rays to verify the protection roles of
SeNPs. As depicted in Figure 5, treatment with SeNPs inhibited
radiation-induced neutrophil infiltration and exacerbation of in-
flammatory responses and significantly enhanced the proportion
of anti-inflammatory M2 polarized macrophages in the spleen,
colon and lymph node tissues compared to the untreated group.
Together these effects recommendation that pretreatment with
SeNPs significantly inhibits the occurrence of radiation-induced
intestinal inflammatory responses and maintains the homeosta-
sis of the intestine microenvironment immune system to combat
inflammatory responses.
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Figure 3. SeNPs suppressed cGAS-STING signaling pathway activation by inducing selenoprotein expression. A) Schematic diagram of the regulatory
mechanism of SeNPs inhibited cGAS-STING signal cascade under DNA damage response. B) SeNPs inhibited X-ray-induced DNA damage in IEC-6 cells.
Effects of SeNPs on cGAS-STING signaling pathway in IEC-6 cells C), RAW264.7 cells D) and BMDMs E) upon X-ray irradiation. Cells were pretreated
with SeNPs (2 uM) for 6 h followed by X-ray (16 Gy) irradiation and 48 h later the total protein was collected and subjected for the analysis of protein
expression. F-1) Expression of TNF-a and IL-6 in IEC-6 and RAW264.7 cells was examined by ELISA assay. Data are represented as mean + SD, n = 3.
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2.6. SeNPs Inhibits X-Ray-Induced Gut Inflammation Through
Triggering Selenoprotein Expression

Since SeNPs treatment could restrict X-ray-induced injury in
the intestine in vivo, we next evaluated whether SeNPs treat-
ment directly reduces X-ray-induced inflammation. As depicted
in Figure 6A,B, X-ray irradiation induced significant upregula-
tion of myeloperoxidase (MPO), the biomarker of activated neu-
trophils, in the colon tissue as indicated by the enhanced green
fluorescence of MPO, which suggests that X-ray treatment may
facilitate the activation of neutrophils. However, SeNPs pretreat-
ment significantly suppresses the expression of MPO in colon tis-
sue. Additionally, we also found that the malondialdehyde (MDA)
content in the irradiation groups was elevated after the X-ray
treatment when compared to the untreated groups, suggesting
that irradiation caused colon tissue injury. SeNPs pretreatment
significantly decreased the expression of MDA induced by X-ray
in colon tissue (Figure 6C), which indicates the protection effects
of SeNPs against X-ray irradiation. X-ray-triggered colon tissue
injury may promote the inflammation response. SeNPs pretreat-
ment could maintain a higher selenium level in the blood and
intestinal tissue (Figure S8, Supporting Information). Therefore,
we asked wondered SeNPs treatment would endow the gut tis-
sue to possess better resistance to X-ray-induced damages. To
explore this inquiry, we investigated the inflammatory cytokines
expression in SeNP-treated mice with or without exposure to X-
ray. SeNPs pretreatment significantly inhibited the suppression
effects on the anti-inflammatory cytokine IL-10 expression in-
duced by X-ray (Figure 6D). Additionally, compared with the un-
treated groups, X-ray treatment increased the creation of pro-
inflammatory cytokines (Figure 6E-G), including IL-6, TNF-a,
and IFN-y, which was evidenced by the reduced production of
these cytokines as SeNPs pretreatment inhibited the inducing
ability of X-rays. To advance the examination of the inhibitory
effect of SeNPs on X-ray-induced colitis, we examined the ex-
pression of STING and GPX4 in colon tissues aftertreatment
(Figure 6H-M). Upregulated levels of STING and yH2AX were
observed in the colon tissue (Figure 6H,I; Figure S9, Supporting
Information) accompanied by the increased expression of inflam-
matory factors IL-1f and IL-6. However, SeNPs pretreatment re-
strained the inducing capacity of X-ray and upregulated the man-
ifestation of GPX4. In combination, these results demonstrate
that SeNPs exhibits protective effects against X-ray irradiation
through inhibiting cGAS-STING pathway activation.

2.7. SeNPs Regulate Gut Microbiota

The microbiota serves as a vital component of regulating and
training the gut immune system.>* Therefore, we also examined
whether SeNPs treatment could affect the abundance of gut mi-
crobiota by using 16s sequencing technology. First, The analysis
of Bray Curtis PCoA detection combined with PERMANOVA cal-
culation indicated that there was a significant difference in the

www.advancedscience.com

composition of intestinal bacterial communities between the ir-
radiated and control groups at the entire OTU level, specifically
manifested in the distance between the sample points of the irra-
diated and nonirradiated groups. SeNPs treatment intervention
was able to narrow this difference. (Figure 7A,B). It was found
that the plenitude and variety of the intestinal microbiome de-
creased after irradiation, whereas oral administration of SeNPs
increased the abundance and kinds of the intestinal microflora
to a certain degree. A heat map analysis of the proportional
prevalence (generic level) of the gut microbiota was performed
on all samples from the different treatment groups (Figure 7C).
The taxonomic associations among the microbial communities
at the Phylum level were also evaluated. In comparison to the
normal intestinal flora (group G1), X-ray irradiation (group G3)
reduced the bacterial abundance of Bacteroidota, Verrucomicro-
biota, and Actinobacteriota (expressed in proportion to the size of
the range). In contrast, SeNPs was able to increase the abundance
of the above bacteria after irradiation, and had a similar abun-
dance compared with the non-irradiated group, indicating the
protective effect of SeNPs on the intestinal microbiota after irra-
diation (Figure 7D). Related studies have reported that the intesti-
nal flora of mice can be significantly changed by X-ray irradiation.
Venn diagram showed that SeNPs treatment made the intestinal
microbiota of irradiated mice more similar to that of unirradi-
ated and normal mice compared to irradiated mice (Figure 7E).
Additionally, we studied different enriched taxa within different
taxa by linear discriminant analysis (LDA) effect size analyses.
The result shows the dominant taxa and their effects at differ-
ent taxonomic levels from phylum to genus. The aboundance of
beneficial bacteria was found in the mice that pretreated with
SeNPs and then irradiated with X-ray, when compared with X-
ray alone treatment. For example, Prevotellaceae, is well known as
the intestinal symbionts. The reduction of Prevotellaceae may re-
sult in the exposure of bacterial endotoxin systems and increase
intestinal permeability, which may trigger the imbalance of in-
testinal homeostasis. SeNPs pretreatment increases the abun-
dance of Prevotellaceae, Rikenellaceae, and Rikenella, which sug-
gests that SeNPs may help for increasing the abundance of bene-
ficial bacteria upon radiation treatment (Figure 7F). Additionally,
KEGG Orthology (KO) assignments demonstrate that X-ray irra-
diation may alter the biological function of the microbial com-
munity. Under SeNPs treatment, the gene level is highly simi-
lar to that of the nonirradiated group, indicating that SeNPs may
take part in preserving the normal function of the gut microbiota.
For example, the iron complex transport system related genes
such as K02015(iron complex transport system permease pro-
tein), K02016(iron complex transport system substrate-binding
protein) and K02013(iron complex transport system ATP-binding
protein) were upregulated upon X-ray irradiation. X-ray treat-
ment may result in disruption of iron homeostasis and thus re-
sult in overproduction of harmful metabolites and affects down-
stream functions through specific signaling pathways.3>! How-
ever, SeNPs pretreatment inhited the inducing capacity of X-ray

J) The mRNA level of selenoprotein in IEC-6 cells after the treatment of SeNPs (2 uM) and X-ray (16 Gy) (n = 3). K) Expression of GXP2, GPX4, and
TrxR1 in IEC-6 cells. Cells were pretreated with SeNPs (2 uM) for 6 h and then irradiated by X-ray (16 Gy). After 48 h, the total protein was collected
and submitted to a Western blotting assay. G1: Control, G2: SeNPs, G3: X-ray, G4: X-ray + SeNPs. *P < 0.05 and **P < 0.01 are considered statistically

significant differences.
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Figure 4. The protective effects of SeNPs against X-ray radiation therapy on the intestine in vivo. A) Schematic diagram of in vivo radiation protection
assessment. B-C) Changes and loss in mouse body weight (n = 10). D) Representative images of the wet tail and hematochezia on day 5 and intestinal
integrity structure on day 8 for each group. E) Representative images of colon length after the treatments. F) DAI for radiation-induced colitis in each
group. G) Diarrhea index (n = 10). H) Quantification of colon length in different treatment groups (n = 3). 1) H&E staining images of colon tissues from
different treatment groups (scale bar = 400 um). G1: Control, G2: SeNPs, G3: X-ray, G4: X-ray + SeNPs. Each value is represented as mean + SD. *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 are denoted as significant differences between the comparing groups.

as indicated by the decreased level of these genes, which are
simalar to the untreated groups. Evidence demonstrated that ra-
diation could induce the imbalance of iron homeostasis and fa-
cilitate ferroptosis and result in colitis.>® We found that SeNPs
treatment could induce upregulation of GPX4 expression in the
colon tissue, which may suggest that SeNPs inhibited radiation-
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induced ferroptosis and the iron homeostasis disruption by in-
ducing GPX4 expression and thus contributed to maintaining
the gut microenvironment balance (Figure 7G). In conclusion,
SeNPs could modulate the abundance of intestinal flora to main-
tain the host’s microbial diversity and antagonize the intestinal
inflammation induced by radiotherapy.
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Figure 5. SeNPs inhibit X-ray-induced disruption of the intestinal immune microenvironment. Changes of neutrophils A) and M2 macrophages B)
in the spleen, colon, and lymph node after the treatment of SeNPs and X-ray. Mice were pretreated with 2 mg kg™ SeNPs for two weeks and then
received with or without X-ray irradiation (16 Gy). After 10 days, mice were euthanized and the spleen, colon, and lymph nodes were assembled for the
analysis of neutrophils and M2 macrophages using a flow cytometry assay. Quantitative analysis of neutrophils C-E) and anti-inflammatory M2 polarized
macrophages F-H) in the spleen, colon tissues, and lymph nodes of mice from different treatment groups. G1: Control, G2: SeNPs, G3: X-ray, G4: X-ray
+ SeNPs. Each value is represented as mean + SD (the sample size was 5, 4, and 3 in spleen, colon tissues and lymph nodes, respectively). *P < 0.05
and **P < 0.01 are denoted as significant differences between the comparing groups.

3. Conclusion which may provide insight into the use of Se in radiation colitis

treatment.
Radiation colitis is one of the most common complications in pa-
tients undergoing pelvic radiotherapy, and lack of effective treat-
ment in the clinic. Finding effective strategies to combat radia-
tion colitis is a topic of intense research. We found that the es-
sential trace element Se holds promising application in revers- Materials: ~ Selenocystine (SeCys,) and sodium selenite (Na,SeOs,
ing X-ray-induced intestinal injury and inflammation response.  SelV) were acquired from Sigma-Aldrich (Shanghai, China). SeNPs were
X-ray irradiation could trigger a large amount of ROS to accu- synthesized f°”°,Wi”g[3'é?e method outlined previously (Figure S1, Sup-
mulate in intestinal epithelial cells, which induces DNA damage (pslr)t'nfit:;fzzci?‘t;o:lmm B&\gg; S:ng:pﬂ:tlgzlunﬁgzj);5:25'%”82)'OdD'gE
and facilitates the release of cytosolic DNA, thereby activating the (szCFDA) probe, and MitoTracker Green were obtained from Ther-
cGAS-STING-IRF3/NF-«B signaling pathway, which then con-  moFisher Scientific (Shanghai, China). mPEG-PCL was purchased from
tributes to the development of inflammation. However, Se, es-  Merck Technology Co., Ltd., Ebselen from Macklin, M-CSF from United
pecially for SeNPs, treatment induced expression of selenopro. Biotech, DMEM and IMDM media from Gibco. Antibodies were sourced
tein, which endowed cells with higher antioxidative activity to re- from Cell Signaling Technology. All Elisa kits were obtained from Bi-

. S . . : Legend. All PCR primers were purchased from Sangon Biotech, and
hy h lock the infl . OLeg p p g )
strict the oxidative stress and then block the inflammation sig MPO was obtained from Beyotime Biotech Inc. The BCA protein as-

naling pathway transduction. Additionally, SeNPs pretreatment say kit (G3522) was from GBCBIO Technologies (Guangzhou, China).
may also participate in maintaining the beneficial flora popula-  Anti.cD44-FITC (561859) and anti-FoxP3-FITC (13353442), Anti-CD16/32-
tion, thus contributing to the maintenance of intestinal home- ~ PE (101307), anti-CD4-APC/Cy7 (B361057), anti-CD25-PE (B349987),
ostasis. Taken together, the above results suggest that SeNPs play ~ anti-CD11b-FITC (B333716), anti-Ly6G-APC (B296099), Anti-Ly6C-PECy7
a regulatory role in restricting X-ray-induced intestinal tissue ~ (2210385) were purchased from Biolegend. o _

damage and the inflammation response with the involvement Cytotoxicity Evaluation: The IEC-6 rat intestinal epithelial cell line,

i . ] tei . d d . DNA human normal colon epithelial cells NCM-460, and rodent monocytic
Ol Increasing SEIENOpTOLElN €XpIession and decreasing RAW264.7 macrophage leukemia cells were from the American Type Cul-

damage response as well as the cGAS-STING pathway cascade, e Collection (ATCC), located in Manassas, Virginia, USA. Cells were sub-

4. Experimental Section
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Figure 6. SeNPs inhibited X-ray-induced intestine injury and inflammation with the involvement of inactivating cGAS-STING pathway in vivo. A) Rep-
resentative images of MPO in different treatment groups (scale bar = 300 um). B) Semi-quantitative analysis of MPO in the colon tissues (n = 3). C)
Levels of MDA in the colon tissues after different treatments (n = 5). D-G) Levels of IL-10, TNF-«, IL-6, and IFN-y in the supernatant of mesenteric
lymph node tissues in each group (n = 3). H-L) Gene manifestation of STING, IL-6, IL-18, and GPX4 in the colon tissues after different treatments (scale
bar =300 um) (n = 3). M) The mRNA expression of cGAS, STING, TBK1, TNF-a, IL-6, and GPX4 in the colon tissues after different treatments (n = 3).
G1: Control, G2: SeNPs, G3: X-ray, G4: X-ray + SeNPs. Each value represents as mean + SD of three replicates. *P < 0.05, **P < 0.01, and ***P < 0.001

are denoted as significant differences between the comparing groups.

jected to treatment with specific concentrations of different forms of Se for
indicated times, and then cell viability was assayed by MTT. For the protec-
tive effects of Se against X-ray, cells were pre-exposed to Se for 6 h before
undergoing X-ray irradiation, followed by a 48 h culture period. After that
cell viability was assessed by MTT.

Clonogenic Assay: NCM-460 cells (500 cells per well, 24 well plates)
treated with Se (SeNPs, SeCys,, Ebselen, Na,SeO;, D-SeCys,, D-Ebselen)
in the presence of X-ray or not overnight, then replaced with fresh medium
and cocultured for 14 days. After discarding the medium and washed with
PBS three times, cells were methanol-fixed and stained with crystal violet
(0.5%, in 95% ethanol). Cell colonies were captured using a multi-function
detection system (Gene 5.0, Biotek).

Cellular Localization and Uptake:  To evaluate the cellular localization of
SeNPs, the nanoparticles were loaded with coumarin-6 (SeNPs-coumarin-
6). After dialysis, SeNPs-coumarin-6 (2 pM) was added to IEC-6 cells that
were pretrained with lysotracker, and the distribution of nanoparticles was

Adv. Sci. 2024, 11, 2403918 2403918 (11 of 14)

measured by fluorescence microscopy (Nikon Corporation, ECLIPSE Ti2-
E) at different incubation time. The cellular uptake of SeNPs was examined
as previously described.[3”] Briefly, IEC-6 cells were first pretreated with dif-
ferent endocytosis inhibitors for 1 h. SeNPs-coumarin-6 was then added
and incubated for indicated times. For energy energy-related uptake mech-
anism, cells were placed at 4 °C for 4 h followed by different treatments.
The fluorescence intensity was recorded at the end of the experiments by
using a fluorescence microplate reader (Cytation 5, Bio-Teklnstruments,
Inc. Winooski, VT, USA).

Assessment of Mitochondrial Membrane Potential:  Flow cytometry was
used to examine the mitochondrial membrane potential. In brief, cells
were treated with Se and X-ray for indicated times, then collected and
stained with JC-1 (10 ug mL™") for 30 min at room temperature. Subse-
quently, cells were rinsed thrice with PBS and analyzed with a flow cy-
tometer (Cytoflex, Beckman). At least 10000 cells were gathered for further
studies.
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Figure 7. Effects of SeNPs and X-ray on the gut microbiota abundances. A) The Bray Curtis PCoA combined with PERMANOVA analysis showed sig-
nificant differences in the composition of gut bacterial communities between the irradiation group and the control group (n = 3, pseudo-F: 4.07, PER-
MANOVAR). B) Significant inter-group difference analysis of OUT levels in fecal samples from the Control, SeNPs, X-ray, and SeNPs+X-ray (one-way
ANOVA). C) Heat map of relative abundance of intestinal flora. D) The distribution of microbial species present in different microbial samples under
different treatment groups. E) The Venn diagram illustrating the intestinal microbiota across various groups, wherein the numerical values shared be-
tween different circles denote the quantity of identical bacterial species. F) LDA identified a significant abundance of genera in different taxa. Groups that
meet the LDA significance threshold of 2. The Venn diagram comparing intestinal flora among distinct groups depicts the quantity of shared bacterial
species indicated by the values intersecting different circles. G) Distribution of KO assignments to analyze the individual gene in different samples by
PICRUSt2 function. G1: Control, G2: SeNPs, G3: X-ray, G4: X-ray + SeNPs.

Analysis of Reactive Oxygen Species (ROS): H,DCFDA sensor was  for indicated times. Then the supernatants were collected and subjected

used to assess the intracellular ROS levels. IEC-6 and NCM-460 cells
(3 x 10° cells mL™" per well) were placed in contact with H,DCFDA (4
uM) at 37 °C for 30 min. Cells underwent pretreatment with Se for indi-
cated times and then were rinsed thrice using PBS. After that, the cells
were irradiated with or without X-ray (16 Gy) and the fluorescence inten-
sity was assessed utilizing a fluorescence microplate reader (Cytation 5,
Bio-Tek Instruments, Inc., Winooski, VT, USA) with excitation and emis-
sion wavelengths of 488 and 525 nm, respectively.

Immunofluorescence: ~ Cells were received with indicated treatments
and then treated with fixative 4% polyoxymethylene glycol for 30 min and
permeabilized with 0.1% Triton X-100 solution. After the blockage with 5%
BSA for 2 h, cells underwent incubation with phospho-histone H2AX an-
tibody (Ser139) at 4 °C overnight. The phospho-histone H2AX expression
was examined using a fluorescence microscope after the incubation with
Alexa Fluor 488-labeled Goat Anti-Rabbit IgG for 1 h at room temperature.

ELISA Analysis:  Cytokine expression including TNF-«, IL-6, IL-10, and
IFN-y was examined by ELISA as per the instructions. IEC-6 and RAW264.7
cells were received with the specified treatment of Se with or without X-ray
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to an ELISA assay.

Quantitative Reverse Transcription PCR: 1EC-6 cells received pre-
exposure to Se and then received with X-ray irradiation and cultured for
indicated times. Then the total RNA was extracted with Trizol reagent
(Takara, Japan). After quantification, RNA was exposed to reverse tran-
scription to obtain cDNA. The expression of selenoprotein, cGAS, STING,
TBK1, TNF-a, and IL-6 were examined by CFX Connect Real-Time PCR
Detection System (Bio-Rad, USA) using 2 x SYBR Green Master Mix (Bi-
make). GAPDH served as the internal control.

Western Blotting Assay:  The expression of the indicated protein was as-
sessed using a western blotting assay as described previously. Briefly, cells
were treated with indicated treatment for indicated times and then lysed
with RIPA lysis buffer. The total protein was obtained via centrifugation and
subjected to protein content determination. The protein (60 ug) was segre-
gated by SDS-PAGE electrophoresis and then relocated onto a polyvinyli-
dene fluoride (PVDF) membrane (Millipore). After overnight incubation
with primary antibody (diluted 1:1000) at 4 °C and then with secondary
antibody conjugated to protein (1:3000) for 1 h at room temperature, pro-
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tein expression was detected by X-ray film exposure after the addition of
enhanced chemiluminescence.

X-Ray-Induced Colitis: ~ All animal experiments were authorized by the
Animal Experiment Ethics Committee of Jinan University. The C57BL/6)
mice (female, 4-5 weeks old) were from the Animal Breeding Center of
Jinan University (Guangzhou, China) (The animal ethical number: IACUC-
20230907-01). The animals were kept in a specific pathogen-free (SPF)
environment for 7 days, and were divided into groups randomly in four di-
visions (n = 10): Control (G1), SeNPs (G2), X-ray (G3), and X-ray + SeNPs
(G4). Mice in SeNPs and the combined treatment groups were pretreated
with SeNPs (2 mg kg™") every day for two weeks and then received with
or without a single dose of X-ray (16 Gy) for local abdominal irradiation
on the first day, which is an effective strategy to induce radiation-induced
colitis.[5375] After irradiation, the weight of mice was monitored each day,
and the daily disease activity index (DAI) was calculated. At the culmina-
tion of the treatment, the mice were euthanased, and organs including
the heart, liver, spleen, lungs, kidneys, and colon were collected for subse-
quent analyses.

Flow Cytometry Analysis:  Spleen, mesenteric lymph node, and colon
tissue samples from the aforementioned animal experiments were col-
lected and then digested with collagenase/hyaluronidase and DNase
followed by homogenized to obtain a single cells suspension. Cells
(1 x 107 cells mL™") were incubated with Mouse TruStain FcX and then
stained with specific antibodies for 30 min at room temperature. After rins-
ing 3 times with PBS, cells were collected and assessed by Flow cytometry
assay. The proportion of cells was gated according to the specific mark-
ers. For instance, CD45*CD11b*Gr1" and CD45*CD11b*F4/80*CD206™"
positive cells were denoted as MDSCs and M2 macrophages. For analysis,
at least 10000 cells were gathered.

H&E Staining and Immunofluorescence: Histopathological alterations
in colon samples were assessed using H&E staining following the previ-
ously reported.?8] Changes in the expression of inflammatory cytokines,
STING, and GPX4 were examined by immunofluorescence assay. Briefly,
after antigen retrieval, penetration, and blocking (1% BSA, dissolved in
PBST (PBS + 0.1% Tween 20)), the colon tissues were raised in specific
primary antibodies at 4 °C overnight. After three rinses with PBS, the tissue
was stained for 30 min without exposure to light using secondary antibod-
ies labeled with Alexa Fluor. The Hoechst 33342 dye was applied to the cell
nucleus. In the end, expressions of these molecules were examined by a
fluorescence microscope.

Microbiome Analysis:  The influence of SeNPs on the intestinal micro-
biota of mice after irradiation was detected by 16s rRNA gene sequencing
and analysis (Shanghai Mejisi Biomedical Technology Co., Ltd.) was stud-
ied using the online platform of Majorbio Cloud Platform (www.majorbio.
com). C57BL/6) female mice were orally administered for two weeks, fol-
lowed by intraperitoneal irradiation according to the above method. Dur-
ing days 5-8 of treatment, mouse feces were collected and stored in a
—80 °C freezer for subsequent gene sequencing. Microbial community ge-
nomic DNA was extracted with the E.Z.N.A. soil DNA kit (Omega Bio-
tek, Norcross, GA, U.S.), and the quality of the extracted genomic DNA
was checked with 1% agarose gel electrophoresis, while DNA concentra-
tion and purity were investigated using NanoDrop2000 (Thermo Scien-
tific, USA). Subsequently, the extracted DNA was used to generate 16S
rRNA libraries (V3-V4 region), and community analysis was determined
using the lllumina PE300 sequencing platform. A short fragment library
was constructed based on the characteristics of the amplified 16S region,
and the library was pairwise sequenced on the lllumina PE300 sequenc-
ing platform. OTUs were clustered through reads assembly and filtering,
followed by species annotation and abundance analysis. Alpha Diversity
and Beta Diversity analyses not only revealed differences in species com-
position and community structure between samples but also allowed for
personalized analysis and deep data mining as required by the project.
The representative sequences of OTUs were classified and evaluated using
mothur software. Finally, all data were analyzed on the Mejisi Biomedical
Cloud Platform.

Statistical Analysis:  The experiments were performed in triplicate, and
the data are depicted as mean + standard deviation (mean + SD). Statis-
tical analyses for all data were analyzed by using an unpaired Student’s
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t-test (normal distribution) or One-way ANOVA methods using GraphPad
Prism software (version 10.1.2). *P < 0.05, **P < 0.01, ***P < 0.001, and
**%*P < 0.0001 are denoted as significant differences between the com-

paring groups.
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