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diseases, volume Il

The Toll-interleukin-1 Receptor (TIR) domain-containing adaptor protein (TIRAP) is
a critical intracellular facilitator in immune surveillance that coordinates different signaling
pathways. Its utility as a bridging entity, and its versatility in binding with diverse
components of Toll-like Receptor (TLR) pathway, has been the subject of several
investigations (1). During signal transmission, TIRAP undergoes distinct binding
mechanisms and conformational changes leading to differential binding with various
intracellular mediators thereby contributing to diverse effects in immunological responses.
Among its notable interactions, TIRAP engages with proteins such as MyD88, TRAF6, and
IRAK-2, facilitating downstream activation of NF-kB and AP-1 (2). Hence, a convoluted
mesh of protein-protein interactions forms the foundation of TIRAP signaling, which is
regulated through its TIR domain (2) (Figure 1A).

Signaling pathways governed by TIR-domain containing proteins have emerged as a
key target for the development of anti-inflammatory therapeutic strategies (3).
Dimerization is a central phenomenon required for the functionality of most TIR
domains, that span over 200 amino acids and harbor a 14 residues BB loop motif. TIR-
mediated signaling mainly relies on the function of the conserved BB loop responsible for
signal complex assembly and stabilization (4). TIRAP is a 221 amino acid long protein,
which is structured into two main domains namely an N-terminal phosphatidylinositol 4,5-
bisphosphate (PIP2) binding domain (PBD) and a C-terminal Toll/interleukin-1 receptor
(TIR) domain. TIRAP’s positioning is mediated by Phosphatidylinositol 4-Phosphate 5-
Kinase o (PIP5K0t), which generates PIP2, a crucial lipid that serves as a docking site for
TIRAP (5, 6). TIRAP’s TIR domain displays structural differences in contrast to the canonic
TIR domains. It comprises an extended AB loop that links oA and oB that are developed
due to the absence of 0B helix classically situated between BB and BC strands (3). These
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(A) Interaction of the TIR domain of TIRAP with various proteins involved in TLR-mediated signaling. (B) Strategies for inhibiting the TIR domain of
TIRAP, including small molecules, combination therapies, and peptide-based approaches. (C) Diagrammatic representation showing inhibition of TIR
domain interactions between TIRAP and BTK or PKC3 through targeted small molecules, combination treatments, or peptides.

unique structural characteristics of TIRAP have significant
implications for immune signaling, as they influence its
interactions with other signaling molecules. Consequently,
strategies that target and modulate TIRAP-mediated signaling
pathways hold promise for the treatment of diseases associated
with dysregulated TIR-driven inflammatory responses (3, 7). For
example, aberrant TIRAP signaling has been implicated in the
pathogenesis of rheumatoid arthritis, where it contributes to
destructive inflammation by promoting cytokine production and
immune cell activation within affected joints (9).

Mechanistically, TIRAP is known to be activated via a post-
translation modification i.e. phosphorylation by kinases namely BTK
and PKCd. Expanding TIR domain targeting through small
molecules binding key residues, dual-molecule strategies, or peptide
inhibitors spanning the domain, can enhance TIRAP inhibition and
disrupt inflammatory signaling (Figure 1B). Previously, Rajpoot et al.
explored the TIRAP-PKCS axis and successfully repurposed an FDA
approved compound, Dorzolamide (DZD), targeting the interface
residues of PKCS on TIRAP thereby dampening the downstream
inflammatory signaling (8). Though DZD attenuated the PKCS
mediated TIRAP activation, BTK-mediated phosphorylation
remains an area to explore.

Recently, Baig et al. proposed a combination therapeutic
approach for TIRAP-mediated chronic inflammatory septic
condition. They addressed two unique aspects of sepsis
progression—the destruction of bacteria and the restoration of

Frontiers in Immunology 6

damaged organs through homeostasis by developing a novel
combination of the broad-spectrum antibiotic Levofloxacin and
the repurposed anti-inflammatory medication Dorzolamide
(LeDoz) (10). Unlike individual drugs that target a single kinase
binding site, we discovered that Levofloxacin and DZD interacted
with a section inside the binding groove (19 residues) on the TIRAP
TIR domain essential for its interaction with not only PKCS but also
with BTK, which are responsible for its activation (10).

Various such alternative modalities have been investigated to
silence TIRAP signaling. In one study, molecular-docking and
dynamics simulations predicted that the plant alkaloid
Narciclasine binds with high affinity to the TIRAP TIR domain as
well as other LPS-TLR4-pathway proteins, stabilizing the
complexes and thereby suppressing pro-inflammatory signaling
(11). In another investigation, Phycocyanin treatment up-
regulated miR-3150a-3p, miR-6883-3p and miR-627-5p, which
led to depleted TIRAP transcripts and reduced cellular
proliferation, thereby establishing a post-transcriptional
checkpoint on adaptor availability (12). Interestingly, one study
demonstrated that synthetic decoy peptides derived from the
TIRAP TIR domain competitively interrupted TIRAP-MyD88
recruitment, abolishing downstream NF-xB activation and
highlighting the value of peptide-based blockade of adaptor-
adaptor contacts (13). Collectively, these observations indicate
that small molecules and miRNA inducers curtail TIRAP through
binding or expression control, whereas peptide modalities can
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potentially better dismantle the protein-interaction surfaces
essential for signal propagation. Based on these insights, a
therapeutic peptide has been proposed which targets the entire
binding pocket in the TIR domain, dampening TIRAP homo-
dimerization required for its functionality. THPdb (Therapeutic
Peptides and Proteins Database) was screened against the TIRAP
TIR domain, identifying a top candidate peptide. Following it's
optimization, the peptide exhibited strong binding to TIRAP,
interacting with residues 152-193, including the dimerization
pocket. Additionally, its binding outside conventional pockets
induced structural conformational changes, enhancing its
inhibitory effect on TIRAP.

These findings highlight the potential of targeting this domain
of TIRAP using small molecules, dual-molecule strategies, or
peptide inhibitors as promising approaches to inhibit TIRAP
function and disrupt downstream inflammatory signaling
pathways. (Figure 1C). These strategies could pave the way for
novel treatments for chronic inflammatory diseases, providing both
structural insights and targeted interventions.
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Calebin A modulates
inflammatory and autophagy
signals for the prevention and
treatment of osteoarthritis

Aranka Brockmueller ®*, Constanze Buhrmann ®?2,
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Introduction: Osteoarthritis (OA) is associated with excessive cartilage
degradation, inflammation, and decreased autophagy. Insufficient efficacy of
conventional monotherapies and poor tissue regeneration due to side effects are
just some of the unresolved issues. Our previous research has shown that Calebin
A (CA), a component of turmeric (Curcuma longa), has pronounced anti-
inflammatory and anti-oxidative effects by modulating various cell signaling
pathways. Whether CA protects chondrocytes from degradation and apoptosis
in the OA environment (EN), particularly via the autophagy signaling pathway, is
however completely unclear.

Methods: To study the anti-degradative and anti-apoptotic effects of CA in an
inflamed joint, an in vitro model of OA-EN was created and treated with antisense
oligonucleotides targeting NF-kB (ASO-NF-xB), and IkB kinase (IKK) inhibitor
(BMS-345541) or the autophagy inhibitor 3-methyladenine (3-MA) and/or CA to
affect chondrocyte proliferation, degradation, apoptosis, and autophagy. The
mechanisms underlying the CA effects were investigated by MTT assays,
immunofluorescence, transmission electron microscopy, and Western blot
analysis in a 3D-OA high-density culture model.

Results: In contrast to OA-EN or TNF-a-EN, a treatment with CA protects
chondrocytes from stress-induced defects by inhibiting apoptosis, matrix
degradation, and signaling pathways associated with inflammation (NF-xB,
MMP9) or autophagy-repression (mMTOR/PI3K/Akt), while promoting the
expression of matrix compounds (collagen I, cartilage specific proteoglycans),
transcription factor Sox9, and autophagy-associated proteins (Beclin-1, LC3).
However, the preventive properties of CA in OA-EN could be partially abrogated
by the autophagy inhibitor 3-MA.

Discussion: The present results reveal for the first time that CA is able to
ameliorate the progression of OA by modulating autophagy pathway, inhibiting
inflammation and apoptosis in chondrocytes, suggesting that CA may be a novel
therapeutic compound for OA.
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1 Introduction

Osteoarthritis (OA) represents the most common joint disease
worldwide that affects an average of 18% of adults whereby the
prevalence expands with increasing age and from 65 years onwards
approximately half of the women and one-third of the men suffer
from it (1). A degenerative, chronically progressive cartilage
damage, accompanied by pain and functional limitations in the
course, is the main issue of the disease, which may occur in any
joint. Four stages are distinguished radiologically according to
Kellgren-Lawrence classification from doubtful (I) to severe (IV)
(2), and clinically, there are different courses such as silent,
activated, or deformed. While a silent stage brings about minor
problems for the patient, an activated stage results in metabolic

Abbreviations: 3-MA, 3-methyladenine; Akt, protein kinase B; ASO, antisense
oligonucleotides; ASO-NF-«B, antisense oligonucleotides targeting NF-kB; CA,
Calebin A; Coll II, collagen type II; CSPG, chondroitin sulfate proteoglycan;
DAPI, 4',6-diamidin-2-phenylindol; DMSO, dimethyl-sulfoxide; EN,
environment; ECM, extracellular matrix; FBS, fetal bovine serum; HD, high
density; IKK, IkB kinase; LC3, microtubule-associated protein 1A/1B-light chain
3; MMP, matrix metalloproteinase; mTOR, mammalian target of rapamycin; NF-
kB, nuclear factor kappa-light-chain-enhancer of activated B-cells; OA,
osteoarthritis; OA-EN, osteoarthritis environment; OD, optical density; PCH,
primary canine chondrocytes; PI3K, phosphoinositide 3-kinase; SO, sense
oligonucleotides; Sox9, SRY-box transcription factor 9; TEM, transmission
electron microscopy; TNF, tumor necrosis factor; TNF-a-EN, TNF-o

stimulated environment.
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abnormalities in articular cartilage, associated with inflammation,
calcification, and destruction (3). Moreover, at the deformed stage,
the articular cartilage has already disappeared in places, generating
bone and tendon changes leading to joint deformities (4).

Based on the causes that trigger OA, there are primary forms by
genetic predisposition as well as advanced age and secondary forms
by joint dysplasia, overload, obesity, alcoholism, or metabolic
disorders (5), all of which generate inflammatory events. In vitro
and in vivo studies validated the cytokine, tumor necrosis factor
(TNF)-0,, as multifunctional key player in the pathophysiology of
joint diseases such as OA, since its promotion of numerous further
cytokines and enzymes activates an almost unstoppable pro-
inflammatory cycle (6). Especially for the osteoarthritic synovial
microenvironment, a TNF-o-forced induction of the main pro-
inflammatory transcription factor, nuclear factor kappa-light-
chain-enhancer of activated B-cells (NF-xB) is known (7).
Persistent inflammation can quickly escalate to apoptosis in the
naturally bradytrophic cartilage tissue due to its low maintenance
capacity, and early defense mechanisms are necessary to stabilize
cartilage homeostasis.

A crucial process here is autophagy, which breaks down
dysfunctional and thus cartilage-damaging cell organelles or
proteins. As part of the autophagy, joint cartilage cells activate a
health-preserving and regenerative option by reducing
inflammation and preventing apoptosis (8, 9). Thereby, both
foreign substances and cell components to be degraded, such as
discarded organelles, are taken up by autophagy and then referred
to as the autophagosome. As a next step, for the purpose of
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dismantling, the autophagosome fuses with lysosomes and thus
forms autolysosomes (10). These activities of autophagic processes
are regulated by chondrocyte’s metabolism sensor, mammalian
target of rapamycin’ (mTOR) (11) with linked mTOR/PI3K/Akt
signaling cascade (12), and determined by a high expression of
corresponding Beclin-1 and LC3-II markers in differentiated
cartilage cells (9). If this protective mechanism takes effect too
late or not sufficiently, apoptosis as an irreversible initiation of cell
death with the consequence of OA that requires treatment results.
Non-pharmacological, pharmacological, or surgical approaches are
available as OA-therapeutic possibilities offering more or less
satisfactory results (5). Therefore due to their lack of side effects,
a supportive co-treatment with phytopharmaceuticals such as the
proven grape-derived resveratrol (13, 14) or curcumin from
Curcuma longa (13, 15) gains importance.

Calebin A (CA), another little-known but highly effective
polyphenolic ingredient of Curcuma longa, was first isolated
approximately 20 years ago (16). The cornerstone for researching
its medical potential was laid by demonstrating its safe use in animal
experiments, where a study on Wistar rats was carried out without
any sign of toxicity despite administration of 20, 50, or 100 mg CA/
kg/body weight for 3 months (17). Contrarily, an extensive health-
protecting effect of this natural compound gradually crystallizes (18),
and after the first demonstration of CA’s neuroprotective (16) and
metabolism-modulating (19) action, a broad-based cancer-inhibiting
effect was also proven. For example, the phytopharmacon suppresses
growth and proliferation of gastric (20) or colorectal cancer (21, 22)
cells. The inhibition of inflammatory cascades involving NF-xB and
the associated interruption of disease intensification are considered to
be the central mechanism of action here (22, 23).

Research into CA’s influence on the musculoskeletal system is
just beginning, and at least there are first findings of CA-induced
bone stabilization through downregulation of RANKL signaling
suppressing osteoclastogenesis (24). Tendons close to the joint
could also benefit preventively or therapeutically from a CA-
associated inhibition of inflammatory NF-kB cascade as recently
demonstrated by 3D in vitro investigations (25). To summarize, to
the best of our knowledge, the effectiveness of CA has not been
previously studied in relation to OA and certainly not the associated
chondroprotective autophagy processes.

Considering the above, the aim of these studies was to
determine whether CA could be able to modulate both
inflammatory and autophagic processes in chondrocytes that are
exposed to an osteoarthritis environment (OA-EN). Therefore, all
experiments were performed in multicellular 3D-culture models in
vitro simulating a lifelike inflamed joint situation.

2 Materials and methods
2.1 Antibodies and chemical substances

As part of our experiments, the following antibodies were used:
Beclin-1 (#3738) and LC3-II (#4108) from Cell Signaling Technology

(Danvers, MA, USA); NF-xB (#MAB5078), MMP-9 (#¥MAB911),
and caspase-3 (#AF835) from R&D Systems (Heidelberg, Germany);

Frontiers in Immunology

10.3389/fimmu.2024.1363947

Sox9 (#T'A802387) from OriGene Technologies (Herford, Germany);
[-actin (#A4700), collagen type II (#AB761), and CSPG (#¥MAB5384-
I) from Sigma-Aldrich (Taufkirchen, Germany); PI3K (#ab154598),
Akt (#ab38449), and mTOR (#ab109268) from Abcam (Berlin,
Germany); secondary immunofluorescence antibodies from
Dianova (Hamburg, Germany); and secondary Western blot
antibodies from EMD Millipore (Schwalbach, Germany).
Furthermore, TNF-oo was from R&D Systems (Heidelberg,
Germany), 3-methyladenine (3-MA) from VWR International
(Ismaning, Germany), and Epon from Plano (Marburg, Germany).
BMS-345541, Fluoromount, DAPI, and MTT reagent were from
Sigma-Aldrich (Taufkirchen, Germany). CA from Sabinsa
Corporation (East Windsor, NJ, USA) was prepared as 5,000 uM
stock in dimethyl-sulfoxide (DMSO) solution. The experimental
concentrations were further diluted in cell culture medium without
exceeding a DMSO concentration of 0.1%.

2.2 Origin and cultivation of the cells

Primary canine chondrocytes (PCHs) were isolated from
cartilage samples obtained intraoperatively during joint procedures.
Both the permission of the ethical committee of Ludwig-
Maximilians-Universitit (Munich, Germany) and the agreement of
fully informed dog owner had preceded this. Fibroblasts (MRC-5)
were obtained from the European Collection of Cell Cultures
(Salisbury, UK), and T-lymphocytes (Jurkat) were purchased at
Leibniz Institute (Braunschweig, Germany). PCH and MRC-5 grew
as monolayer, while Jurkat were non-adherent cells. All cell lines were
cultured in T175 cell culture flasks at 37°C and 5% CO, until 70%
confluency in cell culture medium containing 10% fetal bovine serum
(FBS). Then, they were washed in cell culture medium containing 3%
FBS (serum-starved) three times and used for experiments, all of
which were done in serum-starved cell culture medium.

Dulbecco’s medium/Ham’s F-12 from Seromed (Munich,
Germany) was enriched with 3% or 10% FBS and further
supplemented with glutamine, penicillin/streptomycin, ascorbic
acid, essential amino acids (1% each), and 0.5% amphotericin B.

2.3 Transient transfection

PCH were transiently transfected with antisense/sense (ASO/
SO) oligonucleotides (phosphorothioate-specific) from Eurofins
MWG Operon (Ebersberg, Germany). The incubation ratio was
0.5 uM ASO/SO with 10 pl/ml Lipofectin from Invitrogen
(Karlsruhe, Germany). Specifically, 5'-gGAGATGCGCA
CTGTCCCTGGTC-3" (ASO) corresponded to p65/NF-kB mRNA
subunit, and 5'-gACCAGGGACAGTGCGCATCTC-3' (SO) served
as control substance, as described in the past (26).

2.4 Osteoarthritis environment

To simulate an osteoarthritic joint situation in vitro, we
constructed a multicellular OA-EN in 3D (Figure 1). In this
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FIGURE 1

Osteoarthritis (OA) high-density (HD) environment (EN) culture model. The OA-EN was installed in well plates, where each well was equipped with a
steelnet bridge and an overlying filter. Fibroblasts grew as monolayer on the bottom of the well and T-lymphocytes floated in the cell culture
medium. This cell culture medium was filled up to the medium/air interface and enriched with additives such as Calebin A, 3-methyladenine (3-MA),
BMS-345541 or NF-kB-SO/ASO. Chondrocytes were applied as HD culture on each filter.

context, three types of cells were combined, with PCH represented
the cartilage tissue of the articular surface, MRC-5 fibroblasts
represented an intact connective tissue, and Jurkat T-lymphocytes
ensured the OA-associated inflammatory reaction. Therefore, PCH
were cultivated as high density (HD) or coverglass culture in well
plates. Additionally, fibroblasts (0.01 Mio./ml medium) were grown
as monolayer on the bottom of the well plates, and Jurkat T-cells
(0.01 Mio./ml medium) floated in cell culture medium suspension.
The effectiveness of Jurkat cells to promote a pro-inflammatory
intercellular cross-talk has been provided by a TNF-c.-stimulated
control (TNF-0-EN), based on previous comparisons with similar
cytokines (27). The OA-EN was used in two cultivation variants for
the present experiments.

2.4.1 High-density culture

HD cultures were established in well plates containing a small
steelnet bridge with a filter placed on top it as shown in Figure 1 and
as already used and described in detail (28, 29). The cell culture
medium was filled up to the height of the filter. To start an
experiment, PCH were passaged and centrifuged three times in
order to obtain a liquid-free pellet. Afterwards, colonies of 2 Mio.
PCH were applied to each filter (Figure 1) using a pipette, incubated
with different treatments, and the pellets grown at the medium/air
interface were evaluated. When the effect of an OA-EN was
examined, a fibroblast monolayer was seeded on the bottom, and
the cell culture medium was enriched with T-lymphocytes as
previously described.

2.4.2 Coverglass culture

For coverglass cultures, PCH (5,000 cells/coverglass) were
seeded on small, round coverglasses as published in the past (15).
After 24 h, the coverglasses were placed on small stellnet bridges in
well plates. To initiate an OA-EN, fibroblasts were grown on the
bottom and T-lymphocytes floated in suspension with cell culture
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medium as described before. The treatments were added for 4 h,
and then, the coverglasses were fixed with methanol before they
were frozen at —20°C.

2.5 Immunofluorescence

For immunofluorescence investigation, PCH on coverglass
cultures were processed as described earlier (15). After defrosting,
the PCH on coverglasses were washed with Triton solution (0.5%)
and bovine serum albumin (1%) in Hank’s salt solution and
incubated overnight with a primary antibody (1:80 diluted) at 4°C
in a humidity chamber. One day later, the coverglasses were
incubated with a secondary antibody (rhodamine-coupled, 1:100
diluted) for 2 h and stained with DAPI for 15 min to distinguish
between viable and apoptotic PCH. Lastly, an embedding in
Fluoromount and evaluation with a DM2000 microscope from
Leica (Wetzlar, Germany) was carried out. Thereby, 400-500
PCH from 15 microscopic areas were counted and evaluated.

2.6 MTT assay

To compare the effect of various treatments on the viability of
PCH, a MTT assay was chosen. Therefore, PCH were HD cultured,
and after 3 days, the cell pellet was detached from the filter and
washed in HanK’s salt solution for three times to ensure that only
PCH were evaluated. Next, the PCH-pellet was dissolved in sodium
citrate solution (55 mM) and centrifuged and resuspended in MTT
medium (with 3% FBS, without phenol red/vitamin C). Then, as
explained earlier (15, 30), 100 ul of this suspension and 10 ul of MTT
solution were pipetted into each well of a 96-well plate. After 3 h, the
reaction was stopped by addition of 100 ul MTT solubilization
solution each, and the optical density (OD) at 550 nm was
evaluated with an ELISA reader from Bio-Rad (Munich, Germany).
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2.7 Transmission electron microscopy

Ultrastructural analysis was carried out by transmission
electron microscopy (TEM) as described before (22, 30). In short,
PCH were grown in HD cultures, and the cell pellet was removed
from the filter after 3 days. The cells were washed for three times in
Hank’s salt solution to rule out contaminations with other cell
types. Thereafter, a fixation in osmium tetroxide for 2 h, an alcohol-
induced dehydration, and an embedding in Epon were done. The
resulting grids were cut with an Ultracut E from Reichert-Jung
(Darmstadt, Germany) and uranyl-acetate/lead-citrate contrasted
before evaluated by a TEM 10 microscope from Zeiss (Jena,
Germany). To quantify the number of apoptotic cells, 250 cells
from 20 different microscopic areas were counted.

2.8 Western blot

To generate Western blot samples, PCH were cultured as HD
cultures, and after 7-10 days, the cell pellets were removed.
Ensuring pure PCH samples, the cells were washed in Hank’s salt
solution for three times. The following procedure was as previously
described (15, 22). First, the cells were treated with lysis buffer and
centrifuged at 4°C and 10,000 rpm for 30 min. Then, their
supernatants were frozen (-80°C) overnight and prepared with an
Interchim Protein Quantification Kit (Montlucon Cedex, France)
and 2-mercaptoethanol the next day. SDS-PAGE Western blottings
were carried out with a BIO-RAD transblot apparatus (Munich,
Germany). Therefore, sample-stocked nitrocellulose membranes
from Fisher Scientific (Schwerte, Germany) were incubated in
blocking buffer for 2 h, then incubated in primary antibodies
(1:10,000 diluted) overnight, and finally incubated in secondary
antibodies (1:10,000 diluted) for 1.5 h. For densitometric
evaluation, QUANTITY ONE program from BIO-RAD (Munich,
Germany) was used.

2.9 Statistics

All experiments including their evaluations were carried out
three times, and the data presented in the figures represent their
average results. In this relation, all data were evaluated by Student’s
t-test and post-hoc ANOVA with SPSS software from IBM
(Ehningen, Germany). After determination of percentage effects
and 95% confidence intervals, p-values <0.05 were considered as
statistically significant.

3 Results

In this study, we designed a multicellular pro-inflammatory high-
density and vivo-mimicking osteoarthritic environment (OA-EN) to
investigate the effect of CA focused on inflammation and autophagy
signaling on the suppression of OA-EN cross-talk (Figure 1).
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3.1 Calebin A, similar to a specific IKK
inhibitor or a specific ASO against NF-«B,
suppresses the downregulation of
chondrocyte viability triggered by OA-EN,
but not in the presence of an autophagy-
inhibitor, as shown by the MTT assay

Given the established anti-inflammatory effect of the
phytopharmaceutical across diseases, PCH were cultured in 3D-
HD settings as basal control, in a pro-inflammatory (TNF-o.-EN or
OA-EN) or in an autophagy-inhibited (3-MA) microenvironment
and observed with or without the addition of CA. Furthermore, the
role of inflammation in OA-EN was measured by blocking NF-xB
using transient transfection (NF-xB-ASO) or specific IKK inhibitor
(BMS-345541). The viability of chondrocytes exposed to these
different conditions was then assessed and statistically compared
using the MTT assay (Figure 2).

First, it became apparent that a CA treatment (5 uM) in an
inflammation-free medium increased the number of viable PCH by
more than half compared to the untreated, basal control, but this
was abrogated after suppression of autophagy. After treatment of
the basal control with 10 mM 3-MA, only 38% of viable PCH were
measured. The contrast were even greater in the CA-treated basal
control, where only 10% of viable chondrocytes was detectable
through the addition of 3-MA (Figure 2).

In the next step, an inflammatory environment was created
using the pro-inflammatory cytokine TNF-o. In this TNF-o-EN,
47% fewer PCH survived the treatment period than in the basal
control. However, an addition of 5 pM CA to the TNF-a-EN
resulted in more than a doubling of the number of viable cells. Here,
too, the inhibition of autophagy had a significant effect, as the
addition of 3-MA (10 mM) resulted in the survival of 51% of the
PCH compared to the TNF-o control. In the CA-treated TNF-o.-
EN, even only 11% of the chondrocytes remained viable in the
autophagy-downregulated situation (Figure 2). Subsequently, the
OA-EN containing fibroblasts and T-lymphocytes was established
for viability determination as described in Material and methods.
Probably due to its strong inflammatory effect, 60% fewer cells
remained viable in the OA-EN than in the basal control.
Interestingly, a CA supplementation led to a concentration-
dependent enhancement of PCH viability. While a treatment with
1 uM CA resulted in an increase of 27%, a dose of 5 pM CA led to
almost a tripling of viability. At long last, an enrichment of OA-EN
with 10 uM CA still slightly exceeded this (Figure 2), so that we
determined 5 uM CA as the optimal experimental concentration.

In order to include the self-repair capacity, chondrocytes in the
OA-EN were furthermore treated with 10 mM 3-MA, acting as an
autophagy inhibitor. The inhibition of autophagy resulted in a
significant loss of 40% PCH viability compared to OA-EN
control, and a CA supplementation failed to prevent this
(Figure 2). This became visible by a detailed examination of the
CA-treated OA-EN because after the addition of 3-MA, only 9%
viable PCH were found in comparison to the 3-MA-free CA-
OA-EN.
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FIGURE 2

OA-EN

Impact of Calebin A (CA) on inflammation-triggered chondrocytes (PCH). PCH were high-density cultured as inflammation-free basal control (Basal
Co.), TNF-a environment (TNF-a-EN), or osteoarthritis environment (OA-EN) and treated without additives or with supplementation of 1 uM, 5 uM,
or 10 uM CA; 10 mM 3-methyladenine (3-MA); 0.5 uM NF-kB-SO/ASO; or 5 yM BMS-345541 as demonstrated on the x-axis. MTT measuring at 550
nm optical density represented PCH cell viability as shown on the y-axis. The values were given as mean + SD, n = 3. *p < 0.05; **p < 0.01; ***p <

0.001 were classified as statistically significant.

Finally, the role of inflammation in OA development was
illuminated. When the OA-EN was treated with the transfection
control substance NF-kB-SO (0.5 puM), the PCH viability was
comparable to the OA-EN control. However, when the main
inflammatory transcription factor NF-xB was eliminated by
transient transfection with NF-kB-ASO (0.5uM), the number of
viable cells more than doubled, and this was confirmed by NF-«B
blocking with the specific inhibitor BMS-345541 (Figure 2).

All considered, inflammatory processes and the associated
downregulation of autophagy limited PCH viability, while a CA
treatment was able to reverse these processes and thus promote the
PCH viability. These results indicate that inhibition of
inflammation and concomitant promotion of autophagy may be
one of the key mechanisms of CA as anti-OA agent.

3.2 Calebin A promoted OA-EN-inhibited
autophagic protein expression and
protected chondrocytes from apoptosis,
but not in the presence of an autophagy-
inhibitor, as shown

by immunofluorescence

As a bradytrophic tissue, articular cartilage relies on self-repair
mechanisms. Autophagic processes are particularly important in this
respect, and for this reason, the next step was to investigate whether CA
influences this early alert system in OA. Therefore, PCH were grown in
coverglass cultures without or with OA-EN and treated without or with
CA and/or 3-MA. Afterwards, the immunocytochemical localization of
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autophagy marker Beclin-1 (Figure 3, upper row) and the viability-
indicating DAPT staining (Figure 3, middle row) were evaluated by
immunofluorescence microscopy, both individually and as a merge
view (Figure 3, lower row).

In the inflammation-free basal control, PCH showed a
moderate but even Beclin-1 labeling with strong-adhesion
pseudopodia and marginally detectable apoptosis. The apoptosis
rate remained low when CA was added to the basal control, but the
autophagy-indicating labeling changed, as numerous strongly
marked punctate autophagic vesicles were now manifested
here (Figure 3).

An initiation of the multicellular OA-EN led to a significantly
different result, as hardly any stabilizing pseudopodia were visible.
In addition, 40% of apoptotic PCH were found, representing cell
death, which was particularly outstanding in the merge view.
Interestingly, a CA supplementation of OA-EN led to an 80%
suppression of this apoptosis, the rate of which almost reached
the initial value of the basal control. Moreover, numerous strongly
Beclin-1 marked vesicles and a distinct pseudopodia-rich
autophagic phenotype become obvious. In order to ensure that
the observed CA-induced effects aimed on PCH autophagy, these
self-protection processes were switched off using the autophagy-
blocker 3-MA, with the result of a very high apoptosis rate (80%)
and a non-significant effect of CA treatment (Figure 3).

Overall, these results show that inflammatory processes in PCH
limit autophagy activity, leading to a predominance of apoptosis.
However, CA treatment reduces inflammation, promotes autophagy,
and suppresses apoptosis, resulting in a PCH-promoting equilibrium
under OA conditions.
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OA-EN+CA OA-EN+CA+3-MA

Impact of Calebin A (CA) on immunocytochemical localization of Beclin-1 in chondrocytes (PCH). PCH were incubated as basal control (Ba.CO) or
osteoarthritis environment (OA-EN) as coverglass cultures and left treatment free or treated with 5 uM CA with or without 10 mM 3-methyladenine
(3-MA). Immunofluorescence investigation was carried out after labeling with anti-Beclin-1 antibody (upper row, red), staining with DAPI (middle
row, blue), and their merging (lower row, red and blue). A scale bar corresponds to 30 um. The statistic chart includes x-axis (treatments) and y-axis
(apoptosis rate in %). The values were given as mean + SD, n = 3. **p < 0.01, ***p < 0.001 were classified as statistically significant.

3.3 Calebin A abolishes OA-EN-induced
apoptosis, degradation of chondrocytes
and promotes autophagosomes, as shown
by transmission electron microscopy

To assess the suspected interplay of autophagy and apoptosis in
detail at the ultrastructural level, HD-PCH cultures were maintained
without (basal control) or with (TNF-0-EN/OA-EN) inflammatory
conditions and with/without the addition of CA. The evaluation of
chondrocyte’s ultrastructure was then carried out by TEM (Figure 4).

The observation of the basal control revealed intact PCH with a
smooth surface embedded in a well-organized extracellular matrix
(ECM), few autophagic vesicles, and rare apoptosis (Figure 4A). With a
constant low cell death rate, an addition of 5 uM CA to the basal
control led to a marked formation of stable, pseudopodia-rich PCH
containing numerous autophagosomes and autolysosomes (Figure 4B).
In contrast, the PCH in TNF-o-EN were deformed due to
inflammation and had an extraordinarily high number of 78% of
cells with mitochondrial changes or even apoptotic bodies (Figure 4C).
Interestingly, the PCH morphology significantly changed through a 5
uM CA supplementation to the TNF-a-EN, as apoptosis rate was
drastically reduced to 13%, and the cells resumed their vesicle and
pseudopodia-rich shape with a marked augmentation in the number of
autophagosomes and autolysosomes (Figure 4D).

A similar sight of destroyed PCH as in treatment-free TNF-ct-
EN was also to be seen in treatment-free OA-EN. Here, the cells lost
their stable form, and more than 80% of them were mitochondrially
changed or apoptotic (Figure 4E). An addition of CA to the OA-EN
affected concentration dependence, as while the apoptosis rate
persisted at 65% during treatment of 1 pM CA, it was reduced
considerably to 14% by 5 uM CA. Now, the morphology
corresponded to the basal control treated with 5 uM CA and the
TNF-0-EN treated with the same concentration (Figures 4F-H).
Therefore, and because a higher dosage of 10 uM CA clearly
resulted in higher autophagosome and autolysosome formation
than the basal control, 5 uM CA was confirmed as the optimal
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concentration for our PCH studies. Altogether, the inflammatory
environment prevented autophagy and simultaneously induced
apoptosis in chondrocytes and a degradation of the ECM. The
natural polyphenol CA was able to modulate the interplay of
autophagy and apoptosis and stabilized chondrocytes and ECM
synthesis by at least promoting autophagy and suppressing
inflammation, mitochondrial changes, and apoptosis.

3.4 Calebin A maintains the functionality of
chondrocytes and protects them from
pathological processes in OA-EN, but not
in the presence of an autophagy inhibitor

After noticing large possibilities of CA for autophagy
modulation, we wanted to clarify these detailed effects on
molecular processes in chondrocytes. Therefore, PCH were HD
cultivated as basal control or in OA-EN, where OA-EN was carried
out as control or treated with 5 uM CA, 10 mM 3-MA, or a
combination of both and the subsequent evaluation occurred by
Western blotting.

First, an indication of the PCH viability was provided by
examination of their essential ECM components collagen type II
(Coll IT) and chondroitin sulfate proteoglycan (CSPG). Compared
to basal control, both parameters decreased due to the cultivation of
the chondrocytes in OA-EN. However, an addition of CA led to a
significant increase in Coll ITand CSPG, so that their expression was
not only higher than in treatment-free OA-EN but also significantly
stronger than in the basal control. Interestingly, an inhibition of
autophagic pathways by 3-MA ensured low levels of Coll II and
CSPG, and this was not reversible by CA supplementation
(Figure 5A). Furthermore, the chondrogenic transcription factor
Sox9 was very impressively influenced in the same way because its
solid expression found in the basal control was massively
downregulated by OA-EN-induced inflammation. A treatment of
PCH with CA interrupted this tendency and upregulated Sox9 at a
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FIGURE 4

Impact of Calebin A (CA) on chondrocyte (PCH) ultrastructure focusing autophagy-apoptosis interplay. PCH were high density (HD) cultured without
inflammation (basal control, Ba.Co., A, B), in TNF-o. environment (TNF-a-EN, C, D), or in osteoarthritis environment (OA-EN, E-H). The cultures
were left treatment-free or treated with 1, 5, or 10uM CA and thereafter investigated by transmission electron microscope (TEM). Marking: CH,
chondrocyte; M, matrix; arrow, autophagic vesicle/autophagosome/autolysosome; star, mitochondrial changes/apoptosis. Magnification: (A—H)
x5,000; scale bar = 1 uM. Insets: x15,000. The statistic diagram (I) shows different treatments (x-axis) and the rate of mitochondrial changes (MC)
and apoptosis in % (y-axis). The values were given as mean + SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 were classified as statistically significant.

value exceeding that of the basal control. Also for this parameter, a
suppression of autophagy via 3-MA addition leads to a decline in
expression, which could not be reversed by CA (Figure 5A).

Next, inflammation marker p-NF-kB-p65, cell-degradation-
associated MMP-9, and apoptosis indicator cleaved-caspase-3,
representing possible pathological signaling processes in
chondrocytes, were considered in a differentiated manner. As
expected, the expression of phosphorylated and thereby activated
inflammatory p-NF-kB-p65 was significantly expanded by OA-EN in
contrast to the basal control. A CA treatment of OA-EN suppressed
this inflammation markedly, confirming CA’s extensive anti-
inflammatory impact, whereas the addition of autophagy-
hampering 3-MA entailed an increase in p-NF-kB-p65 that was
not annullable by CA (Figure 5B). In line with this, the inflammation-
accompanying degradation and degradation-resulting apoptosis also
reproduced this dynamic tendency. Both parameters were
significantly forced in OA-EN and downregulated due to CA
supplementation, but not in the presence of 3-MA (Figure 5B).

Allin all, these findings summarize a physiology-restricting and
pathology-promoting influence of the osteoarthritic environment
but confirm CA’s PCH-supporting possibilities, which are
noticeable, among other things, through the modulation of ECM
components, integral transcription factors, inflammatory cascades,
and the induction of cell degradation and apoptosis.
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3.5 Calebin A disrupts the impaired
expression of autophagy-specific markers
and autophagy-inhibitory signaling
pathways regulated by OA-EN in
chondrocytes, but not in the presence of
an autophagy inhibitor

To finally confirm the results described, the Western blot evaluation
was profoundly investigated. For this reason, the samples explained in
the previous subchapter were immunoblotted with antibodies against
autophagy-related marker proteins and signaling molecules associated
with autophagy pathways in chondrocytes (Figure 6).

Concerning this matter, the known autophagic benchmarks
Beclin-1 and LC3-II were found to be clearly expressed in PCH
from basal control and comparatively downregulated in the OA-EN.
Then, very interesting and never shown before, a CA
supplementation of PCH lead to a significant upregulation of both
autophagy parameters despite OA-EN. In the following, PCH treated
with the autophagy-inhibitor 3-MA showed a marginal expression of
both, Beclin-1 and LC3-1II, regardless of whether CA has been added
to OA-EN or not. These findings confirmed the specificity of 3-MA
as an anti-autophagy protein on the one hand and demonstrated the
dependence of CA’s effect on intact autophagy mechanisms in PCH
on the other hand (Figure 6A).
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Impact of Calebin A (CA) on the physiological and pathological protein expression in chondrocytes (PCH). x-axis: PCH from high density (HD) cultures grew
as basal control or in osteoarthritis environment (OA-EN) without treatment or with an addition of 5 yM CA, 10 mM 3-MA, or both combined. y-axis:
Western blotting was evaluated taking densitometric units into account with, related to OA-EN control, *p<0.05 and **p<0.01 (n = 3). (A) The protein
expression of extracellular matrix (ECM; collagen type Il, CSPG) and chondrocyte-specific transcription factor (Sox9) was investigated. (B) Then, the levels of
inflammation (p-NF-xB-p65), cell degradation (MMP-9), and apoptosis (cleaved-caspase-3) were examined. (A+B) B-actin was used as housekeeping control.

At long last, the investigation of mTOR, PI3K, and Akt proteins
completed the experiments, as their axis is known to be induced by
inflammatory processes and to prevent autophagy in chondrocytes
as a consequence thereof. All three proteins were found in small
quantities in the basal control but, as expected, highly concentrated
in PCH after OA-EN cultivation. This overexpression of mTOR,
PI3K, and Akt could be mitigated by CA addition to the inflamed
chondrocytes. However, if the PCH were treated with 3-MA, the
chondrocytes lacked a physiological counterpart and the
inflammatory processes dominated, which was reflected in an
increased level of the mTOR/PI3K/Akt cascade and could not be
reversed by CA (Figure 6B).

In summary, these Western blot evaluations confirm the
inflammation promotion and autophagy suppression of OA-EN
but underline the importance of autophagy signaling pathways in
CA’s physiology-regulating effects in chondrocytes.

4 Discussion

OA is a widespread disease in society as a whole (1), which leads
to progressive, irreversible, and only symptomatically treatable
limitations in the everyday lives of affected people (5). It would
therefore be important from both an economic and a patient
perspective to reduce or at least limit the OA-induced joint
damages. Against this background of a great need for the further
development of preventive or therapeutic strategies, complementary
treatment options involving natural phytopharmaceuticals such as
grape-ingredient resveratrol (13, 14) or turmeric-derived curcumin
(15, 31) are discussed. As CA, a fairly novel turmeric component,
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shows more and more a wide-ranging potential against divers health
issues (18, 23), we wanted to examine its suitability in this respect.
Therefore, multicellular culture models were established, and CA’s
influences on OA-EN (Figure 1) stressed chondrocytes were observed
with a special focus on autophagic self-repair processes. On this
occasion, the present investigations revealed following key facts: OA-
EN (I) promotes inflammation, degradation, and apoptosis in PCH
and (IT) reduces viability and autophagy in PCH. However, CA (III)
represses inflammation, pathological tendencies, and apoptosis in
PCH and, in parallel, (IV) strengthens chondrocyte’s ECM, viability,
physiological processes, (V) enhances their autophagic self-repair
capacities, and (VI) exerts its chondroprotective abilities largely via
regulation of autophagy.

After the implementation of OA-EN, we found that this
multicellular setting had comparable effects to the TNF-0-EN on
cell viability (Figure 2) and ultrastructure (Figure 4) and that an
addition of CA had very similar effects in both environments. This
was based on the background knowledge that the cytokine TNF-o
has been known for many years as a pro-inflammatory product of
T-lymphocytes and monocytes (32). As a result, it has a significant
share in spreading harmful inflammation in various tissues
including cartilage, where TNF-o. destroys the organization of
chondrocyte’s matrix (15, 33), and serves as a relevant target for
natural substances. In sum, these observations pointed out the
inflammatory characteristics of OA-EN confirming earlier in vitro
results from analogical co-culture models (27, 34) and the clinical
situation of inflamed OA joints (35). As a result of the chronic
inflammation, OA patients develop dysfunctional, degraded, and
thus apoptotic chondrocytes (36), which, interestingly, we were able
to simulate with our OA-EN culture (Figures 4, 5). Moreover,
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Impact of Calebin A (CA) on the expression of autophagy-specific markers and autophagy-associated signaling pathways in chondrocytes (PCH). x-axis:
high-density (HD) cultured PCH were treated as basal control or in osteoarthritis environment (OA-EN) without supplementation or with of 5 uM CA, 10 mM
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actin (A, B) served as housekeeping control.

beyond this clinically known scenario, the present findings
demonstrated a clear inflammation-associated limitation of
autophagic self-repair processes in chondrocytes (Figures 3, 6).
Altogether, joint inflammations result in massively destructive
properties that needs to be interrupted.

Based on the observed pathological effects of OA-EN on PCH,
the next step was to specifically investigate the influence of the
natural polyphenol CA on these cells. In this context, chondrocytes
grown without an inflammatory environment (basal control) were
left untreated or supplemented with CA, and a comparison with
each other showed not only a non-toxicity of CA toward
chondrocytes but, on the contrary, a viability promotion
(Figure 2), autophagy support (Figures 3, 4), and even apoptosis
repression (Figures 3, 4) turned out. These properties are obvious
similar to a known chondrocyte stabilization by the structurally
related turmeric component curcumin of which, by long-term
research, a regulation of inflammatory, autophagic, and apoptotic
signaling pathways were identified (15, 37). Interestingly, CA
maintained its valuable anti-degenerative (MMP-9) and anti-
apoptotic (caspase-3) features despite an initiation of OA-EN
resulting in a significant anti-inflammatory (NF-xB) capacity
(Figures 4, 5B). A comparative and confirmatory prevention of
inflammation of the phytotherapeutic in other constellations, for
example, in the tumor microenvironment of cancer cells (22, 23, 38)
or tumor-associated bone loss (24), underlines its modulatory
potential to restore cell homeostasis and promote the natural
physiology of healthy tissue.
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A further important balancing mechanism for cartilage tissue is
the perpetuation of an intact ECM, which consists of collagen,
elastins, and proteoglycans (39), and, due to its high water binding,
has both a protective and nutritional function (40). As an advantage,
our results pointed to CA’s support of Coll II, CSPG, and thus ECM
synthesis and the expression of cartilage-specific transcription factor
Sox9 (Figure 5A), suggesting a holistic, broad-based positive influence
on PCH despite an OA-promoting environment.

When considering CA’s modulation of chondrocyte signaling, we
noticed the regulation of autophagy as a crucial interface between
physiology and pathology. Autophagy represents an evolutionarily
conserved intracellular homeostatic mechanism, ensuring the
survival of cells such as chondrocytes by initiating the disposal of
damaged cell organelles, microorganisms, and from which new
energy is derived (41). These self-repair processes are particularly
important against the development or spread of OA-induced joint
alterations (42). The modulation of mTOR/Akt/PI3K pathway
thereby acts as a key regulator related to autophagic processes in
chondrocytes, and in recent studies, phytochemicals demonstrated
their potential for influencing this signaling. Curcumin, for example,
is able to avert cytokine-stimulated cartilage degradation by
inhibiting mTOR/Akt/PI3K signals and accompanying promotion
of collagen production and suppression of MMP expression (43).
Moreover, isorhynchophylline, used in traditional Chinese medicine,
impedes osteoarticular and chondrogenic inflammation by the
upregulation of autophagic Beclin-1 and LC3-II proteins and a
simultaneous downregulation of the mTOR/Akt/PI3K signaling
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pathway (44). Consistent with these findings, our results showed a
clear CA-related promotion of autophagosomes, autolysosomes
(Figure 4), and autophagy-specific molecular markers (Beclin-1,
LC3-II), and an undoubted suppression of mTOR/Akt/PI3K
pathway (Figure 6) in PCH with an assumed increase in their self-
repair and thus OA-defense capacity. Moreover, a much more far-
reaching fact was revealed: all the cartilage-promoting effects
described so far could only be observed to a very weak extent in
the presence of the autophagy-inhibitor 3-MA (Figures 2, 3, 5), which
seems to make the modulation of autophagic processes a central
mechanism of CA’s holistic chondroprotection. These insights gained
into the influence of CA on chondrocytes are completely new, as to
the best of our knowledge, this has never been studied before. It
remains undisputed that this research work offers a very first basis,
which would have to be deepened by further detailed projects. In
order to be able to assess the transferability of the in vitro results to
processes in human joints, the tolerability and bioavailability of CA
must first be clarified. In this respect, a non-toxicity observed even at
high doses in experiments with rats (17) appears to be motivating.
The bioavailability of curcumin could serve as an indication here,
which, for many years, was considered to be low, but can now be
significantly increased through special purification and new
formulations that lead to improved intestinal absorption (45).
Overall, the credibility of our new results was strengthened not
only by repeated experiments but also by other phytotherapeutics
with noticeable anti-OA properties, for example, extracted from
Luzula sylvatica (46), Olea europaea (40), Uncaria rhynchophylla
(44), Boswellia serrata, Curcuma longa, or Tamarindus indica (47).
Therefore, an establishment of plant-based supplements for OA
prevention or co-therapy could represent an approach worth
pursuing. Finally, it cannot be ruled out that the phytotherapeutic
agent CA could close a treatment gap, since the multicellular cross-
talk, which has been successfully modulated in the present results, is
currently considered to have hidden therapeutic potential (48),
especially with regard to the regenerative and OA-averting ability
of cartilage.

5 Conclusion

Contemplating an increasing human life expectancy and growing
OA prevalences, the need for cost-effective, abundant, and well-
tolerated therapeutic options remains undisputed. Within the
present study, the natural polyphenol CA demonstrated for the
first time a significant upregulation of autophagosomes,
autolysosomes, Beclin-1, LC3-II, Coll II, CSPG, and Sox9, and
simultaneous downregulation of NF-kB, MMP-9, caspase-3, and
mTOR/PI3K/Akt pathway in chondrocytes. Thereby, the control of
autophagic signals crystallized as one of the key mechanisms in its
multitarging, anti-inflammatory, anti-degrading, and apoptosis-
preventing effects in PCH. All summarized, CA seems to be a
suitable co-therapeutic agent for the prevention or treatment of OA
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and more in-depth research in this area, especially on a clinical level,
in the future would be welcome.
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IL6/adiponectin/HMGBI1
feedback loop mediates
adipocyte and macrophage
crosstalk and M2 polarization
after myocardial infarction
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Biology, Key Laboratory of Bioactive Materials (Ministry of Education), Frontiers Science Center for
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Background: Differences in border zone contribute to different outcomes post-
infarction, such as left ventricular aneurysm (LVA) and myocardial infarction (Ml).
LVA usually forms within 24 h of the onset of Ml and may cause heart rupture;
however, LVA surgery is best performed 3 months after MI. Few studies have
investigated the LVA model, the differences in border zones between LVA and M,
and the mechanism in the border zone.

Methods: The LVA, MI, and SHAM mouse models were used. Echocardiography,
Masson'’s trichrome staining, and immunofluorescence staining were performed,
and RNA sequencing of the border zone was conducted. The adipocyte-
conditioned medium-treated hypoxic macrophage cell line and LVA and Ml
mouse models were employed to determine the effects of the hub gene,
adiponectin (ADPN), on macrophages. Quantitative polymerase chain reaction
(QPCR), Western blot analysis, transmission electron microscopy, and chromatin
immunoprecipitation (ChlIP) assays were conducted to elucidate the mechanism
in the border zone. Human subepicardial adipose tissue and blood samples were
collected to validate the effects of ADPN.

Results: A novel, simple, consistent, and low-cost LVA mouse model was
constructed. LVA caused a greater reduction in contractile functions than Ml
owing to reduced wall thickness and edema in the border zone. ADPN impeded
cardiac edema and promoted lymphangiogenesis by increasing macrophage
infiltration post-infarction. Adipocyte-derived ADPN promoted M2 polarization
and sustained mitochondrial quality via the ADPN/AdipoR2/HMGB1 axis.
Mechanistically, ADPN impeded macrophage HMGB1 inflammation and
decreased interleukin-6 (IL6) and HMGB1 secretion. The secretion of IL6 and
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HMGBL increased ADPN expression via STAT3 and the co-transcription factor,
YAP, in adipocytes. Based on ChIP and Dual-Glo luciferase experiments, STAT3
promoted ADPN transcription by binding to its promoter in adipocytes. In vivo,
ADPN promoted lymphangiogenesis and decreased myocardial injury after M.
These phenotypes were rescued by macrophage depletion or HMGB1 knockdown
in macrophages. Supplying adipocytes overexpressing STAT3 decreased collagen
disposition, increased lymphangiogenesis, and impaired myocardial injury.
However, these effects were rescued after HMGB1 knockdown in macrophages.
Overall, the IL6/ADPN/HMGBL1 axis was validated using human subepicardial tissue
and blood samples. This axis could serve as an independent factor in overweight Ml
patients who need coronary artery bypass grafting (CABG) treatment.

Conclusion: The IL6/ADPN/HMGB1 loop between adipocytes and macrophages
in the border zone contributes to different clinical outcomes post-infarction.
Thus, targeting the IL6/ADPN/HMGB1 loop may be a novel therapeutic approach
for cardiac lymphatic regulation and reduction of cell senescence

post-infarction.

KEYWORDS

myocardial infarction, adiponectin, macrophage, IL6, lymph-angiogenesis, LNP-MertK

1 Introduction

Coronary artery disease (CAD) is currently responsible for one
in every seven all-cause-related deaths (1). Myocardial injury
induced by myocardial infarction (MI) or ischemia/reperfusion
(I/R), including percutaneous coronary intervention (PCI), can
result in a lower left ventricular ejection fraction (LVEF) and
induce life-threatening symptoms, such as severe thrombosis,
malignant arrhythmia, and cardiac rupture (2, 3).

Left ventricular aneurysm (LVA), one of the most severe MI
complications, usually results in a significantly lower LVEF and can
induce life-threatening symptoms, such as malignant arrhythmia
and cardiac rupture (4). If a paradoxical movement occurs in an
apical aneurysm, heart functions, including LVEF and arrhythmia,
are exacerbated (5). Acute ventricular aneurysms usually form
within 24 h after the onset of MI and may induce heart rupture;
however, LVA surgery is best performed 3 months after MI
because the incidence of surgical death is higher within 3 months
and waiting enables improved ventricular wall myocardial
function and scar formation of the infarcted myocardium (4, 5).
Border zone differences contribute to different outcomes post-
infarction owing to the stretch force resulting from unstable
hemodynamic homeostasis, such as LVA and MI (5). Few
studies have focused on the effects of border zones on LVA
formation and MI progression. Therefore, the LVA model and
efficient treatments to prevent LVA formation should be
urgently evaluated.

Frontiers in Immunology

Adipose tissue regulates granulopoiesis and cardiac functions post-
infarction (6, 7). The adipokine, adiponectin, inhibits LPS-induced
HMGBI release in RAW264.7 macrophages (8) and regulates FXR
agonism-mediated cardioprotection against post-infarction remodeling
and dysfunction (9). Re-activation of the epicardium resulted in cardiac
remodeling after myocardial injury via paracrine secretion. Adipose
tissues in the epicardium and sub-epicardium also increased de novo
vessel formation in the peri-infarct zone near the epicardium or the
“epicardial border zone,” which may be a novel therapeutic approach
for cardiac lymphatic regulation (10, 11).

In the present study, we constructed a simple, consistent, and
low-cost LVA mouse model. Differences in the border zone between
the MI and LVA groups were investigated, and RNA sequencing of
the border zone from the LVA, MI, and SHAM groups was
performed. Finally, the effects of the hub gene, adiponectin
(ADPN), were explored in cell lines and mouse models.

2 Methods
2.1 Cell source and processing

The HL-1, 3T3-L1, and RAW264.7 cell lines were purchased
from the Chinese Academy of Medical Sciences and were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
(v/v) fetal bovine serum (FBS) in a 37°C, 5% CO, incubator before
the experiment.
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Adipocyte differentiation was induced as previously described
(12). The cells were cultured in 6-well plates (5x10° cells per well)
and transfected. The expression of ADPN or STAT3 in adipocytes
was knocked down using 9 UL of 1ipo2000 (11668-019, Invitrogen),
50 nM of the appropriate siRNA 3 pL [siADPN pool (mmu-ADPN-1,
mmu-ADPN-2, and mmu-ADPN-3; RIBIBIO, China) or siSTAT3
pool (mmu-STAT3-1, mmu-STAT3-2, and mmu-STAT3-3;
RIBIBIO, China)], and 250 UL of OptiMEM (31985-070, Gibco)
per well. STAT3 was overexpressed in adipocytes using lipo2000,
STAT3 plasmid (RIBIBIO, China), and OptiMEM. Non-sense
sequences were used as negative controls (210011, Ubigene).

RAW 264.7 macrophages with HMGBI1 knockdown were
obtained using adenovirus (m-HMGB1-shRNA-GFP-Puro from
293T cells, 6.57 x 10° TU/mL, MOL100, 7.6 L, Genechem,
Shanghai). Cells were cultured in 6-well plates (5 x 10> cells per
well), transfected using ShRNA HMBG1 (MOI = 10), and screened
using puromycin (2 pg/mL, Genechem, Shanghai) to obtain the
infected RAW 264.7 macrophages.

RAW 264.7 macrophages were maintained in high-glucose
DMEM (Gibco, USA) containing 10% fetal bovine serum
(AusgeneX, Australia) and 1% penicillin/streptomycin (Solarbio,
China) at 37°C under normal (5% CO, and 95% air) or hypoxia
(5% CO», 94% N,, and 1% O,) conditions. To determine the effects of
adipocyte-derived ADPN on macrophages, the cells were cultured in
the conditioned medium (CM) from siNC or siADPN adipocytes. To
determine the macrophage receptor that binds adipocyte-derived
ADPN, macrophage receptor-binding antibodies, including AdipoR1
(ab126611), AdipoR2 (ab77612), aVb3 (EMD Millipore, MAB1876-Z),
and aVb5 (EMD Millipore, MAB1961), were added to siNC CM,
which was then administered to macrophages.

2.2 Animals

Adult C57Bl/6] male mice (young: 7-8 weeks old, weight 22-25
g aged: 20-22 weeks old, weight approximately 35 g) were
purchased from Charles River (Beijing, China). Adult
experimental Axin2 knockout (KO) mice (background: C57Bl/6])
were fed and propagated at Nankai University. PCR genotyping of
Axin2 KO and WT mice was performed using primers 5'-
AGTCCATCTTCATTCCGCCTAGC-3" and 5-TGGTAATG
CTGCAGTGGCTTG-3’ for the wild type, and primers 5-AGTC
CATCTTCATTCCGCCTAGC-3" and 5-AAGCTGCGTCG
GATACTTGCGA-3' for the Axin2 mutant.

Mice were maintained in a specific pathogen-free environment
with free access to food and water and a 12 h/12 h light-dark cycle.
The study protocol was approved by the Ethics Committee of
Nankai University (approval no. 2022-SYDWLL-000486).

2.3 Mouse model and treatment

Mice were anesthetized via inhalation of isoflurane (1.5%-2%,
MSS-3, England). LVA and MI mouse models were established by
ligating the left anterior descending (LAD) artery. MI was induced
in adult male mice according to previous studies (10), whereas LVA

Frontiers in Immunology

10.3389/fimmu.2024.1368516

was induced in adult male mice according to previous studies, with
a slight modification. Briefly, the heart in the LVA group was ligated
at the LAD at the same level as the heart in the MI group; however,
the suture was snipped day 5 after the operation. The LVA model
was considered to be successfully established based on the
paradoxical movement of the left ventricle. The sham-operated
animals underwent the same procedure as the MI and LVA model
animals but did not undergo coronary artery ligation.

To determine the effects of ADPN on the formation and
progression of LVA, ADPN [ip., 5 ng/(g-day), bs0471P, Bioss] was
administered from day 1 to day 14, day 1 to day 3, day 1 to day 7, day 3
to day 14, and day 7 to day 14 after LAD ligation. To elucidate the
effects of ADPN and HMGB1 on the crosstalk between adipocytes and
macrophages, ADPN, clodronate liposomes, and AAV-shHMGBI
were applied in MI and LVA mouse models. Clodronate liposomes
(iv., 0.1 mL/25 g, Yeasen) were used to eliminate bone marrow-derived
macrophages. AAV-shHMGBI1 was administered as a pre-treatment
day 14 before the operation to impede HMGBI1 expression in
macrophages. To determine the effects of the STAT3/ADPN/
HMGBI axis on the crosstalk between adipocytes and macrophages,
adipocytes overexpressing STAT3, siSTAT3 adipocytes, and AAV-
shHMGBI were used in the MI and LVA mouse models.

To reduce pain in the animal experiments, the animals were
killed via cervical dislocation after isoflurane anesthesia (5%, MSS-
3, England).

2.4 LVA model validation

To validate the successful construction of the LVA model, hearts
were collected on day 28 after the operation, and a regular agarose
(agarose G-10, Blowest, 162135) intra-chamber cast was used to
recapture the inner chamber spatial structure and the bulging shape
of the LVA. To screen the time window of LVA model formation,
computed tomography (CT, Nanoscan, Mediso, width: approximately
1,929, center: approximately —35) was applied to perform in vivo
imaging of mouse cardiopulmonary parts and validate the success of
LVA model development at different time points (days 1, 3, 7, and 30
after model construction). Based on paradoxical movement,
intrachamber casts, and CT, the LVA mouse model was validated.

2.5 Echocardiographic examination

Cardiac function was evaluated using a Vevo® 2100 system
equipped with a 30-MHz transducer (FUJIFILM VisualSonics, Inc.
Toronto, Canada). Heart function was measured using the two-
dimensional parasternal long axis. Left ventricular internal
dimensions in diastole (LVID,d), systole (LVID,s), left ventricular
ejection fraction (LVEF, %), and fractional shortening (LVES, %)
were measured using M-mode.

2.6 Histology analysis

After mice were killed, heart samples were collected, fixed in 4%
paraformaldehyde overnight, and embedded in paraffin or OCT (6
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pm). Hematoxylin and eosin (HE) staining (G1120, Solarbio, China)
and Masson’s staining (G1340, Solarbio, China) were performed to
detect anatomical morphology changes and collagen deposition. The
average infarct size was obtained by calculating the average length of
the circumference in the infarct and normal areas. The infarcted area
was determined by calculating the average area in the infarct portion
and total area (13). The related wall thickness of the border zone was
also determined, and the three were measured using the
Image] software.

For immunofluorescent analysis, the tissue slides were incubated
with the following primary antibodies: rabbit anti-Cx43 (1:200,
ab11370), anti-LYVEL (1:200, ab218535), anti-ZO-1 (1:200,
ab61357), mouse anti-CD68 (1:200, ab31630), rabbit anti-HMGB1
(1:200, ab79823), mouse anti-ADPN (1:200, ab22554), mouse anti-
¢TNT (1:200, ab8295), and rabbit anti-Ki67 (1:200, ab16667) at 4°C
overnight, followed by the secondary antibodies, Alexa Fluor 488-
and Alexa Fluor 594-conjugated second antibody (Abcam, 1:200).
The nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI;
Southern Biotech, USA). At least three different heart sections were
obtained from each mouse and more than six random images of the
at-risk areas were obtained from each section. Images were captured
using a fluorescence microscope (ECLIPSE TS2R, Nikon, Japan).

2.7 Cytokine and
chemokine measurements

For the protein chip, blood samples were collected and
centrifuged for 10 min at 3,000 rpm. The concentrations of
cytokine and chemokine were measured using an antibody-coated
microsphere-based multiplex cytokine immunoassay that can
quantify seven cytokines contemporaneously using 25 UL of mouse
serum (MTH17MAG-47k MILLIPLEX MAP Mouse Cytokine/
Chemokine Magnetic Bead Panel, MERCK Millipore Corporation,
Germany). The following cytokines were measured: GM-CSF, IFN-y,
IL-1B, IL-6, IL-10, IL-22, and TNF-c. All samples, standards, and
quality controls were assayed according to the manufacturers’
instructions. The samples were incubated overnight at 4°C and
washed using a magnetic plate washer. The plates were read using
a multiplex plate reader and its accompanying software (Luminex x-
MAP Technology, MILLIPLEX). All cytokine and chemokine
concentrations are expressed in pg/mL.

To investigate myocardial injury on days 3 and 7 after
construction of the mouse model, the left ventricular heart samples
from different groups were collected and the mouse ADPN ELISA kit
(ab226900), mouse CKMB ELISA kit (JL12422, Jianglaibio, China),
and LDH ELISA kit (JL20162, Jianglaibio, China) were used to
measure the levels of the corresponding proteins. The
concentrations of cytokines secreted by macrophages were
measured using the mouse IL6 ELISA kit (ab222503), mouse
HMGBI1 ELISA kit (JL13702, Jianglaibio, China), and mouse
C1qTNF9 ELISA kit (CSB-E16713h, Cusabio, China). The human
IL6 ELISA kit (CSB-E04638h, Cusabio, China), human HMGB1
ELISA kit (CSB-E08223h, Cusabio, China), and human ADPN
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ELISA kit (CSB-E07270h, Cusabio, China) were utilized to
determine protein expression in sub-epicardial adipose tissues.
Optical density (OD) was measured using a microplate reader
(VICTOR Nivo Multimode Microplate Reader, PerkinElmer). All
cytokine concentrations are expressed in pg/mL.

2.8 RNA-sequencing of the border
Zone area

The border zones of the LVA and MI heart samples, and the
same area of heart samples from the SHAM group were dissected (n
=5 per group). Total RNA was extracted using a TRIzol reagent kit
(Invitrogen, Carlsbad, CA, USA). RNA quality was assessed using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,
USA) and checked via RNase-free agarose gel electrophoresis. After
total RNA extraction, eukaryotic mRNA was enriched using oligo
(dT) beads, whereas prokaryotic mRNA was enriched by removing
rRNA using the Ribo-Zero Magnetic Kit (Epicenter, Madison,
WI, USA). The enriched mRNA was fragmented into short
fragments using fragmentation buffer, reverse transcribed into
c¢DNA with random primers, purified using the QiaQuick PCR
extraction kit (Qiagen, Venlo, The Netherlands), end-repaired,
extended with a poly(A) tail, and ligated to Illumina sequencing
adapters. The ligation products were size-selected by agarose gel
electrophoresis, amplified via PCR, and sequenced using Illumina
HiSeq2500 (Gene Denovo Biotechnology Co., Guangzhou, China).

The differentially expressed genes (DEGs) were assessed using the
“limma” package. Genes with log2|fold change|>1 and p < 0.05 were
considered DEGs. GO/KEGG pathway analyses were performed
using the “clusterProfiler” package in R (14, 15). Statistical
significance was set at p < 0.05 for the enrichment analyses.

To investigate the hub genes, DEGs between the MI and LVA
groups were uploaded to STRING (version 11) to construct a
protein—protein interaction (PPI) network (16). The results of
STRING analysis were imported into Cytoscape v.3.7.1, and hub
genes were investigated using the Cytoscape plug-in, MCODE (17).
A significant PPI was identified by a combined score >0.4.

Single-cell sequencing data for hub DEGs were obtained from
the Single Cell Portal (https://singlecell.broadinstitute.org/). Single-
cell sequencing data of the human heart from a single-cell portal
were used to explore the expression of ADPN, AdipoRI, and
AdipoR2 (SCP498) (18).

2.9 gPCR analysis

The mRNA of heart samples in the border zone or cells was
extracted, and qQRT-PCR was performed. Total RNA was collected
using TRIzol and reverse transcribed. The amplified cDNA samples
were then mixed using TB Green® Premix Ex TaqTM II (TaKaRa,
RR820). B-actin was used as an internal reference; the 27!
method was used for the calculation. The primer details are listed

in Supplementary Table 1.
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2.10 Flow cytometry

To determine the effects of different treatments on macrophage
M2 polarization, samples were blocked with anti-Rh Fc receptor
binding (Invitrogen, 2296579); stained with CD206 (CD206-FITC,
Invitrogen 141704) and Edu (Edu-AF594, Invitrogen 2420611) (cell
sample), CD206 and CD86 (CD86-PE/Cyanine7, Invitrogen,
105014) (heart sample), or CD206 and F4/80 (F4/80-PE,
Invitrogen 157304) (heart sample); and evaluated using a flow
cytometer (Cytometer, USA). Following staining for MertK
(MertK-PE/Cyanine7, Invitrogen, 2555774), flow cytometry was
performed to determine the effect of LNP-MertK on macrophages.
Nystatin, a decreasing endocytic reagent, was used to reverse the
above effects (MCE 1400-61-9). Data were analyzed using FlowJo
10.6.2 (BD Biosciences).

2.11 Western blot

Proteins were extracted using RIPA buffer (CWBIO, China).
The protein concentration was measured using a BCA assay kit. The
samples were mixed with SDS-PAGE loading buffer,
electrophoresed via SDS-PAGE, and transferred onto Millipore or
GE PVDF membranes. The PVDF membranes were blocked with
5% skim milk for 1 h and incubated with primary followed by
secondary antibodies (all 1:5,000, Affinity, China). The membranes
were then bound to ECL and analyzed using an image system
software (Protein Simple, USA).

The following primary antibodies were employed: anti-p65
(1:1,000, CST #6959), anti-p-p65 (1:1,000, ab194726), anti-LC3
(1:2,000, ab192890), anti-ADPN (1:1,000, ab22554), anti-HMGB1
(1:1,000, ab79823), anti-GPX4 (1:1,000, ab125066), anti-P62 (1:1,000,
ab109012), anti-YAP (1:1,000, CST#8418S), anti-STAT3 (1:1,000,
ab109085), and anti-B-actin (1:5,000, Sigma).

2.12 Transmission electron microscope

A transmission electron microscope (TEM) was used to
examine the ultrastructure of macrophages. Briefly, cells and
heart samples were fixed with glutaraldehyde and osmic acid
(Solarbio, China), and then cut into ultrathin sections with a
thickness of 50-70 nm using an ultrathin microtome. Ultrathin
sections were stained with 2% uranyl acetate and lead citrate. The
mitochondria and lysosomes were observed using a TEM
(HT7800, HITACHI).

2.13 Oxidative stress levels

Raw264.7 cells were cultured under normal oxygen or
hypoxic conditions for 8 h. Oxidative stress levels were measured
by detecting reactive oxygen species (ROS; S0033; Beyotime,
China), according to the manufacturer’s instructions. The
fluorescence signal was recorded using 520- and 590-nm lasers
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and detected using a fluorescence microscope (ECLIPSE TS2R;
Nikon, Japan).

2.14 Autophagy measurement

Raw264.7 cells were cultured in normal oxygen or hypoxic
conditions for 8 h with or without treatment. Autophagy was
determined using the MDC method (C3018S, Beyotime, China). The
fluorescence signal was recorded using a 355-nm laser and detected
using a fluorescence microscope (ECLIPSE TS2R, Nikon, Japan).

2.15 QOil O staining

To analyze lipid deposition in adipocytes, Oil O staining
(G1262, Solarbio, China) was performed for the different groups.
To analyze lipid deposition in the human subepicardial layer,
modified Oil O staining (G1261, Solarbio, China) was performed.
Images were captured using a light microscope (ECLIPSE E100;
Nikon, Tokyo, Japan).

2.16 Chromatin immunoprecipitation assay

Macrophages or adipocytes were fixed with formaldehyde at
room temperature for 10 min, washed with PBS, and collected. The
cells were then placed in an ultrasonic water bath (60 W, SCIENTZ-
48, SCIENTZ, China). The long-stranded DNA of the gene was
broken into 200- to 1,000-bp DNA fragments and centrifuged at
16,000 x g for 15 min at room temperature to obtain the
supernatant. A total of 20 uL of supernatant was employed as the
input. The c-Jun (ab32137, 2.5-5 pg/lO6 cells) and STAT3 (ab76315,
2.5-5 ug/10° cells) antibodies and their corresponding IgG
antibodies (A7016; Beyotime, China) were added to the
remaining supernatant, which was incubated overnight at 4°C.
Magnetic beads were then added for 2 h at room temperature
(CST #9005). After centrifugation at 16,000 x g for 2 min at 4°C, the
precipitate was eluted stepwise with a low-salt buffer solution, high-
salt buffer solution, and NaCl solution to remove chromatin. EDTA,
Tris-HCI, and protease were added to the sample, which was then
incubated at 65°C for 1 h. Finally, the phenol-chloroform method
was used to extract the 50-pL purified product for PCR detection.
The primer details are outlined in Supplementary Table 2.

2.17 Dual-Glo luciferase experiment

The ADPN promoter [bp —1k/+120 relative to the transcriptional
start site (TSS)] was cloned into the luciferase reporter gene vector,
pGL3-Basic (Promega). Four 5’-truncated sequences of the ADPN
promoter in the luciferase reporter gene vector were transfected into
adipocytes from different treatment groups. The Dual-Glo luciferase
experiment was carried out 48 h after transfection following
the protocol provided by the manufacturer. The OD values
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weremeasured using a microplate reader (VICTOR Nivo
Multimode Microplate Reader, PerkinElmer). The intensity was
calculated by dividing the luciferase value by the renilla value
(Promega E2920).

2.18 LNP and LNP-MertK construction

Lipid nanoparticle (LNP) and LNP containing MertK (LNP-
MertK) were constructed as previously described (19). LNP was
administered via the iv route. Of note, LNP can specifically bind to
bone marrow-derived macrophages (CD68+). LNP-MertK was
used to increase MertK expression and macrophage phagocytosis
to eliminate unwanted materials in cardiomyocytes and the
microenvironment. Nystatin, which decreases endocytic reagent,
was administered via the ip route and used to rescue the effects of
LNP-MertK after MI.

2.19 Patient enrollment and human
sample analysis

To further validate the effects of the IL6/STAT3/ADPN/
HMGBI axis, blood samples were collected from patients after
admission, and sub-epicardial samples were collected from patients
that underwent coronary artery bypass grafting (CABG). The
following inclusion criteria were employed: (1) diagnosed with
CAD; (2) normal BMI (BMI < 24 kg/m?), overweight (24 < BMI
< 28 kg/m?), or obese (BMI > 28 kg/m?); and (3) patients with
complete medical information and laboratory examinations. The
following exclusion criteria were employed: (1) history of
nephropathy, especially DM; (2) history of hepatopathy; (3)
history of diabetic oculopathy; (4) history of tumors; (5) cardiac
arrest or ECPR; (6) MODS or irreversible brain damage; (7) surgery
within 6 months of this study; (8) aortic insufficiency or aortic
dissection; and (9) uncontrolled bleeding. The protocols were
approved by Tianjin Third Central Hospital.

Univariate and multivariate logistic regression analyses were
performed to assess the correlation between patients with CAD in
different BMI groups and the expression levels of ADPN, IL6, and
HMGBI. Receiver operating characteristic (ROC) analysis and joint
ROC analysis were performed to investigate the diagnostic value of
ADPN, IL6, and HMGBI in patients with CAD in the different
BMI groups.

2.20 Statistical analysis

Data are presented as mean = SD, median (QI1-Q3), or
frequency (percentage). Statistical analyses were performed using
SPSS 23.0. The Shapiro-Wilk normality test, Welch’s ¢-test (two
groups), and one- or two-way ANOVA with Bonferroni post-hoc
analyses were used for comparisons between different groups.
Multiple comparison p-values less than 0.05 were considered to
indicate statistical significance. Randomization and blinding
strategies were used whenever possible.
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3 Results

3.1 Changes in the border zone are critical
in LVA formation

The LVA mouse model was successfully constructed and
validated using an agarose intrachamber cast and CT
(Supplementary Figure 1). CT was also performed to screen the
time window of LVA formation. Bulging was found to appear before
day 7 and then progressively enlarge on day 30. Based on CT, the
volume of the bulging left ventricular free wall in the LVA group
occupied almost 1/3 of all left ventricles on day 30 after the operation.
Furthermore, left ventricular paradoxical movement appeared.

Left ventricular functions in the LVA and MI groups were
impaired at 1 and 4 weeks after operation compared to those in the
SHAM group. LVEF and LVEFS in the LVA group were remarkably
reduced compared to those in the MI and SHAM groups
(Figures 1A, B). Masson’s staining and hematoxylin and eosin
staining were performed to assess LVA formation (Supplementary
Figures 2A, B). The infarcted area significantly decreased, while the
infarcted size did not significantly change on day 28 compared to
that on day 7 in the LVA group (Supplementary Figures 2D, E). The
wall thickness of the border zone decreased during this process in
the LVA group (Figure 1C). The infarcted area was significantly
larger while the infarct size was significantly lower on day 7 in the
LVA group than in the MI group. Immunofluorescent staining for
cTNT was observed in the border zone, suggesting that the number
of injured cardiomyocytes decreased during LVA formation
(Supplementary Figure 2C; Figure 1D).

Immunoregulation after cardiac injury is critical for heart
recovery. Hearts in the LVA group were associated with a “global”
activation of pro-inflammatory and anti-inflammatory cytokines
(Supplementary Figure 3). In the pro-inflammatory phase (<3
days), IL-1b expression was elevated in the LVA and MI groups.
Besides the decrease in IL-1P and peak IL-6 at 3 days, other cytokines
peaked at 5 days. On day 7 after the operation, the expression of all
cytokines was higher in the LVA group than in the MI group,
indicating that immunoregulation of the infarcted area and border
zone in the LVA heart was more remarkable than that in the MI heart.

Finally, 65 mice were used in the survival study. The mortality
rate of LVA mice was higher than that of MI mice. To avoid the
influence of the surgical procedure time, we recorded the time but
found no significant difference between the two groups
(Supplementary Figure 4). Taken together, these results indicate
that the LVA model was successfully constructed. Many more
differences were found in the border zone between the two groups,
which may play a critical role in LVA formation and MI progression.

3.2 ADPN expression is associated with
wall thickness in the border zone in LVA
and M| mice

To explore the difference between the LVA and MI border
zones, we performed RNA-seq of the border zone in the three
groups on day 7 after the operation. A total of 1,340 upregulated
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FIGURE 1

ADPN expression was associated with the wall thickness in the border zone and LVA formation. (A, B) LVA and MI decreased heart function. The
representative echocardiographic images (A) and quantitative analysis (B) of LVA, Ml and SHAM mice heart samples at 1 week and 4 weeks after the
operation. LVID, d, left ventricular internal diameter at end-diastole; LVID, s, left ventricular internal diameter at end-systole; LVEF (%), left ventricle
ejection fraction; LVFS (%), left ventricle fractional shortening (n = 6 per group). (C) The wall thickness in the border zone of SHAM, MI (7 days and

28 days) and LVA (7 days and 28 days) heart samples. (D) Immunofluorescent staining of aSMA demonstrated the injury cardiomyocytes in the border
zone of SHAM, MI (7 days) and LVA (1 day, 3 days, 7 days, and 28 days) heart samples. (E) The chord diagram of the relationship between DEGs and
enriched pathways after RNA-sequencing analysis. (F) PPl analysis showed the inflammation module of DEGs in the border zone between LVA, M|,
and SHAM at 7 days after model construction (n = 3 per group). ADPN, adiponectin. (G) The qPCR analysis of ADPN, AdipoR1, and AdipoR2 among
three groups. AdipoR1 and AdipoR2, the two receptors of ADPN. (H) ADPN expression in the border zone at 7 days and 28 days after operation
among three groups using ELISA. **p < 0.01; ***p < 0.001; ns, not significant.

and 971 downregulated DEGs were identified between the LVA and
MI border zones. Further enrichment analysis was performed,
which mainly revealed cytokine-cytokine receptor interactions,
granulocyte chemotaxis, and chemokine activity (Figure 1E;
Supplementary Table 3). PPI network analysis was performed,
and a module comprising TNF, IL1b, ADPN, UCP1, and CCL2
was obtained (Figure 1F). Quantitative polymerase chain reaction
(qPCR) analysis and ELISA were performed to determine ADPN
expression. The mRNA and protein levels of ADPN were lower in
the LVA group than in the MI group. No significant difference in
mRNA levels was found between the two ADPN receptors,
suggesting that ADPN expression may be associated with the
related wall thickness of the border zone and contribute to LVA
formation and MI progression (Figures 1G, H).
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3.3 ADPN impedes cardiac edema and
promotes cardiac lymphangiogenesis
post-infarction

To explore the effects of ADPN on the related wall thickness of
the border zone and LVA formation, an echocardiogram was
recorded and the LVEF was measured. Compared to the LVEF in
LVA mice administered PBS, the LVEF in mice administered
ADPN increased from day 1 to day 7 while that in mice
administered ADPN decreased after day 7 (Figures 2A-E;
Supplementary Table 4). When this mechanism was further
explored, ADPN supplementation decreased cardiac edema and
impeded the progression of subepicardial edema in LVA mice
within day 7 after the operation (Figures 2F, G). Cardiac

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1368516
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.
~ Adponectn
- pos
A w“ F Control
3 E]
o J
T T 7d B
Time (d) Time (d) S
C i
£ —— g M
= S~ — pragts
£ N
o
3 7 14 28 3 7 14 28
Time (d) Time (d)
E . 2
g™ M 28d
g
E o
g -
- 3 7 14 28
Time (d)
H 7d
Control ADPN
/DAPI
FIGURE 2

10.3389/fimmu.2024.1368516

Edema Score
~
o

ADPN

Control

ADPN impeded edema and promoted lymphangiogenesis within 7 days after the operation. (A—E) Effect of ADPN treatment on cardiac functions
during LVA formation. 5 ng/(g-day) ADPN was injected i.p. from day 1 to 14 (A), day 1 to 3 (B), day 1 to 7 (C), day 3 to 14 (D), and day 7 to 14 (E) after
LAD ligation. LVEF (%) was evaluated by echocardiography. (n = 8 per group) (F, G) The representative images (F) and quantity analysis (G) of the HE
staining at 7 days and 28 days in the border zone of the LVA group treated with ADPN or PBS from day 1 to 7 after operation. Scale bar, 500 pm
Arrow, cardiac edema. (H) The representative immunofluorescence images of LYVEL and Cx43 cells in the LVA group treated with ADPN or PBS
from day 1 to 7 after operation. Scale bar, 500 um. *p < 0.05; **p < 0.01; ***p < 0.001

lymphatic growth and Cx43 expression in the border zone of
ADPN-treated mice were higher than those in age-matched PBS-
treated mice on day 28 after the operation (Figure 2H).

To determine the effects of ADPN on cardiac
lymphangiogenesis and LYVE1+ macrophages in the border zone,
ADPN and the Cx43 agonist and inhibitor, verapamil and Gap19,
were administered to the LVA mouse model; verapamil and Gap19
were used to regulate Cx43 expression in the border zone. The LVA
border zone in the verapamil group exhibited increased Cx43- and
Cx43-associated macrophage infiltration (Supplementary
Figure 5A). LYVEl+ macrophages and lymphatic capillaries
increased in the border zone following treatment with ADPN
+verapamil compared to treatment with ADPN alone; these levels
were restored using Gap19 (Supplementary Figures 5C, D).

According to a previous report, ADPN decreases Axin2
expression (20). To explore the effects of ADPN on Cx43 and
Cx43-associated macrophage infiltration, Axin2 KO mice were
used. The overexpression of Wnt canonical signaling rescued the
effects of Cx43 expression and Cx43-associated macrophage
infiltration (Supplementary Figure 5B). LYVEl+ macrophages
and lymphatic capillaries were also rescued in the border zone of
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Axin2 KO mice (Supplementary Figures 5E, F). Co-staining of ZO-
1 and Cx43 was higher in the ADPN-treated LVA group than in the
non-treated LVA group (Supplementary Figure 5G).

Taken together, these results indicate that ADPN expression
levels differed after coronary occlusion, leading to a significant
difference in the number of lymphangiogenesis and infiltrated
LYVEl+ macrophages, inducing different statuses of the border
zone and different mouse models, such as MI and LVA
(Supplementary Figure 5H).

3.4 Adipocyte-derived ADPN promotes
macrophage M2a polarization and
decreases inflammatory cytokine secretion
via the ADPN/AdipoR2/HMGB1 axis

Single-cell sequencing revealed that ADPN was mainly secreted
by adipocytes, and the two receptors were expressed in almost all
cardiac cells (Figure 3A). Therefore, cell-cell crosstalk may occur
after MI. To explore the effects of ADPN on macrophages, ADPN
expression was knocked down in adipocytes, and RAW264.7
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macrophages were cultured with siNC or siADPN adipocyte-
conditioned medium (Figure 3B). The siNC adipocyte-conditioned
medium promoted macrophage M2 polarization based on
polarization-related mRNAs and CD206 and Edu staining via flow
cytometry. This effect was decreased by treatment with siADPN
adipocyte-conditioned medium (Figures 3C, D). HMGB1 expression
increased while p-p65 expression decreased in normoxic and hypoxic
macrophages treated with ADPN (Figure 3E).

Based on previous reports, endogenous HMGB1 mediates
ferroptosis and autophagy (21). HMGBI1 was found to be
knocked down in hypoxic macrophages (Supplementary
Figure 6A). ROS levels in the hypoxic HMGB1 knockdown
macrophage group were markedly higher than those in the
hypoxic and normal oxygen macrophage groups (Supplementary
Figure 6B). Autophagy was increased using the MDC method.
Furthermore, LC3B/A expression increased in the hypoxia
macrophage group compared to that in the normal oxygen
macrophage group. This change was rescued in the hypoxia
HMGB1 knockdown macrophage group (Supplementary
Figures 6C, D). The expression of the ferroptosis marker, GPX4,
increased in the hypoxia HMGBI1 knockdown macrophage group
(Supplementary Figure 6D). Macrophage HMGB1 knockdown
decreased IL-1 and TNF-q, and increased IL-6, Argl, IL-10, and
Mrcl expression under the hypoxia condition, indicating
macrophage M2a polarization (Supplementary Figure 6E).

To determine the effects of adipocyte-derived ADPN on HMGB1
and HMGBI1-mediated pathways in macrophages, HMGBI
knockdown or control macrophages were treated with ADPN.
HMGBI knockdown rescued the effects of ADPN on HMGBI-
mediated p65 and decreased autophagy (Figure 3F). After treatment
with CM and the AdipoR2 receptor antibody, HMGBI1 expression
decreased and p65 expression increased, suggesting that the ADPN/
AdipoR2/HMGB1/p65 axis regulates immune responses in
macrophages (Figure 3G). The effects of ADPN and HMGBI1 on
macrophage mitochondria were also investigated. Based on the results,
ADPN decreased megamitochondria engulfing lysosome and
promoted migrasome formation in hypoxic macrophages. The
phenotypes were also rescued by HMGB1 knockdown in
macrophages (Figures 3H, I). siNC adipocyte-conditioned medium
impeded IL6, HMGBI, and C1qTNF9 secretion from macrophages,
whereas the effect was reversed by treatment with siADPN adipocyte-
conditioned medium (Figure 37).

The effects of the ADPN/HMGBI axis on macrophages and MI
progression were validated in vivo using an MI mouse model.
Compared to the heart sections in the MI group, the fibrotic area
decreased after treatment with ADPN; this phenotype was rescued
by macrophage depletion (liposome group) or HMGBI1 knockdown
in macrophages (Figure 4A). The same trend was observed for the
other effects of ADPN. Treatment with ADPN promoted
lymphangiogenesis and increased the number of ki67+ ¢TNT+
cardiomyocytes after MI. However, these phenotypes were
rescued by macrophage depletion or HMGBI1 knockdown
(Figures 4B, C). ADPN was found to promote M2a polarization.
After macrophage HMGB1 knockdown, M2a polarization
transformed into M2b polarization on days 3 and 7 post-
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infarction (Figure 4D). Treatment with ADPN also decreased
LDH and CKMB expression on days 3 and 7 after surgery. These
phenotypes were rescued by macrophage depletion or HMGBI
knockdown in macrophages (Figure 4E).

Taken together, these results highlight the effects of the ADPN/
HMGBI axis on the regulation of macrophage polarization and
cardiac injury in cardiac stress and MI mouse models.

3.5 IL6 and HMGB1 promotes ADPN
expression in adipocytes via STAT3 and the
co-transcription factor, YAP

We investigated the transcriptional regulation of ADPN in
adipocytes. IL6 promoted STAT3 expression in adipocytes, and
IL6+HMGBI promoted a higher expression of STAT3 and YAP in
adipocytes (Figure 5A). Immunofluorescent staining with STAT3
and nuclear plasma separation experiments revealed that STAT3
translocation to the nucleus increased in hypoxic adipocytes pre-
treated with IL6 and markedly increased in adipocytes pre-treated
with IL6+HMGBI (Figures 5B, C). ADPN expression was elevated
in hypoxic adipocytes pre-treated with IL6 and markedly increased
in adipocytes pre-treated with IL6+HMGBI. Lipid deposition was
found to decrease in the IL6 and IL6+HMGBI1 hypoxic adipocyte
groups (Figures 5D, E). ChIP analysis and luciferase reporter gene
experiments revealed that STAT3 promoted ADPN transcription
by binding to the ADPN promoter (Figures 5F-H).

To validate the effects of the IL6/STAT3/ADPN axis on MI
progression and LVA formation, adipocytes overexpressing STAT3,
siSTAT3 adipocytes (as a negative control), and AAV-HMGBI
were administered to the MI and LVA mouse models. Supplying
adipocytes overexpressing STAT3 decreased collagen disposition,
increased lymphangiogenesis, and impaired myocardial injury
(LDH and CKMB ELISA results, and immunofluorescent images
with Ki67 and cTNT). However, these effects were rescued after
HMGBI1 knockdown in macrophages (Figure 6). Supplying
adipocytes overexpressing STAT3 to the LVA mouse model
increased the related wall thickness and decreased LDH and
CKMB at 7 days after the operation (Supplementary Figure 7).
Overall, adipocyte-derived STAT3 impedes MI and LVA
progression via HMGBI1 in macrophages.

3.6 Targeting MertK improves heart
functions after Ml

Due to the aging-related reduction in MertK expression and
macrophage phagocytosis, we constructed and used LNP-MertK to
increase macrophage MertK expression and phagocytosis.
Thereafter, we determined whether LNP-MertK can exhibit a
synergistic effect with ADPN on MI progression. First, we
analyzed the homing of senescent macrophages to the bone
marrow. The homing of senescent macrophages was found to
increase in aged mice. These macrophages may decrease the
immune response, promote cardiac adverse remodeling, and
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Adipocyte-derived ADPN promoted macrophage M2a polarization and decreased inflammatory cytokine secretion via the ADPN/AdipoR2/HMGBL axis.
(A) Single-cell sequencing analysis demonstrated that ADPN was mainly expressed in adipocytes in the subepicardial layer while the two ADPN receptors
were expressed in almost cells in heart. (B) The ADPN knockdown efficiency in adipocytes using gPCR and WB analysis. (C) The polarization-related
mMRNA levels in hypoxic macrophages were measured using gPCR analysis when treated with the conditional medium of ADPN knockdown or control
adipocytes. CM, conditional medium. (D) Flow cytometry of CD206 and Edu staining to determine the M2 polarization in hypoxic macrophage when
treated with the conditional medium of ADPN knockdown or control adipocytes. (E) WB analysis demonstrated HMGB1 and inflammatory response in
normoxic and hypoxic macrophages when treated with ADPN or control. (F) After HMGB1 knockdown, ADPN effects on inflammatory response and
autophagy were rescued in hypoxic macrophages. (G) WB analysis showed that HMGB1 and inflammatory response in hypoxic macrophages when
treated with the conditional medium of adipocytes and binding with macrophage AdipoR1, AdipoR2, avb3, and avb5 using the antibodies. (H) HMGB1
knockdown or control RAW264.7 macrophages were exposed to hypoxia with ADPN treatment, then were fixed by high-pressure freezing and analyzed
by TEM. Mitochondria—lysosome contacts (contacting) and megamitochondria engulfing lysosome (engulfing) were shown in different groups. L,
lysosome, or lysosome-related organelle; M, mitochondrion. (1) The unfit materials ejection from macrophages using TEM. Arrow, migrasomes. Scale
bar, 500 nm. (J) The IL6, HMGBL, and C1qTNF9 expressions secreted by hypoxic macrophages when treated with the conditional medium of ADPN
knockdown or control adipocytes. ADPNi, ADPN knockdown in adipocytes. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

induce LVA formation (Supplementary Figure 8A).
Echocardiography revealed that LVEF and LVFS in the LNP-
MertK group were higher than those in the MI and LNP groups
(Supplementary Figure 9A). Masson’s trichrome staining also
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revealed a smaller infarcted area and more surviving
cardiomyocytes in the LNP-MertK group (Supplementary
Figure 9B). Transwell analysis revealed that the phagocytosis of
LNP-MertK-treated macrophages was increased and rescued by
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ADPN impeded MI progression via macrophage HMGBL. (A) The fibrosis representative images (A1) and quantitative analysis (A2) of heart sections
using Masson's staining in SHAM, MI, MI+ADPN, MI+ADPN+liposomes administration and MI+ADPN+ HMGB1 knockdown in macrophages groups.
AAV-shHMGB1 was utilized to knock down HMGBL in macrophages. (B) The immunofluorescent images with LYVEL (B1) and quantitative analysis
(B2) in different groups. (C) The immunofluorescent images with Ki67 and cTNT in different groups. cTNT, injured cardiomyocyte marker. (D) Flow
cytometry of CD206 and CD86 staining to determine the M2a and M2b polarization in hypoxic macrophage in an Ml mouse model when treated
with ADPN or ADPN+AAV-shHMGBL. (E) The border zone CKMB expression (up) and LDH expression (down) at 3 days and 7 days after operation in
different groups using ELISA. Liposomes, MI+ADPN+clodronate liposomes administration group; HMGB1, MI+ADPN+HMGB1 knockdown in
macrophages. Scale bar, 500 um. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

nystatin. Macrophage phagocytosis decreased to zero upon
treatment with nystatin (Supplementary Figure 9C). Based on
flow cytometry, LNP-MertK promoted macrophage phagocytosis
in the more myocardial adverse mitochondria (Supplementary
Figure 9D). LNP-MertK also promoted M1 polarization at day 3
and M2 polarization at day 7 after operation (Supplementary
Figures 8E, 7B). ADPN enhanced the effects of LNP-MertK on
M2 polarization at day 7 after the operation (Supplementary
Figure 8B). Both LNP-MertK and LNP decreased CKMB and
LDH expression; however, LNP-MertK expression decreased
further after MI (Supplementary Figure 9F). LNP-MertK and
ADPN increased the abundance of the LYVEl+ MertK+
macrophages compared with LNP-MertK alone (Supplementary
Figure 9G). LNP-MertK also increased VEGF-C expression on days
3 and 7 after MI (Supplementary Figure 9H). Overall, targeting
MertK increased macrophage phagocytosis and M2 polarization,
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and impeded macrophage senescence, thereby improving heart
function after ML

3.7 IL6/ADPN/HMGBL1 axis contributes to
the diagnosis and prognosis of aging
patients with CABG

To validate the effects of IL6, HMGB1, and ADPN in humans,
human subepicardial and blood samples were collected based on the
inclusion and exclusion criteria. Patients with obesity and CAD can
be divided into two groups based on the lipid deposition of sub-
epicardial adipocytes analyzed by oil O staining. Lipid deposition was
negatively correlated with ADPN immunofluorescence staining in
sub-epicardial adipocytes (Figures 7A, B). The high mRNA and
protein levels of ADPN were confirmed using qPCR and ELISA
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FIGURE 5

IL6 and HMGB1 promoted ADPN expression in adipocytes via STAT3 and co-transcriptional factor YAP. (A) STAT3, YAP, and ADPN expressions were
determined in normoxic and hypoxic adipocytes pre-treated with control, IL6, HMGBL, or both. (B) Immunofluorescent staining was used to show
STAT3 distribution in hypoxic adipocytes pre-treated with control, IL6, HMGBL, or both. Scale bar, 100 um. (C) Nuclear plasma separation experiment
demonstrated STAT3 distribution in hypoxic adipocytes pre-treated with control, IL6, HMGBL, or both. (D) Immunofluorescent staining with ADPN in
hypoxic adipocytes pre-treated with control, IL6, HMGB1, or both. Scale bar, 100 um. (E) Oil O staining was used in hypoxic adipocytes pre-treated with
control, IL6, HMGBL, or both. Scale bar, 500 um. (F) ChIP analysis demonstrated that STAT3 promoted ADPN transcription. NSC74859 was used in
adipocytes to inhibit STAT3 expression, which was as a negative control. (G) The motif of STAT3 and ADPN promoter. (H) Luciferase reporter gene
experiment was used to validate whether STAT3 promoted ADPN transcription. *p < 0.05; ***p < 0.001; ns, not significant.

(Figures 7C, D). However, the levels of secreted IL6 and HMGB1
were found to be downregulated using ELISA (Figures 7E, F).

The expression levels of IL6, HMGBI1, and ADPN in human
blood samples were determined using ELISA. The baseline
characteristics of young, middle-aged, and aged patients with
CABG are shown in Supplementary Table 5. Systolic pressure,
albumin, and ADPN were positively correlated with aging in
patients with CABG, while IL6 and HMGBI1 were negatively
correlated with aging (Supplementary Table 5). According to
univariate and multivariate logistic analyses, TG, albumin, and
ADPN/(IL6*HMGBI1) are independent factors in young, middle,
and aging patients with CABG, highlighting the clinical value of the
IL6/ADPN/HMGBI axis in aging patients with CABG (Figures 7G,
H; Supplementary Table 6).

Overall, the IL6/ADPN/HMGBI1 axis was found to be
differentially expressed in human subepicardial tissue and blood
samples. Moreover, the independent factors for aging patients with
CABG led to MI progression, LVA formation, and heterogeneity
among patients with CAD (Figure 8).
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4 Discussion

LVA is a severe complication of MI. The clinical manifestations
of ventricular remodeling include LV expansion and a reduction in
cardiac systolic and diastolic functions (22). In this study, we
constructed an LVA mouse model to determine the mechanism
of LVA formation and the differences in the border zone between
LVA and MI hearts. RNA sequencing and further experiments
revealed that the hub gene, ADPN, was involved in the crosstalk
between adipocytes and macrophages after MI, LVA, and cardiac
stress in a mouse model. Thus, ADPN could be a potential target to
block LVA formation and MI progression, especially in patients
with CAD and obesity or type 2 diabetes.

Cardiac remodeling after MI relies on a balance between debris
removal and scar formation (23), and hemodynamic homeostasis
during LVA formation. In this study, the stretch force near the
plication site increased, inducing the angle of the border zone at 4
weeks after the operation, which may be due to unstable
hemodynamic homeostasis, including turbulent flow in the left
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group. Scale bar, 500 um. **p < 0.01; ***p < 0.001; ns, not significant

ventricle. The instable hemodynamic homeostasis led to the related
poor stress resistance in the border zone and LVA formation, which
was consistent with the results of Jackson et al. (24) and Ratcliffe
et al. (25). These investigators found that the stretch force toward
the border zone contributed to its extension, called the “diluted”
border zone.

The “diluted” border zone was correlated with LVA formation
due to the imbalance between border zone stress and left ventricular

Frontiers in Immunology

hemodynamic instability. Cytokine levels were determined to
analyze the immunoregulatory mechanism in LVA formation.
LVA was suggested to induce more remarkable inflammatory
reactions than MI. After RNA sequencing and validation, ADPN
was associated with border zone thickness and LVA formation.
ADPN impeded cardiac edema and promoted cardiac
lymphangiogenesis post-infarction. Trauma induced myocardial
ischemia/reperfusion injury by increasing apoptosis, enlarging
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FIGURE 7

IL6/ADPN/HMGBI1 axis contributed to the diagnosis and prognosis of CABG patients. (A) Oil O staining demonstrated the lipid deposition of sub-
epicardial adipocytes in patients with overweight and obesity. Scale bar, 500 pm. (B) Immunofluorescent staining with ADPN in sub-epicardial
adipocytes in patients with overweight and obesity. Scale bar, 500 pym. (C) The ADPN mRNA level was measured using gPCR in sub-epicardial
adipocytes in patients with overweight and obesity. (D—F) ADPN (D), IL6 (E), and HMGBL (F) expressions of human sub-epicardial samples in patients
with overweight and obesity were determined using ELISA. (G, H) Univariate (G) and multivariate logistic regression analysis (H) of young, middle,
and aged CABG patients. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

infarct size, and decreasing cardiac function. Plasma adiponectin
concentrations decreased after traumatic injury. Both etanercept
and exogenous adiponectin supplementation (3 days post-trauma
or 10 min before reperfusion) markedly inhibited oxidative/
nitrative stress and ischemia/reperfusion injury in WT mice,
whereas adiponectin supplementation substantially attenuated
post-traumatic ischemia/reperfusion injury in adiponectin-
knockout mice (26). As ADPN has the same domain as TNFa,
TNF-o antagonism was found to ameliorate myocardial ischemia-
reperfusion injury in mice by upregulating adiponectin (27). The
cardioprotective effects of TNF-a neutralization are partially due to
the upregulation of ADPN based on a comparison of ADPN
knockout mice with WT mice (26, 27).

The resolution of cardiac edema is bimodal, with peaks
appearing within 3 h and day 7 after MI (28). Therefore, LVA
was induced in adult male mice according to previous protocols,
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with slight modifications. In this study, the heart in the LVA group
was ligated at the LAD and the same level as the heart in the MI
group; however, the suture was snipped on day 5 after the
operation. At day 5 post-infarction, cardiac edema and
inflammation increased. After snipping of the suture, left
ventricular hemodynamic instability and the stress of the border
zone increased; thus, left ventricular paradoxical movement
appeared and LVA formation occurred.

The left ventricle in the LVA group was characterized by
systolic dyskinesia and paradoxical bulging, whereas that in the
MI group was only characterized by systolic dyskinesia. In this
study, ADPN expression levels differed after coronary occlusion,
leading to a significant difference in the lymphangiogenesis number
and infiltration of LYVE1+ macrophages, thereby inducing different
mouse models, such as MI and LVA. Mice administered ADPN had
more cardiac lymphatic growth in the border zone than age-
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Mechanism diagram of the IL6/ADPN/HMGBLI axis on crosstalk between adipocytes and macrophages after MI. ADPN regulated HMGB1 expression
and HMGB1-mediated inflammatory response and autophagy in macrophages via AdipoR2/c-Jun. Moreover, ADPN impeded HMGBland IL6
secretion in hypoxic macrophages, especially in aged hypoxic macrophages. IL6 triggered STAT3 and HMGB1 promoted YAP translocate to nuclear,
which raised ADPN expression through binding to ADPN promoter. Therefore, the IL6/ADPN/HMGB1 axis contributed to macrophage phagocytosis,
senescence, inflammatory response, and autophagy, which led to Ml progression, LVA formation, and CAD patients’ heterogeneity.

matched PBS-administered mice on day 28 after the operation, with
improved heart function dependent on the administration time,
which may be partly due to the expression or localization of Cx43
and macrophage status and abundance. The relationship between
Cx43 and cardiac lymphatic growth is consistent with that reported
in a previous study (29). Previous studies revealed that Cx37, Cx47,
and Cx43 are the main connexin proteins that affect the developing
lymphatic tissue (30). Mutations in these genes can lead to
lymphatic disorders in mice and humans (31-33). In this study,
Cx43 was expressed in the cardiac lymphatic vasculature during
LVA formation following treatment with ADPN. Mouse models
revealed that Cx43 expression affects not only lymphangiogenesis
but also the maintenance of lymphatic function via LYVEI+
macrophages, which further strengthens our findings that ADPN
affects Cx43+ LYVE1+ macrophages. Further studies are needed to
fully elucidate how ADPN and connexins regulate these vessels,
which may provide a therapeutic avenue to impede MI progression
and LVA formation.

Cx43 dephosphorylation results in arrhythmia and
cardiomyocyte apoptosis after cardiac ischemia/reperfusion (34).
Macrophages facilitate electrical conduction in the heart via Cx43
expression (35). The decrease in oxygen in the cell lowers the pH
and induces Cx43 degradation, resulting in MI-related
complications, including arrhythmia (34, 36). To determine the
effects of Cx43 on the injured myocardium following treatment with
ADPN, verapamil and Gap19 were used. Verapamil was first used
to treat hypertension and arrhythmias via the L-type calcium
channels (37). However, verapamil indirectly affected Cx43
localization and stabilization (29, 38). During LVA formation,
ADPN and verapamil synergistically enhanced LYVEIL+
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macrophages and lymphatic capillaries in the border zone (almost
in the epicardial layer) via Cx43. Axin2 KO mice were used.
Consistent activation of the Wnt/B-catenin signaling pathway was
observed in adult mice (39), which also demonstrated the effects of
Cx43 on LYVEI+ macrophages and lymphatic capillaries.

In this study, adipocyte-derived ADPN promoted macrophage
M2a polarization and decreased inflammatory cytokine secretion via
the ADPN/AdipoR2/HMGBI axis; MMP and autophagy were lower
in hypoxic HMGB1 knockdown macrophages than in non-
knockdown macrophages, suggesting that HMGBI is a key target of
mitochondrial, autophagy, and inflammatory regulation. Hypoxia-
reprogramed megamitochondrion contacted and engulfed lysosome
to mediate mitochondrial self-digestion (40), which was consistent
with the TEM results of the ADPN and ADPN+HMGBI1 knockdown
groups. According to Bushra et al., ADPN suppressed ROS production
and apoptosis, and improved migration and barrier functions in
hyperglycemic cells under 30 mM glucose conditions. Bioinformatics
analysis revealed that the signaling pathways of integrin, HMGBI,
STAT3, NFkB, and p38-AMPK were mainly involved in the actions of
ADPN (41), which were consistent with our findings. ADPN promotes
VEGEF-C-dependent lymphangiogenesis through the AMPK/p38
signaling pathway (42, 43), which is consistent with the effects of
ADPN on hypoxic macrophages.

ADPN decreased IL6, HMGBI, and C1qTNF9 secretion from
macrophages, which may also be a senescence-associated secretory
phenotype (SASP) (44). Macrophage senescence can partly explain
the differences in immune responses after MI and the heterogeneity
in the prognosis of patients with CAD. C1qTNF9 also regulates the
fate of implanted mesenchymal stem cells to protect against MI
injury (45, 46).
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Macrophages are involved in all CAD stages. CD169+
macrophage or its “eat me” receptor Mertk deficiency impaired
myocardial mitochondria elimination and cardiomyocyte-related
hypoxic senescence in the early infarction period; therefore,
ventricular functions decreased, and metabolic alterations
appeared (47). MertK+ TREM2"#" and MertK+ LYVEIL+
macrophages negatively regulate inflammation and resolve lipid
mediators related to the M2c anti-inflammatory effects (48). In
addition, loss of CCR2™ macrophages led to the accumulation of the
extracellular matrix component, hyaluronic acid (HA), which was
needed to be cleared; this process required sensing by the HA
receptor, LYVE-1 (49).

MI- or I/R-induced myocardial injury generates stress-induced
senescent cells (SISCs), which play a critical role in the
pathophysiology of adverse cardiac remodeling and heart failure by
secreting proinflammatory molecules and matrix-degrading
proteases (50). The removal of SISCs decreased inflammatory
cytokines and normal cell death via macrophage efferocytosis.
Abundant high-molecular-mass hyaluronic acid (HMM-HA)
contributes to the longevity of the longest-lived rodents. HMM-HA
also reduces inflammation during aging through several pathways,
including a direct immunoregulatory effect on immune cells and
protection from oxidative stress. LYVEL on the cell membrane
responds to HMM-HA in the matrix, alleviates senescence, and
increases macrophage efferocytosis under stress (51). Therefore,
LYVE] may be a therapeutic target for the treatment of
macrophage and cardiomyocyte senescence, and may improve the
prognosis of patients with CAD. In our previous study, a CCR2
inhibitor was found to increase the ratio of CCR2™ macrophages,
thereby strengthening the effects of adiponectin against myocardial
injury after infarction (12). In this study, LNP-MertK was used to
improve macrophage phagocytosis and heart function after MI by
decreasing senescence. In vivo, transiently engineered CAR T-cell
therapy delivered mRNA through LNP injection to reprogram T cells
to recognize cardiac fibroblasts, thereby restoring heart function (52).
We investigated whether this method could be used to treat
macrophages after MI. Treatment with LNP-MertK increased
the efficiency of endocytosis of the mitochondria and
other unfit materials. Thus, LNP-MertK can be used to treat
myocardial ischemia and/or reperfusion injury and increase the
survival of cardiomyocytes to help outlive the early infarction
period and decrease patient recurrent events. The effects of
macrophage phagocytosis and senescence alleviation after LNP-
MertK mRNA vaccine-like administration may be determined by
evaluating migrasomes from macrophages (53, 54). Patients
undergoing acute MI would survive longer if such treatment could
be used in the early infarction period, which should be
further investigated.

The crosstalk between adipocytes and macrophages is critical for
disease progression. Adipocyte-derived lactate is a signaling
metabolite that potentiates adipose macrophage inflammation by
targeting PHD2 (55). Of note, intercellular mitochondrial transfer
between adipocytes and macrophages is impaired in obesity (56).
Macrophages limit the release of adipocyte mitochondria into the
blood and cardiomyocytes; these effects are rescued during aging (57).
In this study, IL6 and HMGBI promoted ADPN expression in
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adipocytes via STAT3 and the co-transcription factor, YAP. The
YAP/TEADI complex is a default repressor of the cardiac HMGB1/
Toll-Like Receptor (TLR) axis (58) and may be a potential target for
regulating the crosstalk between adipocytes and macrophages after
ML In this study, patients with CAD and obesity were divided into
two groups based on lipid deposition and ADPN expression in the
sub-epicardial adipocytes. The IL6/ADPN/HMGBI1 axis was
differentially expressed in human subepicardial tissue and blood
samples, and was an independent factor in patients with CAD,
which may partly explain the obesity paradox in patients that are
overweight or obese, particularly among those who develop
symptomatic CAD. However, BMI and other parameters of body
composition are not consistent with the CAD risk factors for adverse
short-term outcomes (59, 60). After treatment with high-
thermogenic beige adipocytes (HBACs)-condition medium, the
expression levels of antioxidant and anti-apoptotic genes were
upregulated in H9c2 cardiomyocytes via NRF2 activation.
Furthermore, HBAC-conditioned medium significantly attenuated
ischemic rat heart tissue injury via NRF2 activation (61). Therefore,
highly thermogenic beige adipocytes exert beneficial effects on cardiac
injury by modulating NRF2 and are promising therapeutic agents for
MI. The various modes of fat grafts after transplantation highlight the
importance of macrophage-mediated ECM remodeling in graft
preservation after fat grafting (62). This study may help preserve
the retention rate of fat grafts.

This study had some limitations. First, more evidence and
clearer explanations, especially regarding hemodynamic instability
and border-zone stress, are needed for LVA formation. Second,
intercellular mitochondrial transfer between adipocytes and
macrophages, and mitochondrial and lipid droplet interactions,
still need to be clearly elucidated in epicardial adipocyte ADPN-
conditional knockout mice. Third, other leukocyte populations
were not included. The effects of other target genes in RNA-seq
analysis on Tregs or other leukocyte populations must be
investigated using adipocyte-conditioned medium and conditional
knockout mice. Finally, large sample sizes were not employed, and
follow-up of the cohort was not conducted. The effects of the IL6/
ADPN/HMGBI axis must be examined in a large double-blind
follow-up multicenter cohort.

5 Conclusion

Overall, ADPN impedes cardiac edema and promotes cardiac
lymphangiogenesis by regulating Cx43. The IL6/STAT3/ADPN/
HMGBI axis contributes to the regulation of macrophage M2a
polarization and sustained mitochondrial quality via crosstalk
between adipocytes and macrophages in a mouse model. These
findings were validated using human samples.
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SUPPLEMENTARY FIGURE 1

A simple, consistent, and low-cost LVA mice model construction. (A) Ligation
site of heart organ in left coronary artery descending branch. (B) Intra-
chamber cast and optical image of LVA (left) and MI (right), illustrating an
outward bulge in the free wall of the left ventricle. (C) Optical LVA formation
of mice heart: end-diastole (left) and end-systole (right) ligated at 4-4.5mm
from its coronary origin. (D) Pattern picture of heart movement in LVA
formation. (E, F) Coronal (E) and sagittal (F) position of computed
tomography of LVA formation. SHAM and M| were 7d capture after model
construction (n=6 per group). LVA formation was labeled with rectangle.

SUPPLEMENTARY FIGURE 2

LVA formation process. (A) Masson's staining of representative images
showed the LVA forming process in the total scenery (up, 25x) and the
border regions (down, 100x) at 1d, 3d, 7d and 28d after operation. The
SHAM and MI images at 7d after operation were as negative and positive
control, respectively. Scale bar, 500um and 100um. (B) HE staining at border
zone of representative images at the same d. Scale bar, 100um. (C)
Representative images of heart sections at border zone stained for cTNT
(red) at the same day. Scale bar, 25um. (D—F) Comparison of infarction area
(D) and infarction size (E) in border zone compared to SHAM group. **
P<0.01, *** P<0.001, **** P<0.0001.

SUPPLEMENTARY FIGURE 3

Activation of pro-inflammatory and anti-inflammatory during LVA formation
and progression. (A) The standard curve of the cytokine and chemokine
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measurements: IFN-ur GM-CSF, IL-1SF IL-6, IL-10, IL-22 and TNF22 (B) The
concentrations of the cytokine and chemokine measurements: GM-CSF,
IFNCS IL-1SF IL-6, IL-10, IL-22 and TNF2 among the three groups at 1d, 3d,
5d, 7d and 28d after operation (n=5 per group). LVA vs. MIl: * P<0.05; **
P<0.01; *** P<0.001; **** P<0.0001.

SUPPLEMENTARY FIGURE 4

The survival rate among 3 groups. (A) The survival rate of LVA, Ml and SHAM
(n=25, 25 and 20, respectively). (B) Operation time of LVA, Ml and SHAM (n=12
per group).

SUPPLEMENTARY FIGURE 5

ADPN regulated LYVE1+ macrophages and lymph-angiogenesis via Cx43 and
Wnt canonical signaling. (A) The representative immunofluorescence images
of Cx43 expression and Cx43 associated macrophages in the LVA mice
treated with ADPN, verapamil and/or Gapl9 from day 1 to 7. (B) The
representative immunofluorescence images of Cx43 expression and Cx43
associated macrophages in WT or Axin2 KO LVA mice treated with ADPN and
Gapl9 from day 1 to 7, demonstrating that consistent activation of Wnt
canonical signaling rescued the effects of downregulated Cx43 expression on
Cx43 associated macrophages infiltration. (C, D) The representative
immunofluorescence images (C) and quantity analysis (D) of LYVELl+
macrophages and lymph-angiogenesis in the LVA mice treated with ADPN,
verapamil and/or Gapl9 from day 1 to 7. (E, F) The representative
immunofluorescence images (E) and quantity analysis (F) of LYVEl+
macrophages and lymph-angiogenesis in WT or Axin2 KO LVA mice treated
with ADPN and Gapl9 from day 1 to 7, demonstrating that consistent
activation of Wnt canonical signaling rescued the effects of downregulated
Cx43 expression. (G) The representative immunofluorescence images of
Cx43 and ZO-1 expression and localization in the LVA mice treated with
ADPN or control from day 1 to 7. (H) The mechanism diagram of Ml and LVA
formation. The ADPN expression level differed after coronary occlusion,
leading to the significant difference of lymph-angiogenesis number and
infiltrated LYVE1+ macrophages, thus inducing different mice model, such
as Ml and LVA formation. Scale bar, 500um. * P<0.05; ** P<0.01; *** P<0.001;
ns, not significant. Arrow, LYVE1+ macrophages. Scale bar, 500um.

SUPPLEMENTARY FIGURE 6

HMGB1 knockdown led to mitochondrial quality control, autophagy
reduction and M2b polarization in hypoxic macrophages. (A) gPCR and WB
analysis demonstrated the HMGB1 knockdown efficiency in hypoxic
macrophages. (B) ROS measurement in normal oxygen, hypoxia and
HMGB1 knockdown Raw264.7. (C) Autophagy measurement in normal
oxygen, hypoxia and HMGB1 knockdown Raw264.7 using MDC method. (D)
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Inflammatory responses, especially chronic inflammation, are closely associated
with many systemic diseases. There are many ways to treat and alleviate
inflammation, but how to solve this problem at the molecular level has always
been a hot topic in research. The use of nanoparticles (NPs) as anti-inflammatory
agents is a potential treatment method. We synthesized new hollow cerium
oxide nanomaterials (,CeO, NPs) doped with different concentrations of Cus 4O
NPs [the molar ratio of Cu/(Ce + Cu) was 50%, 67%, and 83%, respectivelyl,
characterized their surface morphology and physicochemical properties, and
screened the safe concentration of ,CeO,@Cus 40 using the CCK8 method.
Macrophages were cultured, and P.g-lipopolysaccharide-stimulated was used as
a model of inflammation and co-cultured with ,CeO,@Cus40 NPs. We then
observe the effect of the transcription levels of CTSB, NLRP3, caspase-1, ASC, IL-
18, and IL-1B by PCR and detect its effect on the expression level of CTSB protein
by Western blot. The levels of IL-18 and IL-1B in the cell supernatant were
measured by enzyme-linked immunosorbent assay. Our results indicated that
hCeO,@Cus 4O NPs could reduce the production of reactive oxygen species and
inhibit CTSB and NLRP3 to alleviate the damage caused by the inflammatory
response to cells. More importantly, ,CeO,@Cus 4O NPs showed stronger anti-
inflammatory effects as Cus 4O NP doping increased. Therefore, the
development of the novel nanomaterial ,CeO,@Cus 4O NPs provides a
possible new approach for the treatment of inflammatory diseases.

KEYWORDS

cerium oxide nanoparticles, copper-based nanoparticles, CTSB, NLRP3,
anti-inflammation
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1 Introduction

Inflammation is the immune response that occurs when
biological tissues are stimulated, which can be caused by infection
or tissue damage. Inflammation can clear pathogens and promote
tissue healing (1). However, the inflammatory response is
sometimes the main cause of tissue damage—for example, if the
stimulating factor persists and the inflammation does not subside,
the infiltration of various inflammatory cells and the accumulation
of inflammatory factors could alter the structure and function of
normal tissues (2). Many studies have shown that inflammation is
associated with many systemic diseases such as atherosclerosis (3),
cancer (4), and diabetes (5). The complexity and unpredictability of
inflammation make the treatment of inflammatory diseases a
major challenge.

In recent years, nanotechnology has been developing rapidly,
and nanoparticles are widely used in various fields, including in the
monitoring and treatment of inflammatory diseases. There have
been many reports in the literature that nanoparticles have anti-
inflammatory properties and that they have better cell penetration
than conventional drugs, resulting in better efficacy and durability
in therapy (6-9). Therefore, nanomaterial-based drugs or drug
carriers are proved to be a potential candidate for modulating
inflammation (10-12).

There are increasing reports on the ability of nano-enzymes to
treat different inflammatory diseases. It is worth mentioning that
due to their unique valence state structure, cerium oxide
nanoparticles (CeO, NPs) have been found to possess various
enzyme mimetic activities, thereby scavenging reactive oxygen
species (ROS), including superoxide dismutase (SOD), catalase
(CAT), oxidase-like activities, etc. (13) Cerium is a class of rare
earth elements in the oxides of which trivalent (Ce®") and
tetravalent (Ce*") states coexist. Due to this property, many
studies have been conducted to evaluate the efficacy of CeO, NPs
in various inflammatory disease—for example, CeO, NPs alleviated
hypoxia-induced oxidative stress and inflammation in the lungs of
mice (14). In another study, CeO, NPs ameliorated inflammation in
a model of periodontitis by reducing ROS production and
inhibiting MAPK- NF-kB signaling (15).

Cus4O NPs is a new type of nano-enzymes synthesized in
recent years. The ratio of Cu NPs to Cu,O NPs is 3.4 by controlling
the temperature and the ratio of materials required for the synthesis,
s0 it is named as Cus 4O NPs. It has attracted attention because of its
highly efficient catalytic performance and ultra-small particle size
(16, 17). Copper, one of the essential trace elements for human
growth and development, plays a key role in many cellular
physiological processes (18). Cu NPs have excellent catalytic
properties and can scavenge H,0, and O," but not «OH,
whereas Cu,O NPs can react with both H,0, and «OH.
Therefore, it is speculated that Cus4O may have spectroscopic
mimetic enzyme catalytic properties and antioxidant activity,
which has been confirmed in previous studies: Cus 4O NPs have a
high scavenging efficiency against H,O, (80%), O,” (50%), and
«OH (80%) at a lower concentration (150-200 ng/mL) (16).
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Therefore, both CeO, NPs and Cus; 4O NPs can be used as
potential anti-inflammatory agents.

Pyroptosis is a recently discovered new type of programmed cell
death that has the dual effect of protecting cells from endogenous
and exogenous dangers and causing pathological inflammation
(19). The classical activation pathway of pyroptosis is triggered by
NLRP3 inflammasome. When it is stimulated by pathogen-
associated molecular patterns or danger-associated molecular
patterns, it could activate caspase-1, which could cause the release
of proinflammatory factors such as IL-18 and IL-1B. Much of the
literature suggested that the NLRP3 inflammasome is associated
with various inflammatory diseases—for example, it is well known
that LDL is a key factor in the formation of atherosclerosis, and it
has been shown that phagocytosis of LDL induces the secretion of
IL-1B through the activation of the NLRP3 inflammasome,
which plays an important role in the development of
atherosclerosis (20). Cathepsin B (CTSB) is a class of cysteine
protein hydrolases found in lysosomes that primarily function as
protein degraders and are involved in apoptosis (21). Recently, it
has been found that CTSB is also involved in the pathological
processes of many inflammatory diseases—for example, CTSB was
significantly upregulated in coxsackievirus B3-induced myocarditis
tissues, and CTSB knockout mice exhibited less inflammatory cell
infiltration (22). It has also been found that CTSB expression was
higher in the intestinal macrophages of mice with inflammatory
bowel disease than in normal controls, and when CSTB was
inhibited, only mild inflammation was shown in tissue
sections (23).

In summary, CeO, NPs and Cus 4O NPs as nano-enzymes all
have excellent antioxidant properties; they eliminate ROS in the
inflammatory region and can be used as potential anti-
inflammatory agents. In the study of the mechanism of
inflammatory diseases, both CTSB and NLRP3 inflammasome
have a promoting effect on inflammation. Therefore, we
constructed a new nano-system, hollow cerium dioxide loaded
with copper oxide (,CeO,@Cus,O NPs), and investigated
whether its anti-inflammatory effects on macrophages could be
mediated through the CTSB-NLRP3 signaling pathway (Scheme 1).
The specific experiments include the following: (1) development of
novel ,CeO, doped with different Cu/(Ce + Cu) molar ratios of
50%, 67%, and 83% and characterization of their physical and
chemical properties using transmission electron microscopy
(TEM), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS). Determination of enzyme mimetic activity
using antioxidant kit; (2) evaluation of the biosafety of ,CeO,@
Cus 4O NPs by CCKS, live and dead cell staining, and hemolysis
assay; and (3) evaluation of the inhibitory effect of ,CeO,@Cus ,O
NPs on the secretion of inflammatory factors and its effect on the
CTSB-NLRP3 pathway by RT-qPCR and Western blot methods.
The experimental results showed that ,CeO,@Cus,O NPs have
good biocompatibility and broad-spectrum enzyme mimetic
activity and are able to inhibit the CTSB-NLRP3 signal pathway
in multiple ways. Therefore, this study could provide a feasible
approach for the treatment of inflammatory diseases.
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Schematic diagram of the synthesis process of ,CeO,@Cus 4O NPs and the mechanism of its anti-inflammatory effect. (By Figdraw).

2 Materials and methods
2.1 Materials and reagents

Polyvinylpyrrolidone (PVP) was purchased from Ourchem
(Shanghai, China). Tetraethoxysilane (TEOS) and cerium (III)
nitrate hexahydrate [Ce(NO3);-6H,0] were obtained from
Macklin (Shanghai, China). Hexamethylenetetramine (HMTA),
sodium hydroxide (NaOH), and copper (II) chloride dihydrate
(CuCl,2H,0) were purchased from Hushi (Shanghai, China). L-
Ascorbic acid was purchased from Amethyst (Beijing, China). Cell
Counting Kit-8 and CA-074Me were obtained from Dalian Meilun.
AM/PI Double Staining Kit was purchased from Beyotime
Biotechnology (Shanghai, China). ABclonal (Wuhan, China)
supplied ABScript III RT Master Mix and SYBR Green Fast
qPCR Mix. CathepsinB Rabbit mAb was purchased from Cell
Signaling Technology (Boston, MA, USA). Beta-actin polyclonal
antibody and goat anti-rabbit IgG were purchased from Elabscience
Biotechnology Co., Ltd. (Wuhan, China). Reagent-grade water was
obtained from ultra-pure water system (Ulupure, Chengdu, China)
in all experiments. All other reagents were of analytical grade
without further purification.

2.1.1 Preparation of hollow CeO2 (,CeO2) NPs
The synthesis of hollow CeO, (,CeO,) NPs was referred to a
previous literature (24). In brief, 30 mL of absolute ethanol, 5 mL of
4 mol/L ammonia solution, and 4 mL of deionized water were put
into an oil bath and mixed. When the above-mentioned solution
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was heated to 60°C, the mixture of 5 mL TEOS and 20 mL of
absolute ethanol was slowly dripped into the mixture. The mixture
was stirred at 60°C for 4 h. After cooling to room temperature, the
mixture was washed three times with ethanol and dried under
vacuum at 60°C to obtain silica (SiO,) NPs.

Then, 0.1 g silica and 1 g PVP were added to 40 mL of deionized
water. When the oil bath was heated to 75°C, 5 mL of 0.5 mmol
cerium nitrate and 5 mL of 0.5 mmol HMTA were added in turn.
The mixture was stirred at 95°C for 2 h, washed and centrifuged
three times after cooling, and dried to obtain SiO,@CeO, core-shell
(sCeO;) NP precursors.

The (CeO, NP precursors were heated to 600°C at 5°C/min for
2 h, and then heating was naturally dropped to room temperature to
obtain (CeO, NPs.

Next, 0.1 g ;CeO,NPs was dispersed in 40 mL of 2 mol/L
sodium hydroxide and stirred for 24 h, centrifuged, washed three
times with ethanol, and dried to obtain ,CeO, NPs.

2.1.2 Preparation of Cus 4O NP solution

The synthesis of Cus 4O NPs was modified a little based on the
previous literature (16). In detail, 10 mM CuCl,-2H,0 was dissolved
in 50 mL deionized water and stirred at 80°C in an oil bath for
10 min, and then 50 mL of 100 mM L-Ascorbic acid was added
slowly to the above-mentioned solution. When the temperature of
the solution is reduced to normal temperature, adjust the pH of the
solution to 8 to 9 with 1 M NaOH solution and then stir for 12 h at
80°C. The large aggregates are then removed by centrifugation to
obtain Cus 4O NPs.
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2.1.3 Preparation of ,CeO,@Cu5 40 NPs

Different masses of ,CeO, NPs were weighed and added to
Cus 4O NPs solution so that the molar ratio of Ce/Cu is 0.2:1, 0.5:1,
and 1:1, respectively. They were referred to as ,CeO,@83%Cus 40,
1CeO,@67%Cus 4O, and ,CeO,@50%Cus 4,O. After stirring for
24 h, the precipitate obtained after centrifugation and drying is
1CeO,@Cus ,O NPs. Nanoparticles were obtained after washing
three times using ethanol to remove impurities and then drying.

2.2 Dispersion and sterilization
of nanoparticles

A total of 1 mg nanoparticles was weighed and exposed to UV
light for 30 min, then dispersed in 10 mL of complete medium
containing 10% FBS, stirred for 1 h at room temperature, and then
diluted and stirred for another 24 h for subsequent experiments.
The content of endotoxin in all dispersions was less than 0.5 EU/mL
(,CeO,@83%Cus ,O NPs: 0.453 EU/mL, ,CeO,@67%Cus 4O NPs:
0.444 EU/mL, and ,CeO,@50%Cus 4O NPs: 0.463 EU/mL) using
the Chromogenic LAL Endotoxin Assay Kit (Beyotime, Shanghai).
Dynamic light scattering (DLS) was carried out in suspensions
using the zeta potentiometer (Zetasizer Nano ZS, England). The
hydrated particle size and zeta potential of the nanoparticles were
then calculated.

2.3 Characterization

The surface morphology of the nanoparticles was observed
using transmission electron microscopy (HT7700, Japan), and
particle size analysis of electron microscopy images of Cus4O
NPs was performed using Image]. Elemental analysis of
nanomaterials was carried out by X-ray diffraction (Xtalab
Synergy, Netherlands) and comparison with standard mapping.

Analysis of the surface chemical composition and elemental
valence of nanomaterials were determined by X-ray photoelectron
spectroscopy (Smart Lab 3KW, Japan).

2.4 SOD, CAT, and T-AOC enzyme
mimic activity

To evaluate the antioxidant properties of ,CeO,@Cus 4O NPs,
we measured its superoxide dismutase (SOD), catalase (CAT), and
total antioxidant (T-AOC) capacity using an enzyme calibrator
(Elx800, Bio Tek, United States). The SOD, CAT, and T-AOC
enzyme mimic activities of ,CeO,@Cus 4O NPs were measured by
using SOD assay kit (Solebo, China), CAT assay kit (Solebo, China),
and T-AOC assay kit (Solebo, China), respectively.

SOD is an enzyme found widely in plants, animals, and cells and
catalyzes the disproportionation of superoxide anions to produce
H,0, and O,. The superoxide anion produced during metabolism
reduces azotetrazolium to methyl salts, and SOD scavenges the
superoxide anion, thereby reducing the formation of methyl salts
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and thus affecting its absorbance at 560 nm. The reagents were
mixed thoroughly according to the instructions and divided into
test group, control group, and two blank groups. A total of 18 uL 10
mg/L ,CeO,@Cus 4O NPs was added to the test group and the
control group, and after 30 min of immersion in 37°C water bath,
the absorbance value was measured at 560 nm, which was recorded
as A test, A control, A blank I, and A blank 2, respectively. The
inhibition rate and SOD activity were calculated from the above-
mentioned values.

CAT is an enzyme that mainly scavenges H,0,, and the
absorbance value at 240 nm of the reaction solution changes
when H,O, is decomposed, thus calculating the CAT activity.
Specifically, the CAT detection working solution was bathed at
37°C for 10 min, and 1 mL of the above-mentioned liquid was
added to 35 pL of 10 mg/L ;,CeO,@Cus 4O NPs. After mixing, the
absorbance value at 240 nm was measured immediately, and then
the absorbance value after 1 min was measured, and the CAT
activity was calculated according to the absorbance value.

The total antioxidant level of the nanoparticles was determined.
The total antioxidant capacity of the samples was calculated by
measuring the amount of Fe’*-TPTZ reduced to Fe* ' TPTZ in an
acidic environment. Furthermore, 6 UL 10 mg/L ;,CeO,@Cus 4O NPs
was mixed with 180 puL working solution and 18 pL distilled water,
and the 593-nm absorbance value was measured after reacting at
room temperature for 10 min. The 593-nm absorbance value was
measured after the working solution without nanoparticles was
mixed with distilled water for 10 min and substituted into the
formula to determine the total antioxidant capacity.

2.5 Determination of intracellular ROS

The ROS assay kit (Beyotime, Shanghai) was used to measure the
ROS in cells treated with lipopolysaccharide (LPS) and nanoparticles.
In short, RAW 264.7 cells were seeded into six-well plates at 3 x 10*
cells per well and divided into six groups: the first group was the blank
control group. The second group was treated with P.g-LPS (1 pg/mL)
for 3 h to establish an in vitro inflammation model. The third group
was pretreated with cathepsin B inhibitor (CA-074Me) for 2 h and then
treated with LPS for 3 h as a positive control group. Four to six groups
were treated with P.g-LPS followed by the addition of safe
concentrations (10 mg/L) of the three groups of drugs for 24 h. The
medium containing nanoparticles was then replaced with serum-free
medium supplemented with 10 uM DCFH-DA and incubated at 37°C
for 30 min. The cells were washed three times with serum-free medium
and placed under an inverted fluorescence microscope for observation.

2.6 Cell culture

Mouse leukemia cells of monocyte macrophage (RAW264.7)
were purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS). The 1929 cell
line was purchased from ScienCell (SanDiego, CA, USA) and
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cultured in DMEM with 10% FBS, 10,000 U/mL penicillin, and 10
mg/mL streptomycin. All cell lines were cultured at 37°C in an
incubator with 5% CO,. The cells were passaged when the cell
density reached 80%-90%.

2.7 Cytotoxicity assay

2.7.1 Cytocompatibility test

The cytotoxicity of the nanoparticles was evaluated by using
Cell Counting Kit-8 (Shanghai St Er), and the safe concentration
was screened for subsequent experiments. L929 cells were seeded
into 96-well plates at 5 x 10° cells per well. After cell adhesion,
different concentrations (10, 20, 30, 40, and 50 mg/L) of
nanoparticles were added to the culture for 24, 48, and 72 h. The
medium-containing nanoparticles were removed and washed three
times with PBS. Then, 10% CCKS reagent was added, and the cells
were incubated in an incubator at 37°C for 0.5-3 h in the dark. The
absorbance at 450 nm was then determined using a microplate
reader (Bio-Tek, Winooski, VT, USA). Five parallel wells were set
up for each group, and the experiment was repeated three times.

After treatment of the nanoparticles, the cells were washed three
times with PBS and incubated with calcian-AM and PI for 30 min
before being observed under a fluorescence inverted microscope.

2.7.2 Hemolysis test

For the hemolysis assay, fresh blood was collected from mice and
added with anticoagulant and saline to test the hemolytic potential of
nanoparticles. Blood diluted with distilled water was used as a positive
control, and blood diluted with saline was used as a negative control.
The cells were incubated at 37°C for 4 h and centrifuged at 2,500
RPM for 10 min, the supernatant was removed, and the absorbance at
545 nm was recorded using a microplate reader. Hemolysis rates were
calculated according to the following formula:

HemOIYSis rate = (ODexper - ODnegative)/(ODpositive - ODnegatiVe)

where ODcypers ODpegatives and ODpogitive Tepresent the
measured absorbance of the nanoparticle sample, negative
control, and positive control, respectively.

2.7.3 Cytocompatibility test with LPS and ,CeO,@
Cus 4O co-treatment

To assess the toxicity of the combined treatment with LPS and
nanoparticles (10 mg/L), CCK8 was used to evaluate the
cytotoxicity. RAW cells were seeded into 96-well plates at a
density of 5 x 10° cells per well. After cell adhesion, LPS was
added to treat the cells for 3 h, and then the cells were treated with
the medium containing 10 mg/L nanoparticles for 24/48/72 h. After
removal of the medium, the cells were washed three times with PBS,
and the cells were added with 10% CCKS8 reagent and incubated at
37°C in the dark for 0.5-3 h. The absorbance at 450 nm was
measured using a microplate reader. To assess the effect of
nanoparticles on absorbance at 450 nm, 100 uL of 10 mg/L
1Ce0,@83%Cus 40, ,CeO,@67%Cus 4O, and ,CeO,@50%Cus ,O
was added to a 96-well plate. CCK8 reagent was added to a
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concentration of 10% and incubated at 37°C in the dark for 0.5-3
hours. The absorbance at 450 nm was measured using a microplate
reader. Five parallel wells were set up for each group, and the
experiment was repeated three times.

2.8 Uptake and intracellular localization of
hCGOz@CU5_4O NPs

After 24 h of treatment with ,CeO,@Cus,O NPs, RAW264.7
cells were washed three times with PBS, and cell precipitates were
collected. These were fixed with 2.5% glutaraldehyde at 4°C for 24 h,
washed three times with PBS, and then fixed with 1% osmic acid for
1 to 2 h. Finally, the samples were dehydrated with gradient
concentrations of ethanol and propanol and were treated
overnight with an embedded agent. The sections were then
double-stained with lead citrate-uranyl acetate, and the slices
were imaged using Hitachi HT-7800.

2.9 Real-time PCR

Cells were grouped and treated as in Section 2.5. Then, the
expressions of NLRP3 pathway-relative factors, TNF-o and TGF-f3,
were measured using quantitative real-time PCR. We also
determined gene expression in cells treated with LPS and
nanoparticles for 12 h as well as nanoparticles alone for 24 h.

The total RNA of RAW264.7 was extracted by using RNA-Easy
(Vazyme). RNA was reverse-transcribed into cDNA using a reverse
transcription kit (ABScript ITI RT Master Mix for qPCR with gDNA
Remover, ABclomal). RT-qPCR was performed using Universal

TABLE 1 Primer sequences used in this study.

Forward sequence

Reverse sequence

(5’ to 3') (5' to 3')

B-Actin CATCCGTAAAGACCTCTA ATGGAGCCACCGATCCACA
GCCAAC

IL-1B TCCAGGATGAGGACATGA | GAACGTCACACACCAGCAG
GCAC GTTA

IL-18 TGGCTGCCATGTCAGAA CCAGGTCTCCATTTTCTTC
GACT AGGT

CTSB CTTCCCATGTCGGCAAT GTGTAGTTGAGACCGGT
CAG GGA

NLRP3 CCTGACCCAAACCCACC TTCTTTCGGATGAGGCTGC
AGT TTA

ASC AGAGACATGGGCTTACAG | CCACAAAGTGTCCTGTTCT
GAGC GGC

Caspase- ~ TGCCGTGGAGAGAAACAA | TGGTGTTGAAGAGCAGAAA

1 GGA GCA

TNF-o ACTCCAGGCGGTGCCTA GTGAGGGTCTGGGCCATA
TGT GAA

TGE-B CTTCAGCCTCCACAGAGAA = TGTGTCCAGGCTCCAAAT
GAACT ATAG
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SYBR Green Mix (ABclomal), cDNA, and primers under the
following conditions: 95°C for 5 s and 60°C for 30 s with 40
cycles. B-Actin was an internal control of genes. Data results were
analyzed with 272", The primer sequences were as shown
in Table 1.

2.10 Western blot assay

The cells were grouped and treated as in Section 2.5. After 24 h
of treatment with nanoparticles, total proteins were extracted using
RIPA buffer (Elabscience Biotechnology Co., Ltd.). The proteins
were separated using 10% gel (Epizyme, shanghai) and then
transferred to PVDF membranes (Solarbio, Beijing). After
blocking with fast blocking western (Solarbio, Beijing) for 10 min
at room temperature, PVDF membranes were incubated with
primary antibodies (CST, 1:1,000) overnight at 4°C. B-Actin
(Elabscience, 1:1,000) was used as an internal reference. The
membranes were then incubated with the secondary antibody
HRP goat anti-rabbit IgG (Elabscience, 1:5,000) for 1 h. Finally,
each group of proteins was detected using electrochemiluminescent
ECL reagents. The protein bands were quantified using
Image software.

2.11 Immunofluorescence

RAW264.7 was seeded on the coverslips of a 24-well plate at a
density of 5 x 10* cells per well, treated as described above, washed
three times with PBS, and then post-fixed with 4%
paraformaldehyde (Elabscience, Wuhan) for 15 min, followed by
permeabilization with 0.2% Triton X-100 for 15 min and blocking
with 10% blocking serum (Solarbio, Beijing) for 60 min. Anti-CTSB
primary antibody (CST, 1:500) was applied to the cells and left
overnight at 4°C. The cells were then treated in the dark with
secondary antibody FITC conjugated goat anti-rabbit IgG
(Elabscience, 1:100) for 1 h. Finally, DAPI staining solution
(Solarbio, Beijing) was added for 10 min at room temperature.
Subsequently, the DAPI staining solution was removed, and the
cells were washed with PBS, blocked, and observed using an
inverted fluorescent microscope.

2.12 Enzyme-linked immunosorbent assay

After completion of the cell treatment, the cell supernatant fluid
was collected. IL-18 and IL-1B content, respectively, in cell
supernatant fluid were determined using an enzyme-linked
immunosorbent assay (ELISA) kit (Reed Biotech, Wuhan)
according to the manufacturer’s instructions.

2.13 Statistical analysis

All experiments were repeated three times, and data were
analyzed using one-way ANOVA and Tukey’s multiple-comparison
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test in GraphPad software, with a single asterisk indicating significant
differences between data (p< 0.05) and two and more asterisks
indicating a strong difference between data (p< 0.01). The data in
the graphs represent mean + standard deviation.

3 Results and discussion
3.1 Characterization

From the transmission electron microscopy (TEM) images and
particle size analysis (Figures 1A, B), it can be seen that the
synthesized Cus 4O NPs were homogeneously dispersed and
morphologically uniform in solution, mostly between 3 and 5 nm
in diameter. As shown in Figures 1C, D, the oxidation state of
copper was studied by X-ray diffraction (XRD) pattern and X-ray
photoelectron spectroscopy (XPS). The dominant peaks 26 = 43.3°,
50.4° and 74.2° correspond to (111), (200), and (220) in the copper
lattice structure, and the other peaks 260 = 29.6°, 36.4°, 42.3°, and
61.3° correspond to (110) (111), (200), and (220) in the copper
oxide lattice structure, respectively. The XPS spectrum of the
Cus 4O NPs in Figure 1D also suggested that Cus,O NP was a
mixture of Cu NPs and Cu,O NPs, and the ratio of Cu to Cu,O can
be calculated to be approximately 3.4 based on the peak area and
mass fraction of both. All of the above-mentioned data were
consistent with previous reports in the literature (16, 24).

The TEM images of ,CeO, and ;,CeO,@Cus 4O NPs are shown
in Figures 2A-D. In Figure 2A, it can be seen that ,CeO, has an
obvious hollow structure and a rough surface with a diameter of
approximately 80-100 nm. Figures 2B-D were ,CeO,@83%Cus ,O
NPs, ,CeO,@67%Cus 4,0 NPs, and ,CeO,@50%Cus 4O NPs,
respectively. Figures 2B-D showed that ,CeO, doped with Cus ,O
NPs does not change the hollow form of ,CeO,, and there were
scattered Cus,O NPs around ;,CeO,. According to DLS data
(Figure 2E), the average particle size of ,CeO,@83%Cus 4O NPs is
approximately 140.3 nm, the zeta potential of ,CeO,@83%Cus ,O
NPs, ,CeO,@67%Cus 4,0 NPs, and ,CeO0,@50%Cus,0O NPs is
-6.08, -6.21, and -5.59 mV, respectively (Figure 2F). The zeta
potential is closely related to the stability of the dispersion. In
general, the greater the absolute value of the zeta potential, the
better the stability of the dispersion (25). As shown in Figure 2G,
the XRD test of the synthesized ,CeO, NPs was consistent with
the typical cerium spectra (JSPDS-34-0394), confirming its cubic
fluorite structure. It is noteworthy that the XRD tests of three
other samples doped with different proportions of Cus 4O NPs were
also consistent with 1,CeO, NPs, which indicated that Cus 4O NPs
was in a highly dispersed or doped state into the ,CeO, NPs lattice
or the yield of Cus 4O NPs in the mixed product of both is relatively
low. As shown in Figure 2H, the elemental valence states of ,CeO,
NPs were analyzed, and the peaks at 885.0 and 903.5 eV in the XPS
test belong to Ce**, the peaks at 882.1, 888.1, 898.5, 900.9, 906.4,
and 916.4 eV were in Ce*', and the coexistence of the two
indicates that it has peroxidase-mimicking activity and superoxide
dismutase mimetic activity potential. In addition, after quantitative
calculations, the percentage of Ce" in ,CeO, was 27.64%, and the
percentages of Ce** in 1hCeO,@50%Cus 4O NPs, ,CeO,@67%
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Characterization of Cus 4O nanoparticles. (A) TEM images. (B) Particle size distribution.

Cus 40 NPs, and ,CeO,@83%Cus,O NPs were 31.68%, 35.17%,
and 36.95%, respectively. The content of Ce** showed an increasing
tendency with the increase of Cus 4O NP incorporation.

ROS play an important role in the development of
inflammation by inducing oxidative stress. It has been
documented that ROS activates NF-xB signaling and NF-kB, as
an upstream signaling molecule, stimulates histone TB release and
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NLRP3 inflammasome activation and promotes the aggregation of
inflammatory cells and the expression of inflammatory factors (26,
27). Therefore, scavenging ROS is crucial for inflammatory diseases,
and nanomaterials with enzyme-mimicking activity have excelled in
the field of scavenging ROS in recent years. Therefore, various
enzymatic activities and total antioxidant properties of the
nanoparticles were further investigated.
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CeO, NPs have attracted much attention as a nano-enzyme,
which has good biocompatibility and a variety of enzyme mimetic
activities (28). The antioxidation property of CeO, NPs is mainly
related to the coexistence of two valence states (Ce’*/Ce*") on
cerium surface and mainly depends on the proportion of valence
states (29). Superoxide dismutase (SOD), an enzyme capable of
scavenging superoxide anion, is considered as a ROS detoxification
enzyme because it can convert superoxide anion to H,0O, with low
oxidation efficiency (30). The SOD enzymatic pseudo-activity of
CeO, NPs is achieved by the valence state conversion of Ce®"
(reduced state) and Ce*" (oxidized state). The superoxide anion
oxidizes Ce>* to Ce**, and the superoxide anion is reduced to H,O,.
CAT enzyme mimetic activity is accomplished by the reaction of
Ce** with H,0, and its decomposition to H,O and O,, which
protects cells from H,0, damage while Ce'" is converted to Ce**
(31). This ability to switch between two oxidation states, Ce** and
Ce*", endows CeO, NPs with regenerative properties.

There have been many studies utilizing Ce®"/Ce*"
interconversion on the surface of CeO, NPs to scavenge ROS for
the treatment of arthritis and inflammatory bowel disease (32-34).
It has been suggested that the mechanism of CeO, NP antioxidant is
related to the presence of Ce®*, which makes the oxygen vacancies
come out (35). It was reported that as the particle size of CeO, NPs
decreases, the Ce®* on its surface gradually increases and its
antioxidant effect is enhanced (35). Another research found that
cerium dioxide nanocubes (0.17 ug/mL) containing a higher
amount of Ce>* (63%) were more effective in the ROS scavenging
efficiency in HUVEC than that of CeO, NPs (2.0 ug/mL) with a
lower percentage of Ce 3* (49%) than on the surface (36). Thus, the
higher the Ce*'/Ce*" on the CeO, NP surface, the higher the
concentration of defects and oxygen vacancies in the lattice with
higher superoxide dismutase mimetic activity, and the better it is
able to cope with oxidative stress and inflammatory diseases. As
shown in Figure 2H, the doping of Cus4O NPs increased the Ce®*
content of ,CeO,@Cus 4O NPs. When the Cu/(Ce+Cu) molar ratio
was 83%, the Ce®" content of ,CeO,@Cus4O NPs was 36.95%,
which was an increase of 9.31% compared with that of ,CeO, NPs,
which was more favorable for the scavenging of ROS, leading to
better treatment of inflammatory diseases.

Cu, as a trace element in the human body, participates in many
enzymatic reactions and brings a large surface area to volume ratio
due to its small size, which leads to the appearance of surface effects
(37). As for the antioxidant properties of Cus,O NPs, a study
conducted XPS tests before and after its treatment with H,O, and
showed that the two peaks corresponding to Cu* and Cu’, Cu 2p2/3
and Cu2pl/2 were not shifted, and a few new peaks appeared.
Therefore, it is speculated that the ROS scavenging performance of
Cu is mainly attributed to its inherent multi-enzyme mimetic
properties (16). In one study, Cus4,O NPs were found to protect
cells from 250 pM H,O, at a very low concentration (25 ng/mL), and
the mRNA levels of antioxidant genes were all significantly increased
in the kidneys of Cus 4O NP-treated mice. The phosphorylation of
NEF-xB and IkB was significantly reduced. The expression of NF-«xB
signaling pathway downstream inflammatory factor expression was
also decreased, suggesting that Cus 4O NPs could protect renal tissues
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from oxidative stress by reducing the production of pro-
inflammatory factors (16). It has also been shown that Cus 4O NPs
were combined with hydrogels to investigate their effects on wound
healing, and the results indicated that Cus ,O@Hep-PEG inhibited
the expression of pro-inflammatory factors, scavenging of ROS, and
promoting wound healing. In addition, Cus,O@Hep-PEG also
promoted cellular cell proliferation as well as angiogenesis due to
the presence of Cus4O NPs (38).

In this study, as shown in Figure 3A, the SOD performance
decreases with the reduction of Cus 4O NP doping, so we speculated
that the SOD activity of Cus4O NPs plays a major role in the
composite particles, Alternatively, when the amount of doped Cu is
less, the less Ce" is reduced to Ce**. In Figures 3B, C, the three
groups of different proportions of nanoparticles showed great CAT
and total antioxidant properties, with the best CAT and total
antioxidant properties at a molar ratio of (Cu/Ce+Cu) of 67%.
Simple ,CeO, and Cus 4O NPs showed good enzymatic activity, and
Cu* was easy to react with Ce*" to generate Ce®" and Cu®" after
Cus 4O NP doping. From the discussion above, it can be seen that
when the ratio of Ce**/Ce*" is large, CeO, NPs showed better SOD
mimics activity. Therefore, when the molar ratio of Cu/(Ce+Cu)
was 83%, the nanoparticles exhibited the most excellent SOD-
mimicking activity, which is more conducive to scavenging ROS,
eliminating oxidative stress, and treating inflammatory diseases.

3.2 ,CeO,@Cus 40 NPs protect RAW264.7
cells from ROS damage

ROS are inevitable by-products of cellular metabolism,
including superoxide anion (O,""), hydroxyl radical ("OH),
hydrogen peroxide (H,O,), etc., but endogenous ROS are
extremely susceptible to interact with biomolecules and cause
intracellular oxidative stress and DNA damage (39, 40). Oxidative
stress, in general, can trigger inflammation, and excessive
inflammation can, in turn, cause oxidative stress, inducing
damage to cellular and tissue structure and function (41). In
addition, it has been shown that ROS promotes the disruption of
lysosomal membrane integrity and lysosomal membrane
permeabilization (LMP) by initiating phospholipase A2 and
activating lysosomal Ca®" channels to allow the leakage of intra-
lysosomal enzymes such as CTSB into the cytoplasm (42).
Furthermore, ROS activates NF-kB signaling, and NF-kB, as an
upstream signaling molecule, stimulates histone TB release and
NLRP3 inflammasome activation and promotes the aggregation of
inflammatory cells and the expression of inflammatory factors (26,
27). In summary, ROS plays an important role in the development
of inflammation by inducing oxidative stress, increasing lysosomal
membrane permeability to promote CTSB release, and activating
NLRP3 inflammasomes, thereby promoting inflammation.
Therefore, scavenging ROS is crucial for inflammatory diseases,
and nanomaterials with enzyme-mimicking activity have excelled in
the field of scavenging ROS in recent years.

In this study, we determined ROS scavenging due to the
antioxidant properties of ;CeO,@Cu; 0. As shown in
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Ability of ,CeOL,@Cu5.40 nanoparticles (NPs) to scavenge reactive oxygen species (ROS). (A) SOD enzymatic activities of ,CeOp@Cu5.40 NPs. (B) CAT enzymatic
activities of ,CeO,@Cu5.40 NPs. (C) T-AOC enzymatic activities of ,CeO,,@Cu5.,0NPs. (D, E) Intracellular ROS levels in RAW 264.7 cells treated with
lipopolysaccharide (LPS) alone and the combined application of 10 mg/L ,CeOn@Cu5.4ONPs. Scale bar: 50 mm. (n=3; ns: no significance.)

Figures 3D, E, the ROS levels were confirmed by using inverted
fluorescence microscopy, and the results showed that the
fluorescence intensity of cells treated with nanoparticles was
reduced, and there was no significant statistical difference
between the cells treated with the three groups of nanoparticles
and the CA-074Me-treated group. We thus demonstrated that
nanoparticles are able to scavenge ROS in vitro.

3.3 Biosafety assessment

Studies have shown that nanoparticles, especially metal-based
nanoparticles, may cause a variety of adverse reactions in cells, such
as oxidative stress and cell death (43). As a novel nanomaterial,
biosafety evaluation is essential for biomedical applications. Previous
studies have shown that hollow cerium dioxide has no significant
cytotoxicity at concentrations ranging from 0 to 200 mg/L (24).
However, studies on the toxicity of Cus,O NPs are limited, with
articles stating no significant cytotoxicity at 600 ng/mL (38).

In this experiment, cytocompatibility and blood compatibility
were used to analyze the biocompatibility of nanoparticles. In the
CCKS8 assay, L929 was used to evaluate the cytocompatibility of the
nanoparticle. Figures 4A-C were the results of the CCK8
experiment with the molar ratio of (Cu/Ce+Cu) of 83%, 67%, and
50%, respectively. It can be seen that, with the decrease of Cus,O
NPs, the activity of cells treated with nanoparticles increases
gradually, which indicated that the toxicity of nanoparticles was
mainly attributed to the doped Cus,O NPs. In addition, in each
group, the cytotoxicity of 0-50 mg/L nanoparticles was tested. The
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results showed that all three groups of nanoparticles showed
excellent cytocompatibility within 24 h, and no significant
difference was observed. However, at 48 and 72 h, significant
cytotoxicity was observed when the concentration was higher
than 10 mg/L, and the cytotoxicity increased with the increase of
the concentration. Similar results were obtained with live or dead
staining (Figure 4E). With respect to blood compatibility, the
hemolysis results (Figure 4D) showed good blood compatibility of
the nanoparticles. In conclusion, our synthesized nanoparticles
showed excellent biocompatibility at 10 mg/L, and a safe
concentration of 10 mg/L was used for all three proportions of
drugs in subsequent experiments.

However, it has been reported that nanoparticles may interfere
with the results of conventional toxicity measurement through
different mechanisms (44-46), such as the absorption and
scattering of light at a certain wavelength by nanoparticles or the
reaction with substrates to interfere with the absorbance value. In
order to exclude the possible interference of nanoparticles on the
assay, firstly, we removed the medium containing nanoparticles
and cleaned it with PBS before the assay. Secondly, considering
the interference of nanoparticles entering the cells, we tested the
effect of nanoparticles on the absorbance value of the CCK8
reagent (Figure 5A). The results showed that there was no
difference in absorbance compared with the CCK8 reagent
without nanoparticles.

In the subsequent experiments, LPS and ,CeO,@Cus,O NPs
were used to treat the RAW 264.7 cells, so we also conducted a
toxicity test for LPS and ,CeO,@Cus4O NP co-treatment. The
results are shown in Figures 5B-D. The cell viability was increased
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after 1-ug/mL LPS treatment, which was consistent with the
previous literature (47), but there was no significant statistical
difference. There was no significant change in cell viability after
adding 10 mg/L nanoparticles compared with the LPS group. The
toxicity of nanoparticles depends on many factors, including their
chemical composition, size, and surface properties. It has been
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reported that the toxicity of metal nanoparticles is mainly derived
from the metal ions released from them, and exceeding a certain
concentration of metal ions may increase the production of
intracellular ROS and the occurrence of cytotoxicity (48, 49).
However, in this study, the nanoparticle concentration of 10 mg/
L was not toxic to RAW 264.7 at 24, 48, or 72 h.
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FIGURE 5

Biocompatibility of ,CeO,@Cus 4O nanoparticles (NPs) treated with lipopolysaccharide (LPS). (A) Absorbance values of the culture medium
containing ,CeO,@Cus 4O NPs added with CCK8 reagent at 450 nm. (B—D) Cell viability of RAW264.7 cells treated with LPS and ,CeO,@Cus 4O NPs
for 24, 48, and 72 h. (E) Bio-TEM images of ,CeO,@Cus 40 NP cellular uptake. (n=3; ns: no significance; *p<0.05.)
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3.4 Uptake of ,CeO,@Cus5 40 NPs in
RAW264.7 macrophages

Immune cells are the first barrier for nanoparticles to penetrate
into cells (50). It is necessary to study the uptake of nanoparticles by
macrophages, which is essential for nanoparticles to exert their
effects and potentially induce a toxic response. Studies have
reported the presence of nanoparticles in the endosome after a 3-
h incubation period with cells, forming relatively large and dense
aggregates (50). Furthermore, nanoparticles were detectable in the
cytoplasm after 24 h (51). Some research suggested that
nanoparticles continue to degrade within the cells over time (52).

In our study, we took TEM images of cells treated with
nanoparticles for 24 h. As shown in Figure 5E, the nucleus and the
cytoplasm were clearly visible in the image, and the nanoparticles can
be observed in the cytoplasm. The cell membrane folds and fuses to
internalize the nanoparticles, and vesicles that internalize
nanoparticles, as well as vesicles that internalize particle aggregates,
can also be observed in the cytoplasm. This could also indicate that, at
the concentration of 10 mg/L, ,CeO,@Cus 4O NPs can enter the cells
and provide evidence for the intracellular anti-inflammatory effect.
However, some studies have shown that with the increase of
nanoparticle concentration, the number and volume of intracellular
vesicles increase, which may hinder the function of other organelles
and eventually lead to cell death (53). In this study, combined with
the screening of the safe concentration of ,CeO,@Cus 4O NPs in the
previous 24-, 48-, and 72-h CCKS8 experiment, the follow-up anti-
inflammatory study could be carried out on the premise that the
concentration of 10 mg/L was relatively able to ensure the cell activity.

3.5 ,Ce0,@Cu5 40 NPs reduce NRLP3
inflammasome activation and inflammatory
factor expression by reducing CTSB release

3.5.1 Reduced protein expression of CTSB
in RAW264.7

The inflammatory cascade initiated by LPS via the toll-like
receptor 4/CD14 receptor complex (TLR4) plays a crucial role in
LPS-stimulated inflammatory responses. TLR4 recognizes and binds
LPS, recruiting and activating the downstream molecule NF-xB,
which enters the nucleus and induces the transcription of NLPR3,
IL-18, and IL-1B, leading to the release of pro-inflammatory
mediators as well as inflammation generation and development (1,
54). Inflammation is a defensive response that protects the host from
harmful stimuli of endogenous and exogenous origin. On the other
hand, infiltration of inflammatory cells and accumulation of
inflammatory factors disrupt the structure and function of normal
tissues and promote the development of a variety of inflammatory
disorders (1, 55). The NLRP3 inflammatory vesicle plays an
important role in the activation of caspase-1 and the subsequent
release of inflammatory factors. In a mouse model of periodontitis,
researchers found that the knockdown of NLRP3 prevented IL-13
release and inhibited osteoclast differentiation, implying that
inflammasome may be closely related to the pathological process
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of periodontitis (56). There are also many studies showing that
NLRP3 is also capable of inducing different aseptic inflammatory
disorders, more so than atherosclerosis, lung inflammation due to
mechanical distraction, and drug-induced hepatitis (57-59). CTSB,
as a class of proteases, is mainly found in lysosomes. However, under
certain specific circumstances, lysosomal membrane permeability is
enhanced and CTSB is released, thus participating in many
pathological mechanisms, especially playing an important role in
the development of inflammatory diseases. CTSB has been proposed
to promote NLRP3 activation and inflammatory factor production.
It has been shown that the expression of CTSB, NLRP3, IL-18, and
IL-1B was upregulated in PA-induced inflammation, while the
above-mentioned molecules are not significantly different from
control after the addition of CTSB inhibitors (60). Therefore,
CTSB may regulate IL-18\IL-1P secretion by regulating the
NLRP3 inflammasome. In another study, it was found that
CTSB/NLRP3 expression was increased in cerulein-induced
pancreatitis, and the addition of CA-074Me not only inhibited
CTSB activity but also downregulated NLRP3, ASC, and caspase-1
expression. The levels of IL-18 and IL-1B were also significantly
reduced in the CA-074Me addition group compared with the
control group (61).

In this study, we investigated the expression and
interrelationships of CTSB, NLRP3, ASC, and caspase-1 in mouse
macrophages in order to understand the possible molecular
mechanism of nanoparticles in the inflammatory pathway. The
RNA expression of each component of the CTSB-NLRP3 pathway
and inflammatory factors IL-18 and IL-1PB was evaluated. Our
results suggested that LPS-induced cellular inflammation was
associated with the CTSB-NLRP3 pathway and that ,CeO,@
Cus 4O NPs can alleviate the inflammatory response by inhibiting
this signaling pathway.

We used the group of LPS-stimulated cells with inflammatory
response as a positive control group. Figure 6A shows the Western
blot bands and quantitative analysis plots, respectively. We found
that LPS stimulation significantly increased the CTSB protein levels,
which were significantly reduced after nanomaterial treatment, and
the most significant protein reduction was observed when the molar
ratio Cu/(Ce+Cu) was 83% (;,CeO,@83%Cus 40). The localization
of CTSB in mouse macrophages was also examined (Figure 6B).
DAPI was used to show the nucleus marked as blue fluorescence,
while CTSB is marked as green fluorescence. The fluorescence
images showed an increase in CTSB after LPS stimulation and a
decrease in CTSB after nanoparticle treatment. Therefore, we
hypothesized that nanoparticles improved the inflammatory
response induced by LPS stimulation by reducing the release of
CTSB and that ,CeO,@83%Cus 4O inhibited the release of
CTSB best.

3.5.2 Inhibiting the CTSB—NLRP3 signaling
pathway in LPS-stimulated inflammation model
The specific mechanism of NLRP3 inflammasome activation is
still unclear, and the widely accepted model is the double signal
model. First, the above-mentioned LPS or other microbial
molecules stimulate as the first signal, upregulating the expression
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of NLRP3 and IL-1f through the transcription factor NF-xB. Signal
two can be provided by many stimuli, including ATP, ROS,
oxidized mtDNA, K" efflux, lysosomal rupture, CTSB, etc.
Among them, CTSB is a lysosomal enzyme that is widely
expressed in mammalian cells and is a marker of lysosome-
specific damage (62). When the integrity of the lysosomal
membrane is disrupted, lysosomal enzymes such as CTSB leak
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into the cytoplasm, leading to a series of cellular homeostasis
imbalances, pathological processes, and cell apoptosis. Studies
have found that in microglial cells, CTSB can chronically activate
the NF-xB signaling pathway by degrading IkBa. (63); and other
studies have found that chemical inhibitors of tissue protease B,
such as CA-074Me, can inhibit NLRP3 activation, leading to the
conclusion that CTSB can affect NLRP3 in different ways, including
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Inhibiting the CTSB—NLRP3 signaling pathway in a lipopolysaccharide (LPS)-stimulated inflammation model. (A—D) mRNA expression of IL-18, IL-1b, CTSB,
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caspase-1 in RAW264.7 cells treated only with ,CeO,@Cus 4O NPs for 24 h.(n = 3; ns: no significance; * and # represent significant differences. **P < 0.005,
***P < 0.0005, ****P < 0.0001, #P < 0.05, **P < 0.005, ***P < 0.0005, and **##P < 0.0001).

inhibiting the activation of NF-kB, reducing the expression of
NLRP3 genes, and inhibiting the activation of NLRP3 (64, 65).

As shown in Figures 7A-D, NLRP3, ASC and caspase-1
expression increased after LPS treatment and decreased after the
addition of CA-074Me, indicating that the reduction of CTSB
reduced the expression of NLRP3 inflammasome. The addition of
nanomaterials also reduced the NLRP3 inflammasome
components, indicating that nanomaterials reduce the expression
of NLRP3 inflammasome by inhibiting CTSB and reduce the release
of inflammatory factors, thereby reducing the inflammatory
response. Moreover, when the Ce/Cu ratio was 0.2 (,CeO,@83%
Cus40), the effect on inflammation was the best, and with the
decrease of Cu doping, the inhibitory effect on inflammation was
weakened. In addition, Figures 7E-H show the gene expression of
cells treated with LPS and nanoparticles for 12 h. The results show
that the anti-inflammatory effect of cells treated with LPS and
nanoparticles for 12 h is about the same as that of cells treated for
24 h, but the anti-inflammatory effect is not as good as that treated
with LPS for 24 h. As shown in Figures 7I-L, to further understand
the effect of nanoparticles on the CTSB-NLRP3 signaling pathway,
we treated cells with nanoparticles only for 24 h and that ,CeO,@
Cus 4O showed an obvious inhibitory effect to NLRP3
inflammasome-related factor gene expression. From the above-
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mentioned experiments, ,CeO,@83%Cus ,O NPs had the
best effect.

We believe the possible reasons for this phenomenon were as
follows: (1) Cu in Cus 4O NPs could reduce Ce** to Ce**. The more
Cus 4O NPs doped, the more Ce®" is reduced, which exerts better
SOD activity and reduces inflammation. (2) The anti-inflammatory
effect of Cus 4O NPs: Their ultra-small size and more active site
exposure give them ultra-high antioxidant capacity. The particle
size of Cus 4O NPs was mostly 3-5 nm, which belongs to ultra-small
nanoparticles. It has been reported that it can enter the
mitochondrial permeability transition pore, thus maintaining the
normal function of the mitochondria and alleviating oxidative
stress. It can also enter the cells to play a role through
phagocytosis (16). Thus, the increase in Cus 4O NPs increases its
antioxidant and anti-inflammatory effects.

In general, LPS can stimulate macrophages to M1 polarization,
recruit inflammatory cells, secrete inflammatory factors, and
facilitate the clearance of pathogens. M2 macrophages play an
important role in resolving inflammation and tissue repair (66).
We also tested the effect of ,CeO,@Cus,O NPs on the gene
expression of TNF-oe and TGF-f, and as shown in Figures 8B, C,
1CeO,@Cus 4O NPs were able to reduce the expression of TNF-ou
and increase the expression of TGF-f, further suggesting that
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Secretion of IL-18 and IL-1B pro-inflammatory cytokines. (A) Schematic representation of ,CeO,@Cus 4O nanoparticles (NPs) on the CTSB—NLRP3
signaling pathway. (B, C) mRNA expression of TNF-a and TGF- in RAW264.7 cells treated with ,CeO,@Cus 4O NPs for 24 h. (D, E) mRNA expression

of IL-18 and IL-1B in RAW264.7 cells treated with ,CeO,@Cus 4O NPs for 24

h. (F, G) Effects of ,CeO,@Cus 4O NPs on the secretion of IL-18 and IL-

1B in LPS-induced RAW264.7 cell supernatant. (n = 3; ns: no significance; * and # represent significant differences. *P < 0.05, **P < 0.005, ****P <

0.0001, #P < 0.05, #*P < 0.005, ¥¥¥p < 0.0005).

1CeO,@Cus 4O NPs may alleviate inflammation by promoting
macrophage polarization to M2 type.

3.5.3 The secretion of IL-18 and IL-1j pro-
inflammatory cytokines

After activation of NLRP3 inflammasome, pro-IL-18 and pro-IL-1f
could be cleaved into mature IL-18 and IL-1B (Figures 8A) (67). As
shown in Figures 8D, E, the mRNA expression levels of the inflammatory
factors IL-18 and IL-1f were increased in the LPS-treated group, while
their expression was decreased by the addition of CA-074Me. These
results indicated that CTSB is involved in LPS-induced inflammatory
response. The expression levels of all CTSB, IL-18, and IL-1 decreased
after adding ,CeO,@Cus 4O, indicating that ,CeO,@Cus 4O may alleviate
inflammatory response by inhibiting CTSB.

To evaluate the effect of nanoparticles on the secretion of IL-18
and IL-1f in the culture supernatant of macrophages, the levels of IL-
18 and IL-1 in the culture supernatant of RAW 264.7 macrophages
were analyzed. As shown in Figures 8F, G, IL-18 production was
significantly increased in the LPS group compared with the control
group. Compared with the LPS group, the groups treated with
different ;,CeO,@Cus,4O showed a significant reduction in IL-18
level. However, there was no significant difference in the IL-1P3
levels among the groups. It has been documented that IL-1P3
production is dependent on ASC that is not expressed in
RAW264.7 (68, 69). Studies have shown that some pro-IL-1B is
released into the culture medium after RAW?264.7 is stimulated, and
most pro-IL-1f is retained in the cells. When co-stimulated with
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other stimuli, pro-IL-1f and IL-1f3 are released from the cells together
(69). However, other studies have shown that the expression of IL-1
in the supernatant of RAW264.7 cells treated with LPS increased (70,
71). In the future, we need to combine LPS- and NLRP3-specific
agonists to further explore the inhibitory effect on IL-1f3.

4 Conclusion

In this study, a novel ,CeO,@Cus,O NPs was prepared by
doping different amounts of Cus 4O NPs into hCeO, NPs. ;,CeO,@
Cus 4O NPs has good biocompatibility and excellent ROS scavenging
ability. ,CeO, @ Cus4O NPs was demonstrated to attenuate the
inflammatory response by scavenging ROS, reducing the release of
CTSB, and inhibiting the activation of the NLPR3 inflammasome.
1CeO,@Cus 4O NPs could alleviate the inflammatory responses by
regulating the CTSB-NLRP3 signaling pathway, where the ,CeO,@
83%Cus 4O NPs had the strongest antioxidant and anti-inflammatory
effects. This study provides a new idea for nanoparticles to attenuate
LPS-induced inflammatory response.
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With the development of global social economy and the deepening of the aging
population, diseases related to aging have received increasing attention. The
pathogenesis of many respiratory diseases remains unclear, and lung aging is an
independent risk factor for respiratory diseases. The aging mechanism of the lung
may be involved in the occurrence and development of respiratory diseases.
Aging-induced immune, oxidative stress, inflammation, and telomere changes
can directly induce and promote the occurrence and development of lung aging.
Meanwhile, the occurrence of lung aging also further aggravates the immune
stress and inflammatory response of respiratory diseases; the two mutually affect
each other and promote the development of respiratory diseases. Explaining the
mechanism and treatment direction of these respiratory diseases from the
perspective of lung aging will be a new idea and research field. This review
summarizes the changes in pulmonary microenvironment, metabolic
mechanisms, and the progression of respiratory diseases associated with aging.
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Introduction

Aging is the gradual decline of physiological functions,
characterized by signs like dry skin, wrinkles, and memory loss.
Over the last two centuries, life expectancy in developed countries
has doubled (1, 2). By 2050, it is expected that those over 65 will
make up approximately 20% of the global population (3). Since
1939, caloric restriction in mice has been shown to extend lifespan
(4). New research finds that targeting specific loci or altering
metabolic pathways can delay the aging process (5).

Cellular senescence, a hallmark of aging, is the irreversible
cessation of cell division, often marked by DNA damage,
inflammatory secretions, and metabolic changes. It occurs during
both development and adulthood, contributing to aging organ
degeneration (6). However, the exact relationship between cellular
senescence and aging, and how the former influences the latter,
remains unclear.

The lung, crucial for gas exchange and sensitive to external
stimuli, is highly susceptible to aging. It matures by age 10-12,
reaching peak function at 20 in women and 25 in men (7). Aging
degrades lung barrier integrity and pathogen resistance while
increasing immune sensitivity, thus heightening disease risk and
mortality from conditions like lung cancer and inflammation.
Understanding how aging affects lung health and exacerbates
pathological damage is a critical research area.

In this manuscript, we review the research progress on the role
of pulmonary aging in the pathogenesis of respiratory diseases,
including the mechanism and response pathway of how various
cells in the pulmonary microenvironment cope with the molecular
level of aging. We believe that this manuscript will help readers to
further understand age-related respiratory diseases and can also
provide new ideas for the study of the pathogenesis and clinical
treatment of various respiratory diseases.

Morphology, respiratory indices, and
function changes in the aging lung

Morphology changes

“Senile lung” describes lung aging, marked by alveolar and duct
expansion, and basement membrane thickening, leading to
decreased lung elasticity and increased compliance (2, 8).

Aging leads to terminal air space enlargement, increased
alveolar duct and terminal bronchiole size, and a reduction in
alveolar area and number. For instance, the total alveolar area
decreases from 70 m* in individuals aged 30-39 to approximately 60
m? in those 70-79 years old, dropping approximately 2.5 m* every
decade (8, 9). Additionally, aging increases lung collagen content
and thickens the alveolar basement membrane (10). These
anatomical changes result in several physiological alterations:
reduced elastic recoil, increased lung compliance, diminished
oxygen diffusion capacity, early airway collapse, intrapulmonary
gas retention, and decreased expiratory flowrate. These changes can
obstruct small airways, potentially leading to chronic obstructive
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pulmonary disease (COPD) in the elderly (11). Furthermore,
smoking exacerbates COPD risk and progression in this age
group, intertwining with aging to accelerate the disease’s severity.

Respiratory indices changes

After birth, total lung capacity (TLC) increases, but in the
elderly, inspiratory muscle strength, thoracic compliance, and
lung elastic recoil decrease, leading to lower TLC, tidal volume
(TV), inspiratory reserve volume (IRV), and expiratory reserve
volume (ERV) compared to young adults.

Vital capacity (VC), the maximum air volume exhaled after
forced inspiration, decreases with age, approximately 200 ml every
decade starting from age 20, from approximately 3,500 ml in men
and 2,500 ml in women at age 30, to 75% of that by age 70 due to
increased thoracic rigidity and decreased lung recoil and respiratory
muscle strength.

Functional residual capacity (FRC), the gas volume remaining
in the lungs after a quiet expiration, increases with age, leading to
alveolar distension and increased respiratory muscle load. This
results in a 20% increase in energy expenditure for respiration in
60-year-olds compared to 20-year-olds (12). Aging also enlarges
alveoli and alters supportive structures, reducing lung elasticity and
causing premature small airway closure during expiration, thus
increasing FRC (12, 13).

The spirometric index FEV1/FVC, crucial for diagnosing
COPD, shows that FEV1 and FVC peak at 27 years in men and
20 in women, then decline, with FEV1 decreasing faster after 65
years of age (14).

In addition, as respiratory indicators reflecting small airway
ventilation function, expiratory flowrates (V25-75, Vmax25,
Vmax75) decrease with age, indicating small airway function
decline. Closed volume (CV)/VC and closed capacity (CC)/TLC
ratios increase with age due to earlier small airway closure in the
elderly during expiration.

Function changes

Lung functionality peaks between ages 18 and 25 and remains
stable until approximately 35 years old, after which it gradually
declines (15). This decline is attributed to reduced respiratory
muscle strength and chest wall function in older adults, leading to
decreased ventilation capacity. In general, with increasing age, TV
may slightly decrease. This is mainly due to the slight decrease in
lung capacity, increased stiffness of lung tissue, and potential decline
in respiratory muscle function as individuals age, all of which can
impact TV. On the other hand, research has shown that TV can be
increased through training, depending on individual lifestyle and
physiological conditions (16).

From age 35, lung function decreases even in healthy
individuals, with stiffer blood vessel walls and reduced elasticity
impacting blood supply to alveoli and gas exchange (17-21). Aging
also reduces alveolar surface area and capillary density, affecting
lung ventilation function, all leading to ventilation/perfusion ratio
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imbalance and lower arterial oxygen partial pressure (PaO,) in
the elderly (16). In older lungs, there is a diminished response
to hypoxemia and hypercapnia and less recognition of
bronchoconstriction (22). The aging lung’s response to
hypoxemia and hypercapnia, measured by oral occlusion
pressure, shows a 50% and 60% decrease, respectively, in the
elderly compared to young adults, indicating a reduced ability to
integrate sensory information and generate appropriate neural
responses (21).

Microenvironment of aging lung

For air-breathing animals, the lung is a vital organ of the
respiratory system. Mammals and other structurally complex
animals have two lungs, located on the left and right sides of the
chest cavity near the spine and heart. The primary function of the
lungs is to facilitate gas exchange, transporting oxygen from the air
into the bloodstream and removing carbon dioxide from the blood
into the atmosphere. As a functionally important and structurally
complex organ, the aging lung harbors various types of cells,
including resident cells and immune cells within the lung
microenvironment. Previous research has utilized light
microscopy and electron microscopy to observe the immune
reactions and cellular morphology of lung tissue, defining resident
cells in the lung (23). Advanced techniques such as single-cell
sequencing and immunohistochemistry have expanded our
understanding, revealing over 40 distinct cell types in human
lungs. However, the effects of aging on lung cell composition and
function remain partially understood. Age alone is a risk factor for
lung diseases, with cellular aging contributing to different
pathological outcomes. This knowledge opens new avenues for
investigating chronic respiratory disease mechanisms by
examining the aging lung’s unique structures and the biological
impact of aging on different cell types.

Lung parenchymal cells

“Lung parenchymal cells” refers to the cells that make up the
functional tissue of the lungs. Comprising a multitude of minute
alveoli with thin walls, it constitutes an immense surface area (24).
These cells include various types, such as alveolar epithelial cells,
bronchial epithelial cells, and endothelial cells. These cells each have
their own functions; alveolar epithelial cells, for example, play a
crucial role in gas exchange by lining the inner surface of the alveoli,
where oxygen is taken up and carbon dioxide is released (25).

Airway epithelial cells

Airways are divided into respiratory and conducting zones by
terminal bronchioles. They secrete mucins and fluids, lined with
respiratory cells and ciliated pseudostratified epithelium. Epithelial
cells form polarized junctional complexes with claudins for
protection (26). Ciliated cells are predominant, supported by club,
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serous, neuroendocrine, and goblet cells. Subepithelial basal cells
serve as progenitors for airway epithelium regeneration (27). In the
airways, submucosal glands secrete mucins (like MUC2 and
MUCS5B) and fluids and can release defense proteins upon
stimulation (27, 28). Mucus, a high molecular weight
glycoprotein, facilitates pathogen clearance and plays a role in
maintaining homeostasis in the airway (29).

Aging can induce alterations in the function and structure of
tracheal epithelial cells, characterized by diminished proliferative
capacity, elevated apoptosis, and decreased metabolic activity.
These modifications will impair tracheal epithelial cell function,
consequently impacting the normal physiological function of
the trachea.

Alveolar epithelial cell

Alveolar epithelial cells (AECs), including squamous AECls
and cuboidal AEC2s, are crucial for gas exchange. AECls cover
approximately 95% of the respiratory membrane, while AEC2s, also
progenitor cells for AECls, contribute to repair and innate
immunity by releasing surfactants (30).

Experimental studies comparing young (2-3-months-old) and
aged (26-months-old) rats revealed a decrease in alveolar epithelial
cell (AEC) proliferation and surfactant protein levels in older rats,
alongside an increase in apoptosis rate. Furthermore, an electron
microscopy of aged lungs showed significant degenerative changes
in AEC2s, with shorter telomere mice displaying cellular senescence
markers like inflammation and immune responses (31). This
senescence leads to prolonged oxidative stress and inflammation,
impairing gas exchange across the alveolar membrane (32).
Additionally, single-cell transcriptional analysis indicated an
upregulation of MHC class I on aged AEC2s, highlighting aging’s
impact on immune responses (33).

Endothelial cell

Endothelial cells line the inner walls of blood vessels, forming a
single layer crucial for maintaining vascular health through tight
junctions and adhesion molecules like vascular endothelial cadherin
(34, 35). They regulate blood vessel tone, permeability, and
inflammation, playing a key role in vasodilation via nitric oxide
(NO) production (36). Aging impairs these functions, leading to
decreased NO synthesis and disrupted vascular relaxation, affecting
molecules such as ICAM-1 and PAI-1 that are involved in
inflammation and thrombosis, thereby increasing the risk of
atherosclerosis and respiratory diseases (37). While insights are
mainly from rodent studies, more research is needed to fully
understand these mechanisms.

Airway smooth muscle

Airway smooth muscle (ASM) plays a pivotal role in airway size
regulation, utilizing adhesion molecules like E-cadherin and
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VCAMI for stability and inflammation prevention (38). It interacts
with extracellular matrix components via integrins to modulate
contractility (39). Desmin, a cytoskeletal protein, is vital for cell
shape, intracellular transport, and organelle organization, with its
expression decreasing in aged lungs, potentially reducing airway
contractility (40, 41). Conversely, the expression of alpha-smooth
muscle actin and vimentin might increase in the distal airways of
elderly lungs, indicating possibly enhanced peripheral airway
contractility (41). These findings highlight complex age-related
alterations in ASM function that warrant further investigation.

Pulmonary progenitor cells

Pulmonary progenitor cells, vital for lung development and
repair, differentiate into cell types like alveolar and capillary
endothelial cells. Found in alveolar and airway regions, AT2 cells
are key alveolar progenitors, transforming into AT1 cells for gas
exchange upon stimulation (42). Research reveals two AT2
subtypes: surfactant producing and AT1 differentiating (43).
Airway basal progenitor cells ensure lung stability and repair,
generating various lung cells post-damage (44, 45). Interstitial
progenitor cells, or fibroblasts, contribute to alveolar remodeling.
Aging decreases stem cell numbers and repair efficiency, leading to
diseases like emphysema and pulmonary fibrosis (46). The eftect of
aging on lung stem cells and remodeling needs further exploration.
Understanding how aging impacts airway function is vital for
improving elderly health.

Interstitial region of the lung

The lung interstitium, situated between lung parenchyma, consists
of connective tissue, lymphatics, nerve fibers, and blood vessels, crucial
for structure, nutrition, and gas exchange support. It encompasses the
central and peripheral fibrous systems and septal tissue, essential for
maintaining alveolar-capillary gas exchange integrity.

Fibroblasts are an important component of the interstitial
region, generating extracellular matrix (ECM) components like
collagen fibers, and matrix metalloproteinases (MMPs) play a key
role in tissue integrity. Aging fibroblasts are implicated in lung
remodeling and respiratory diseases (47). To understand the
changes in fibroblasts under the influence of aging, several
research groups have shown altered ECM protein expression, as
evidenced by proteomics and microarray studies (48). Additionally,
single-cell RNA sequencing indicates decreased collagen XIV and
decorin in aged fibroblasts, affecting the lung tissue’s integrity and
elasticity (49). Researchers have utilized methods like microarray,
liquid chromatography-mass spectrometry, and atomic force
microscopy to study the ECM in the lung and its relation to
aging (49-52). They identified at least 32 age-related proteins in
the lung’s ECM, whose changes disrupt its biomechanical balance,
leading to aging-related damage in lung tissues.

The pulmonary microenvironment represents a complex
ecosystem, wherein each component plays a pivotal role in the
aging process. When exploring the impact of the pulmonary
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microenvironment on health, an unavoidable question emerges:
does cellular senescence constitute the core driving force behind
pulmonary aging? This question is thought-provoking, as it is
closely related to the decline in lung function and the onset and
progression of pulmonary diseases. Cellular senescence is a
multifactorial-driven process, involving alterations in gene
expression. In the lungs, this process may be accelerated by
factors such as environmental pollutants, smoking, and chronic
inflammation. Therefore, understanding how cellular senescence
affects the pulmonary microenvironment, and how to intervene in
this process to decelerate pulmonary aging, has become a focal
point of current research.

Immunity and inflammation in
aging lung

Aging significantly impacts pulmonary immunity by affecting
immune cells in the lungs. Alveolar macrophages (AMs), crucial for
innate immunity, show altered cytokine secretion and reduced
phagocytosis abilities with age, leading to slower immune
responses (53, 54). Other immune cells also experience
quantitative and functional declines, affecting monocyte
production and T- and B-cell receptor expression, ultimately
compromising lymphocyte function (55). Research suggests that
the aging phenotype of circulating monocytes is influenced by the
pulmonary microenvironment, highlighting the role of the aging
microenvironment in immune function changes (56). Immune
senescence in the elderly increases susceptibility to infections and
lung diseases, emphasizing the importance of understanding age-
related changes for improving respiratory disease outcomes in
older individuals.

Innate immunity

Innate immunity, our first line of non-specific defense present
from birth, includes barriers like skin and internal components such
as phagocytes (e.g., neutrophils, macrophages) and natural killer
cells. These elements identify and fight off pathogens, triggering
inflammation for pathogen removal and tissue healing. However,
aging can weaken these immune cells, disturbing the balance of
inflammatory responses in the lungs. This imbalance exacerbates
outcomes in elderly patients with inflammatory lung conditions.
This section delves into the primary innate immune cells in the
lungs and how aging affects their functionality.

Alveolar macrophages

AMs, part of the mononuclear-phagocyte system, are long-lived
and numerous, playing critical roles in pulmonary immunity by
collaborating with bronchial perivascular interstitial macrophages
(IMs) and pulmonary epithelial cells (57). They clear debris and
toxic particles, produce anti-inflammatory factors like IL-4 and IL-10,
and are key in tissue damage control and initiating inflammatory
responses (58, 59). Additionally, AMs recognize stimuli through
PRRs, activating signaling pathways and cytokine release (e.g.,
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TNF-0, IL-6) from epithelial cells, thus recruiting immune cells and
promoting inflammation. Impaired AM function can lead to chronic
inflammation or fibrosis due to the accumulation of activated AMs
and excessive immune cell recruitment.

With aging, the decline in AM number and functionality
impairs pulmonary innate immunity, increasing susceptibility to
chronic inflammatory lung diseases in the elderly (60). Aged AMs
exhibit weakened phagocytosis and pathogen clearance, reduced
lipid breakdown, and increased lipoprotein deposition in alveoli
(60-62). Moreover, aged macrophages produce fewer chemokines
and cytokines, weakening the innate immune response (63). Age-
related changes in cell communication and PRRs expression
heighten vulnerability to infections (64). Elevated reactive oxygen
species (ROS) levels with age further diminish AM function (65,
66). Consequently, reduced AM efficacy leads to heightened lung
inflammation and tissue damage in the elderly.

Dendritic cells

Dendritic cells (DCs) are located in the alveoli, alveolar septa,
and lung lymphatic tissues (67). They play a key role in antigen
presentation and immune regulation. Despite similar morphologies
between young and aged DCs, upon encountering foreign antigens,
DCs utilize their dendritic projections to capture and internalize
these antigens. Following internalization, antigens are processed
and presented on the DC surface as antigen-protein complexes via
MHC molecules. Stimulated by PRRs, DCs produce cytokines like
TNF-o and IL-6, and mature DCs migrate to pulmonary lymph
nodes to present antigen information to T cells, facilitating their
differentiation into effector or memory T cells. This antigen
presentation process is vital for immune response regulation.

In summary, DCs play a vital role in lung immune responses, but
their number and function decline with age, leading to reduced
antigen capture and processing abilities (68, 69). Therefore, these
changes contribute to raise the risk of respiratory diseases potentially.

Innate lymphocytes

Innate lymphocytes, categorized into ILC1, ILC2, ILC3, and NK
cells, are pivotal in immune defense. NK cells, part of Group 1 with
ILCI, are notable for their capacity to eliminate tumor and infected
cells by detecting changes like the absence of MHC-I molecules on
the cell surface and by secreting cytotoxins (e.g., perforin) and
cytokines (IFN-y and TNF-ar) (70). Their decline with age increases
the risk of lung diseases in the elderly by impairing immune functions
(71). ILC2 cells, through IL4 and IL5 secretion, target extracellular
pathogens and allergens, while ILC3 cells, producing IL17 and IL22,
aid in lymph node development. Collectively, ILCs are crucial in
pulmonary health and innate immune system regulation.

Neutrophils

Neutrophils, comprising 50%-70% of white blood cells, are
essential for the immune response, rapidly migrating to infection
sites via chemotaxis and utilizing lysosomal enzymes to digest
pathogens and debris, thus preventing infection spread (72). They
also recruit additional immune cells by releasing inflammatory
mediators. However, aging leads to decreased bone marrow
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production and reduced neutrophil counts, alongside diminished
antioxidant capacity and increased ROS production, impairing
phagocytosis and heightening infection risks (73-75). Studies
indicate an age-related increase in neutrophils within
bronchoalveolar lavage fluid (BAL) and imbalances in injury models
(75, 76). Therefore, we can conclude that aging and injury prolong
neutrophil recruitment times, causing accumulation in lung tissue and
exacerbating pulmonary diseases and inflammation (76-78).

Adaptive immunity

Adaptive immunity combats foreign pathogens through
specificity, memory, cell dependence, and clone selectivity. It
targets specific pathogens via receptors on B and T cells. Memory
allows for a rapid response upon re-exposure to the same pathogen,
facilitated by long-lasting immune cells generated after initial
contact. Clone selectivity, through diverse B- and T-cell clones,
ensures effective, enduring protection against various pathogens.

Bronchus-associated lymphoid tissue (BALT) is a lymphoid
tissue present beneath the respiratory mucosal layer, including
lymph nodes, lymphoid follicles, and diffuse lymphoid tissue,
playing a role in immune surveillance and defense, thereby
protecting the respiratory system from infection and disease.

T lymphocytes

T lymphocytes, critical for cell-mediated immunity, originate as
precursor cells in the bone marrow and mature into naive T cells in
the thymus, expressing CD4+ or CD8+ for antigen recognition. In
the elderly, naive T-cell production and TCR diversity decline due
to miR181a deficiency and increased dual-specific phosphatase
(DUSP)6 activity (79). These cells, upon antigen exposure and
cytokine activation (e.g., IL-2, IL-4), differentiate into effector and
memory T cells, with effector cells being either helper T cells (Th)
releasing cytokines to modulate immune responses or cytotoxic T
cells (CTL) that eliminate infected or cancerous cells through
perforin and granzyme B. CD4+ T cells diversify into Thl, Th2,
and Th17 based on cytokine profile, while Th17 and Treg cells share
a precursor requiring TGF-f3 for differentiation (80). Aging impacts
T-cell quantity and functionality, manifesting as reduced CD8+ T-
cell proliferation, increased apoptosis susceptibility in CD4+ cells
due to elevated CD39 expression, and diminished pathogen
clearance, leading to compromised pulmonary immunity (81).
This contributes to immune senescence, characterized by a
delayed response to new antigens and inefficient immune

memory formation.

B lymphocytes

B-cell development initiates in the bone marrow from
hematopoietic stem cells, requiring BCR ligand binding for
progression. Immature B cells evolve through T1 and T2
transitional stages. Driven by CXCL13 and CXCR5, they migrate
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to the spleen, becoming T1B cells and further mature into T2B cells
(82). These T2B cells differentiate into either follicular or marginal
zone cells based on receptor signals (83). Naive B cells, which have
not encountered antigens, include all spleen-resident B cells. Upon
injury and inflammation, B cells activate, producing plasma cells
that secrete antibodies, including immunoglobulins (Ig) and
complement, and memory B cells for sustained immune memory
against antigens, which protects the human body (84). Age affects
B-cell development, particularly from naive to mature stages, with
elderly mice showing increased inhibitory TER cell expansion, fewer
initial and immature B cells, and reduced antibody specificity and
affinity, raising the risk of lung diseases in the elderly (85, 86).

Although there have been many studies on age-related changes
in innate and adaptive immunity, the question of how immune
impairment leads to lung diseases and increases mortality risk
still remains. The combination of individual genetics and
environmental changes still brings us many unknowns and
challenges. To solve this problem, multi-omics methods have
been used to longitudinally describe individual immune systems,
which has also facilitated the development of “immune aging”
scores that better describe an individual’s immune state than their
actual age (87). This study and others have emphasized an
important concept that actual age is not a reliable indicator of
biological age.

Senescence mechanism related to
pulmonary disease

Aging can lead to a decrease in the number and functional
defects of lung stem cells, and pulmonary remodeling. One of the
morphological characteristics of senescent lungs is the decrease in
bronchioles and increased pulmonary alveolar diameter. Previous
text has detailed the physiological functions and morphological
changes in aging lungs. At the molecular and cellular levels, several
aging mechanisms have been proposed by Lopez-Otin et al,
including cellular senescence, mitochondrial dysfunction,
immunosenescence, and homeostatic disruption, which act on the
pulmonary epithelium, impairing its repair function, resulting in
loss of “fidelity”, and manifesting in related pathological findings
such as fibrosis and airway wall remodeling. These have been
demonstrated in diseases such as COPD, idiopathic pulmonary
fibrosis (IPF), and acute respiratory distress syndrome (ARDS) (88—
91). It should be noted that although cell senescence is related to
disease, it is also a normal life activity of the normal lung tissue to
maintain homeostasis (92, 93). Next, we will explore how these
aging mechanisms causally contribute to pulmonary diseases and
identify potential therapeutic targets.

Aging and cell senescence
Aging leads to declines in body function, with notable impacts

on lung elasticity and function due to increased stiffness and tissue
composition changes (94). At the cellular level, aging is
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characterized by reduced cell function, cell cycle arrest (mediated
by proteins like Cdkn2a and Cdknla), or increased apoptosis,
connecting subcellular damage such as protein homeostasis
disruption and mitochondrial damage to organ aging (95).
Specifically, in lungs, aging impairs AEC2 cells, crucial for organ
function, by hindering the differentiation of pulmonary epithelial
progenitor cells, weakening defense and immune clearance, for
example, via HLA-E inhibition (96). The risk of respiratory diseases
increases with senescent cell accumulation, with older mice showing
more severe lung damage and slower recovery than younger ones
(97-99). Senescent cells, although non-replicating, release the
senescence-associated secretory phenotype (SASP)—a cocktail of
cytokines, growth factors, and enzymes—which plays roles in
wound healing, immune response, and aged cell clearance (100).
These factors can activate surface receptors like TNFR and ILR,
triggering intracellular signaling pathways and activating NF-xB to
regulate inflammation and the cell cycle through NEMO,
dependent on ATM phosphorylation (101).

Cellular activities significantly depend on age, making the study
of cell aging vital for disease understanding and prevention. Despite
considerable progress in cell aging research, its mechanisms remain
complex and variable, necessitating further in-depth exploration.

Mitochondrial dysfunction

As cells age, mitochondria experience increased volume, loss of
cristae, and inner membrane damage (102-104). Aging disrupts
protein homeostasis in mitochondria, damages mitochondrial DNA
(mtDNA), and leads to the formation of superoxide-generating
electron transport chains (105-107). These changes activate
inflammatory pathways like NF-kB, causing inflammation and
impairing mitochondria’s ability to manage energy metabolism
and cell death regulation. This mitochondrial dysfunction is
linked to diseases such as IPF, COPD, and severe asthma, with
increased damaged mtDNA found in lung tissues of these patients
(102, 108-111). Simultaneously, studies indicate that mitochondrial
dysfunction contributes to aging, suggesting a cyclical relationship
(65, 66).

Inflammation and aging

Inflammation has progressed to a chronic state due to lifestyle
and biological factors in aging, involving the accumulation of
“metabolic waste” triggering inflammation. Misfolded proteins
and cell debris activate immune responses by binding to PRRs.
Chronic stimuli in aging lungs cause sustained inflammation,
leading to tissue damage and an imbalance between pro- and
anti-inflammatory actions. Neutrophils release factors like IL,
TNF-a, and IFN, increasing systemic pro-inflammatory cytokines
and oxidative stress (112). Targeting TNF-o. in mice can speed up
aging and inflammation. While some inflammation is crucial for
fighting pathogens, an excess can damage lung tissue and lead to
diseases. Neutrophils release NETs, which have both antibacterial

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1383503
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

benefits and immune-regulating effects, but excessive production
can worsen COPD (73).

It has been found that the intestinal microbiota of elderly people
also undergoes certain changes with the body’s inflammatory
response (113). Ecological imbalance in the elderly, marked by a
shift from anti-inflammatory to pro-inflammatory microbial
products in the gut, contributes to inflammation. Additionally,
aging lung and adipose cells release SASP, further intensifying
inflammation and its associated damage, linking adipose tissue
dysfunction with systemic inflammation and aging (114).

Immunosenescence

Immunosenescence leads to a slow yet prolonged immune
response, especially in aging T and B cells, lowering resistance to
infections and cancer. Aging diminishes AT2 cells’ renewal and
differentiation, weakening immune functions. Aged lungs have
fewer effective macrophages in phagocytosis, chemotaxis, and
antigen presentation. Single-cell sequencing shows that in IPF
patients, aged macrophages come from circulating monocytes, not
from lung progenitor cells (115). Puchta et al. found that the
senescent phenotype of monocytes in elderly mice is linked to the
aging bone marrow microenvironment rather than being intrinsic
to the cells (55). Adaptive immunity is also compromised in the
elderly, with reduced lymphocyte activation, humoral responses,
and lower counts of naive T cells and receptors. The balance
between Th17 cells, which promote autoimmunity and
inflammation, and Treg cells, which suppress these responses and
maintain immune homeostasis, is disrupted (80).

Immune aging contributes to age-related lung diseases,
reducing resistance to infections, changing throat microbiota, and
increasing harmful bacteria. These factors, combined with lower
respiratory function, difficulty swallowing, and poor vocal cord
coordination, raise pneumonia risk by allowing bacteria into the
lower respiratory tract. In severe asthma, COPD, and IPF,
macrophage activity and T-cell activation are decreased due to
less phagocytosis and lower T-cell CD28+ expression, resulting in
immune function decline (116-122).

Autophagy

Autophagy, critical for cellular cleanup and turnover in lung
cells, involves forming autophagosomes to degrade unwanted
components, a process regulated by autophagy-related genes
(ATGs) and microtubule-associated proteins (e.g., MAPILC3B)
(123). Key regulators, including transcription factor EB (TFEB),
transcription factor A (TFAM), and mammalian target of
rapamycin (mTOR), influence this pathway. Aging activates
mTOR, leading to increased cell proliferation and reduced
autophagy (124).

Autophagy’s disruption, particularly with aging, is linked to
lung diseases like fibrosis, COPD, PAH, and cancer. Studies indicate
that older mice and IPF patients show more significant declines in
autophagy and related inflammation markers. The process where
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epithelial cells transform and migrate, known as EMT, is key in
fibrosis. PINK1, a kinase in mitochondria, is crucial for mitophagy
and mitochondrial health, impacting lung function (102, 108). The
PINK1-PARK2 pathway, crucial for mitophagy, when impaired,
increases the risk of pulmonary fibrosis and hastens cell aging.
Mitophagy, vital for lung function due to high energy needs, is
disrupted in this pathway, worsening conditions like COPD by
enhancing cell damage and aging. Targeting autophagy with
treatments like mTOR inhibitors, including rapamycin and
everolimus, offers new strategies for managing diseases, notably
cancer (102, 108, 125).

Nutrition sensing and metabolism

Nutrient-sensing pathways in lung tissues change with aging,
impacting metabolism. AEC2 cells adjust metabolism based on
nutrient and energy levels, responding to stress or hypoxia.
Disruption of regulatory pathways (HIF2a, AMPK, and mTOR)
with aging impairs nutrient sensing (126). Nutrient-sensing
pathways in lung tissues change with aging, impacting
metabolism. AEC2 cells adjust metabolism based on nutrient and
energy levels, responding to stress or hypoxia. Disruption of
regulatory pathways (HIF2a, AMPK, and mTOR) with aging
impairs nutrient sensing (127-129). Similar changes are also
observed in COPD and severe asthma (130-132). Enhanced
insulin-IGF-1-mTORCI1 signaling also accelerates the aging
process, being the major accelerator of aging (4, 133). Targeting
nutrition-related pathways, such as inhibiting the insulin-IGF-1-
mTORCI axis, has shown potential in extending lifespan (6).

Self-DNA

Self-DNA, released from the nucleus or mitochondria due to
cell senescence or damage, acts as a DAMP, triggering autocrine
and paracrine inflammatory responses through PRR activation,
potentially causing tissue damage and inflammatory diseases
(134). Elevated free DNA levels in IPF, COPD, and severe asthma
patients’ blood and sputum indicate self-DNA’s role in age-related
lung conditions (135). Additionally, neutrophil aggregation and
heightened NET production in response to stimuli like IL-8 are
noted in COPD and severe asthma (136-138). mtDNA, a key self-
DNA source, is particularly effective in inducing lung damage/
inflammation. Studies have shown that a link exists between
increased systemic inflammation and higher free DNA levels in
the bloodstream (139-141).

Oxidative stress

Oxidative stress occurs when cells produce excess reactive
oxygen species (ROS), overwhelming antioxidant defenses and
causing cellular damage. ROS, including superoxide ions and
hydrogen peroxide, are normal metabolic byproducts essential for
signaling and defense mechanisms. However, their imbalance can
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lead to oxidative damage, contributing to lung diseases. Theories
linking ROS accumulation with aging, such as the free radical aging
theory and mitochondrial aging theory, emphasize the impact of
ROS on age-related changes (142, 143). Elevated ROS levels have
been associated with respiratory conditions like pulmonary fibrosis
and lung cancer (144).

Oxidative stress negatively affects lung diseases like pulmonary
hypertension, COPD, and fibrotic lung disease, with the antioxidant
NAC known for counteracting free radical-induced mutagenesis
(145). This dual nature highlights the importance of a balanced
approach in using antioxidants for lung tissue rejuvenation,
acknowledging both their potential benefits and risks in
promoting tumorigenesis. Given its significant role in lung health,
understanding oxidative stress in lung aging is crucial for
unraveling the mechanisms behind lung diseases and maintaining
lung health.

Age-related pulmonary disease

ARDS

ARDS is a severe and urgent form of lung injury that typically
occurs after severe trauma, severe infection, or surgery. The
pathological findings include injured alveolar capillary barriers,
decreased surfactant, formation of hyaline membranes within
alveoli, and alveolar collapse, leading to pulmonary edema,
inflammatory manifestations, and respiratory distress with
hypoxemia (146, 147). In the acute phase, rapid coagulation and
overactive inflammation response result in excessive inflammatory
response and lung damage and dysfunction. The ability of the body
to repair damaged tissues and restore lung function depends on the
severity and duration of the disease. Otherwise, excessive fibrosis
will lead to pulmonary fibrosis (146).

Studies have shown that aging increases the risk of ARDS;
148). AEC2s
senescence, reduced pulmonary stem cell storage, and impaired

epithelial cell senescence may be crucial (91,

normal repair may lead to ARDS. In ARDS patients, senescence
results in more severe illness and poorer prognosis. In addition,
some biological processes associated with ARDS, such as infection,
inflammation, and oxidative stress, are also related to aging
mechanisms (Figure 1). For ARDS patients, mechanical
ventilation is usually required to maintain respiration and
oxygenation. Ventilation strategies and positive end-expiratory
pressure (PEEP) levels need to be chosen according to patient
conditions. Severe infection is a high-risk pathogenic factor for
ARDS, and it is also a common complication and cause of death
following non-infectious ARDS. Aging increases the likelihood of
infection, exacerbates immune and inflammatory disorders,
and is closely associated with mortality in ARDS patients. Severe
SARS-CoV-2 infection may involve long-term pulmonary
fibrosis after ARDS; the degree of fibrosis is associated with
mortality (149, 150). Antibiotic treatment should be started as
early as possible, using broad-spectrum antibiotics and providing
sufficient dosage and course. The role of glucocorticoids in ARDS
treatment is still controversial, but they are effective in anti-
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Aging increases the risk of ARDS, and epithelial cell senescence may
be a key factor. The left side represents "normal’, while the right
side represents "acute injury”. Aging leads to an increased probability
of infection, immune dysregulation, and pathological manifestations
such as damaged alveolar-capillary barrier, inactivation of surfactant,
and formation of intra-alveolar hyaline membranes, resulting in
pulmonary edema and inflammatory manifestations. Prolonged
disease duration can also lead to pulmonary fibrosis.

inflammatory and pulmonary fibrosis remission. For ARDS
patients, mechanical ventilation is typically required to maintain
respiration and oxygenation. The ventilation strategy and PEEP
level need to be selected according to the patient’s condition. Prone
positioning has been shown to improve gas exchange and
respiratory mechanics in ARDS patients (151), but it must be
performed with caution to avoid damaging vascular catheters and
endotracheal tubes. Studies have shown that ARDS patients usually
have lower Health-Related Quality of Lif (HRQoL) scores, and some
patients may experience long-term mental health problems, such as
anxiety and depression, which will further affect their quality of life.
Research on how to enhance patient symptoms and prognosis
is ongoing.

COPD

COPD is a common chronic inflammatory lung disease in the
elderly. Clinical research indicates that one-fifth of all hospitalized
patients aged 75 and older have COPD, highlighting the age-
dependent nature of the disease. It is characterized by cough and
exertional breathlessness, with irreversible damage to pulmonary
function. Smoking, air pollution, and occupational exposure are
contributing factors, with smoking being the most important.
Patients have long-term inflammation in their small tracts,
eventually leading to tissue fibrosis and AWR. We find that in
normal aging lungs, the tissue is also in a state of chronic
inflammation, similar to the pathological state of COPD patients
(152). Airway stem cell (such as club cell) senescence leads to
decreased renewal and differentiation functions, resulting in AWR.
Age-related changes in respiratory structure and function increase
the susceptibility of the elderly to COPD (153-157). Scientists also
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propose whether the disease triggers change in the baseline level of
normal aging lungs (152). Studies have found that there are
numerous aging epithelial cells and fibroblasts in patient tissue
sections. Fibroblasts isolated from diseased lungs show senescent
phenotype and abnormal repair capacity (158). Monocytes derived
from circulating blood play a crucial role in pulmonary fibrosis
(159), where macrophage phagocytosis activity is decreased,
through the action of CXC chemokine subfamily members,
interacting with relevant receptors on CTL and monocytes;
secretion of corresponding cytokines leads to damage of alveolar
epithelial cells (Figure 2). The pro-inflammatory cytokines (IL-6
and TNF-a) and MMPs produced by these macrophages are
associated with disease severity. Basal cells, as progenitor cells of
the airway, have their self-renewal and differentiation abilities
impaired after disease onset, leading to delayed wound healing
and even abnormal healing (160, 161). Clinical control experiments
show that COPD patients secrete more SASP and the secretion
increases with age (162). Scientists detected excessive ROS in
patient lung tissues and BAL, accompanied by reduced
mitochondrial respiration and corresponding increased levels of
damaged mtDNA (163). Cilia are cell organs on the surface of
airway epithelial cells that can clear mucus and bacteria from the
respiratory tract through regular movements. Decreased ciliary
clearance function is also an important cause of airway
inflammation and infection in COPD patients. Studies have
found that the ciliary clearance function in COPD patients is
significantly lower than that in healthy individuals, which may
lead to bacterial retention and proliferation in the respiratory tract,
thereby causing infection and inflammation.

Aging is an independent risk factor for COPD, and various
stimuli that promote aging pathways deserve our attention and
discussion. Smoke contains a large number of harmful chemicals,
such as tar, carbon monoxide, and nicotine, which cause oxidative
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FIGURE 2

Aging increases the susceptibility to COPD and promotes its
progression. Smoking is a major risk factor for the disease, causing
long-term inflammation of the small airways, ultimately leading to
tissue fibrosis and airway wall remodeling. In aged lungs, the
function of airway progenitor cells decreases, resulting in chronic
inflammation. Macrophages, under the influence of chemokine CXC
subfamily, damage alveolar epithelial cells. ELP, exogenous

lipoid pneumonia.
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stress in lung cells, generate free radicals, damage cell DNA, shorten
telomeres, and accelerate cell aging. It also triggers inflammation,
leading to cell and tissue damage, and ultimately reduces lung
elasticity and fibrosis. Emphysema is a chronic lung disease
characterized by the destruction of alveolar walls and excessive
inflation of alveoli. Smokers are more susceptible to it than non-
smokers. Klotho is a b-glucuronidase that has been found to be
deficient in the early stage, which may contribute to lung tissue
damage and inflammation (164). In smokers, Klotho levels are
further reduced, making the lung tissue more sensitive (165).

AECOPD, or the acute exacerbation of COPD, refers to a
persistent deterioration beyond the daily situation in a short
period of time, 80% of which is caused by bacteria. It is
characterized by shortness of breath, increased sputum
production, and purulence (11, 166). Common diagnostic
methods include bacterial culture and PCR detection. Antibiotics
are the mainstay of treatment, and the choice of antibiotics should
be based on the pathogen. Traditional Chinese medicine, such as
Yupingfeng, is also effective in treating COPD, especially for
patients with severe cough and sputum situation (167, 168).
Acute exacerbations put COPD patients at risk of pulmonary
failure, severe damage to pulmonary function, and decreased
quality of life.

IPF

IPF is the most common type of fibrotic interstitial lung disease
(ILDs), which will be focused on here. IPF is a progressive interstitial
lung disease characterized by progressive breathlessness, coughing,
and chest pain. The lung tissue alternates between injury and repair,
eventually leading to the formation of large amounts of fibrotic tissue
and even scars, reducing pulmonary elasticity and impairing gas
exchange function (169). The etiology and pathogenesis of IPF are
complex. The specific cause is still unclear; it has been found that
adult mouse AEC2s senescence leads to pulmonary fibrosis, which is
similar to humans, and fibrosis is associated with p21/p53 and TGF-
B. Researchers found that mice exhibited reduced pulmonary fibrosis
after treating selective anti-aging AEC2s (170). Currently, there is
research evidence indicating that pulmonary fibrosis is associated
with high glycolytic behavior. Inflammatory response is a crucial step
in initiating lung tissue remodeling, as inflammatory cells release
inflammatory cytokines, chemokines, and enzymes that damage
alveolar walls and surrounding tissues. Fibroblasts are activated and
secrete collagen, elastin, and extracellular matrix components such as
proteoglycans, which continue to produce and deposit in damaged
areas, eventually forming fibrotic scar tissue. The TGF-f/Smad
signaling pathway is considered a key regulatory factor for
pulmonary fibrosis (171). TGF- binds to cell surface receptors,
activating the Smad signaling pathway and promoting fibroblast
proliferation and collagen synthesis and ECM remodeling. The
Whnt/B-catenin signaling pathway also plays a role in the
pathogenesis of IPF. Wnt proteins bind to cell surface receptors,
leading to the accumulation of B-catenin in the cell nucleus,
activating downstream genes and causing pulmonary fibrosis (172).
The TNF-o/NF-xB signaling pathway is a classic pathway. In this
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pathway, TNF-o. binds to cell surface receptors, activating the NF-xB
(nuclear factor-kB) signaling pathway, leading to inflammation and
fibrosis (Figure 3). Furthermore, patients with pulmonary fibrosis
may exhibit mtDNA damage, manifesting premature aging
symptoms and inflammatory responses (163).

The repair capacity of aged lungs decreases, and the repair
process does not end with the removal of fibroblasts, but rather
produces a continuous fibrotic response, which is associated with a
positive feedback of fibroblast apoptosis inhibition. This positive
feedback refers to the ability of fibroblasts to produce signals that
inhibit their own apoptosis, thus reducing or preventing their own
death (173, 174). In some chronic inflammatory lung diseases,
fibroblasts can produce various growth factors and cytokines, such
as TGF-f, epidermal growth factor (EGF), and IL-6, which promote
fibroblast proliferation and migration and inhibit their apoptosis.
Clinical studies have shown that those who survive acute diseases
are often affected by long-term lung damage and reduced HRQoL.
IPF patients usually show earlier aging-related physiological
changes than healthy individuals. Moreover, researchers have
found that aging-related genes (SIRT1, SIRT2, and FOXO3) and
proteins (B-galactosidase) may play a role in the pathogenesis of
IPF. Although the connection between age and IPF is established,
the interplay between other contributing factors and age remains
unknown. Further investigation is required to elucidate the specific
signaling pathways and molecular interactions involved in the
regulation of these processes. Genetic factors also contribute to
the disease; mutations can make individuals more susceptible to
pulmonary fibrosis. Environmental factors, such as smoking and
occupational exposure, may also affect the incidence of IPF.
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Lung fibrosis under the influence of aging. The pathogenesis of IPF
is complex, inflammation is an important process in pulmonary
tissue remodeling, and aging is a significant factor in inducing
infection. The pathways shown in the figure are important pathways
for inflammation-induced pulmonary fibrosis. Smad, Smad protein;
TGF-B, transforming growth factor-beta; TNF-o, tumor necrosis
factor-o; Wnt/B-catenin, wingless/B-catenin pathway; NF-kB,
nuclear factor-«B.
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Pneumonia

Pneumonia is a pulmonary inflammation caused by bacteria,
viruses, fungi, or parasites. The common pathogenic bacteria of
bacterial pneumonia are pneumococcal bacteria, which are the most
common cause of community-acquired pneumonia (CAP) in the
elderly, mainly affecting the pulmonary parenchyma (175). The
main pathogenic viruses of viral pneumonia are influenza viruses
and coronaviruses, mainly affecting the pulmonary interstitium.
The main symptoms of pneumonia include coughing, fever,
shortness of breath, and chest pain. According to World Health
Organization data, CAP is the most common type of pneumonia;
the mortality rate of pneumonia is approximately 12% in
developing countries and approximately 9% in developed
countries (176). Generally, the mortality rate of ordinary
pneumonia is low, while severe pneumonia and infection with
viruses such as COVID-19 have higher mortality rates. Age is a
risk factor that increases the elderly’s susceptibility to pneumonia.
The elderly have weakened lungs in clearing pathogens, with
impaired ciliated epithelium clearance in the airways and
swallowing clearance mechanisms, increasing the risk of
pneumonia, excessive bacterial adhesion and accumulation in the
lungs can easily lead to community-acquired pneumonia (37, 175,
177-180). With increasing age, the body’s immune regulatory
function decreases, and the risk of pulmonary infection increases.
In elderly chronic pulmonary inflammation, TNF-o can induce
epithelial cells to express more TNF receptors and enhance the
inflammatory response. In addition, oxidative stress can also lead to
the upregulation of epithelial cell surface receptors, such as
peroxisome proliferator-activated receptor (PPAR). At the same
time, the lung function decline in the aging process and damage to
mitochondria can lead to telomere damage and increased SASP
through the NF-xB pathway, triggering a series of subsequent
reactions, increasing the risk of pneumonia (Figure 4). The main
treatment methods for pneumonia are anti-infection and
symptomatic treatment. When the disease is critical, broad-
spectrum antibiotics should be used first to cover all possible
pathogenic microorganisms as much as possible.

Asthma

Asthma is a common chronic inflammatory disease of the
airways that can occur at any age. The main characteristics of the
disease are hyperreactivity of the airways and airway obstruction.
Stimuli such as allergens and cold air trigger excessive reactions in
the body’s various cytokines and receptors, leading to airway spasm
and contraction, and patients experience symptoms such as
wheezing, shortness of breath, and coughing. Long-term asthma
patients may see an increase in the number of ASM cells, goblet
cells, and mucus glands, leading to AWR (39, 181). Although
asthma can occur in all age groups, the inflammation and clinical
manifestations of asthma in older adults are different from those in
younger adults. Studies have shown that severe asthma phenotypes
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The clearance mechanism of the lungs in the elderly is impaired,
which increases the susceptibility to pneumonia. In the elderly lungs,
excessive bacteria accumulate in the lungs, making pneumonia
more likely to occur. The decline in lung function with aging is
attributed to elevated levels of reactive oxygen species (ROS) and
impaired mitochondrial function, resulting in telomere damage and
upregulation of senescence-associated secretory phenotype (SASP)
via the NF-xB pathway, triggering a series of subsequent reactions
that increase the risk of pneumonia.

are more common in older adults (182). Older adults have
decreased pulmonary immune capacity, making them more
sensitive to allergens and stimuli and therefore more susceptible
to exacerbation of asthma (15, 60, 62, 64, 183). Th2 secrete IL-4, IL-
5, and other cytokines, inducing the production of immunoglobulin
E (IgE) and promoting inflammation. IgE is an important antibody
in asthma; its main function is to bind to the FceRI receptor on the
surface of mast cells and eosinophils, leading to cell activation and
the release of inflammatory mediators (Figure 5). Cholinergic M
receptors and histamine H1 receptors are also present in ASM cells
and mast cells, and activation leads to ASM contraction. The exact
cause of AWR is not clear, but it is known that EGF and fibroblast
growth factor (FGF) play a role in asthma AWR.

Lung cancer

Cancer is a disease characterized by abnormal proliferation and
differentiation of cells, usually caused by gene mutations and
expression disorders. Age and genetics can increase the risk of
developing cancer. The latest statistical data from the National
Cancer Center shows that approximately 4.06 million new cases of
malignant tumors are diagnosed in China each year, with lung
cancer having the highest incidence and mortality rates among
malignant tumors, far exceeding those of colorectal cancer, liver
cancer, gastric cancer, and breast cancer (184). Lung cancer is also
one of the high-incidence and high-mortality malignant tumors
globally, with a 5-year relative overall survival rate of approximately
22% (185). It can be divided into squamous cell carcinoma,
adenocarcinoma, large-cell carcinoma, and non-small cell lung
cancer (NSCLC), which accounts for approximately 80%-85% of
all lung cancers. The occurrence and development of NSCLC are
closely related to the expression of cancer driver factor, which
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The aging lung is more susceptible to allergens and irritants,
exacerbating asthma. Allergens and proteases stimulate the airway
epithelium, leading to interactions between various cytokines and
receptors within the body, promoting inflammation and causing
airway constriction. EGF and FGF play a role in the process of airway
remodeling in asthma. FGF, fibroblast growth factor; EGF, epidermal
growth factor.

include gene mutations, amplification, and abnormal expression.
Ultra-deep sequencing of normal human skin and esophageal tissue
shows that high levels of somatic mutations exist in normal human
tissues (186, 187). These mutations are related to skin squamous cell
carcinoma and age-related mutations, suggesting that age-
dependent microenvironmental changes in the lung play a key
role in the progression of lung cancer.

Currently, known oncogenic drivers include epidermal growth
factor receptor (EGFR), anaplastic lymphoma kinase (ALK), ROS
proto-oncogene 1 (ROSI), B-Raf proto-oncogene (BRAF), and
human epidermal growth factor receptor 2 (HER2). The
expression of these oncogenic drivers varies in different
subgroups of non-small-cell lung cancer patients. Research has
found an interesting phenomenon: in lung cancer patients under
50 years old, there is a higher proportion of lung cancer with
targetable genomic changes, such as EGFR mutations, ALK or
ROS1 fusions, or ERBB2 insertions. In older lung cancer patients,
the proportion of other oncogenic drivers, such as KRAS mutations,
BRAF V600E, and MET exon 14 skipping, is higher (62, 188).
Therefore, we can target different oncogenic drivers and choose
corresponding targeted therapy drugs to inhibit their activity, to
achieve the purpose of treating NSCLC. With age, DNA damage
and mutations in the human body may increase, increasing the risk
of cancer (189). At the same time, some genetic mutations related to
cancer may also be associated with aging. Genetic factors also play a
promoting role in the occurrence of cancer, but it needs to be
emphasized that cancer is not inherited directly, but the
susceptibility to cancer is inherited, not the cancer itself.
Approximately one-eight of cancers are related to genetic gene
mutations, while more are influenced by diet, environment, and
lifestyle habits. The immune system in elderly lung cancer patients
plays an important role in the development of the disease. The body
can recognize and eliminate abnormal cells through immune
surveillance; effector B cells produce antibodies to clear cancer
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cells, but at the same time, they can also cause inflammatory
reactions, exacerbating the condition. Inflammatory cells can
secrete some cytokines and chemokines, such as TNF-o, IL-1,
and IL-8. These factors can attract more immune cells to the
inflammatory site, promoting the growth and spread of the
tumor. Meanwhile, inflammatory cells can also damage the DNA
of lung cancer cells by releasing free radicals, thereby promoting the
malignant transformation of lung cancer cells.

Lung cancer treatment consists of medical and surgical
therapies. Chemotherapy, targeted therapy, and immunotherapy
are currently common approaches. Immunological checkpoint
inhibitors (ICIs) are a type of immunotherapy drug that enhances
the immune system’s response by inhibiting checkpoint receptor
molecules on immune cells (such as cytotoxic T cells) (Figure 6).
Examples of targeted PD-1 pathway drugs include pembrolizumab
and atezolizumab. Recent studies have shown that the balance of
PD-1 expression between effector T cells (Teff) and Treg in the
tumor microenvironment can predict the response to PD-1 cancer
immunotherapy (63). When the PD-1 on effector T cells binds to
PD-L1 on tumor cells, the activity of Teff is inhibited, reducing the
ability to attack tumor cells. However, when the PD-1 on Treg binds
to PD-L1 on tumor cells, it can enhance the function of regulatory T
cells, further suppressing the immune response (190). Although the
efficacy of immunotherapy drugs has been reported to decrease,
there are currently limited numbers of elderly patients in
prospective clinical trials, and we cannot yet draw accurate
conclusions (191, 192).

Sepsis

Sepsis is a severe systemic infection syndrome characterized by
the growth and reproduction of pathogenic bacteria in a local area,
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FIGURE 6

The immune system in elderly lung cancer patients plays an
important role in the development of the disease. Neutrophils,
macrophages, and other inflammatory cells secrete cytokines and
chemokines, such as TNF-o and IL-1, which promote tumor growth
and metastasis. Tumor cells can evade the immune system through
the PD-1 pathway, inhibiting T-cell activity. Immune checkpoint
inhibitors (ICls) like pembrolizumab can suppress the PD-1 pathway
and enhance immune response. ICls, immune checkpoint inhibitors.
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continuous invasion of the bloodstream, and production of toxins.
These toxins are then disseminated through the bloodstream,
causing obvious toxic symptoms and significant damage to other
organs and tissues. The most common source of infection in elderly
patients with sepsis is the respiratory tract. The underlying cause is
the imbalance between pro- and anti-inflammatory responses in the
body. Severe sepsis and septic shock are more severe forms of this
condition. Due to abnormal immune function, pre-existing
diseases, and age factors, the incidence and mortality rates of
severe sepsis and infectious shock increase in elderly patients
(193, 194). The mortality rate for elderly patients is 50%-60%
(194). Cytokine storm is an overwhelming immune response,
characterized by a disproportionate production of cytokines,
intensifying inflammatory reactions, and leading to systemic
infections in elderly patients, which is a key feature in the
pathogenesis of sepsis (195). In the course of disease progression,
bacterial lipopolysaccharide is the main molecule that induces the
production of cytokines. LPS passes through lipopolysaccharide-
binding protein, lipopolysaccharide receptor CD14, and Toll-like
receptors to activate antigen-presenting cells such as monocytes,
macrophages, and DCs, which produce and release cytokines. In
addition, exotoxins act as superantigens, bridging the MHC II class
molecules expressed on antigen-presenting cells with the receptors
on T lymphocytes, promoting the binding of co-stimulatory
molecules CD28/CD86, and inducing the production and release
of cytokines by macrophages and T lymphocytes (Figure 7). With
age, the oxidative stress response increases, resulting in an increase
in the generation of reactive oxygen species, especially in the aging
pulmonary vasculature (196, 197). This leads to more severe clinical
symptoms in elderly patients (194, 198). Severe sepsis and septic
shock patients often require mechanical ventilation, which is
independently associated with increased mortality in elderly
patients (194, 198).
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FIGURE 7

Older adults with abnormal immune function are more susceptible
to severe sepsis. The pathogen proliferates locally and invades the
bloodstream, leading to systemic symptoms and significant lung
damage. Antigens primarily interact with the receptors on antigen-
presenting cells expressing major histocompatibility complex
molecules and T lymphocytes, triggering the release of cytokines
from macrophages and T lymphocytes, resulting in pulmonary
dysfunction. Elderly individuals experience a decline in immune
function, which makes them susceptible to developing a cytokine
storm, leading to exacerbated systemic infection.
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Targeted aging therapy for
respiratory diseases

The treatment options for age-related lung diseases are
currently limited. Patients with ARDS are often refractory to
treatment, and the efficacy of glucocorticoids (GCs) is generally
moderate. The mechanism of action primarily involves the binding
of the GC receptor (GR) to NF-«kB in a process known as
“transrepression” (199, 200). NF-xB serves as a central mediator
of inflammation and aging, and it represents a potential therapeutic
target for age-related lung diseases (201).

COPD or severe asthma patients may experience symptom
relief following GC treatment (202). In patients with GC refractory
obstructive airway diseases, the use of theophylline and
phosphoinositide 3-kinase delta (PI3K-8) inhibitors can be
considered to reduce the acetylation of GR/histones and achieve
therapeutic goals (203). Some novel biologic therapies, such as
omalizumab and mepolizumab targeting specific pathways, have
shown promise in treating severe asthma patients, although
individual responses may vary. The ongoing “Targeting Aging
with Metformin (TAME)” trial aims to evaluate the health effects
of metformin in individuals aged 65-80, as it may reduce the risk of
adverse outcomes in asthma and COPD patients.

Anti-aging drugs possess significant therapeutic potential in
pulmonary diseases, particularly for IPF patients, through inducing
apoptosis. Studies have shown that anti-aging drugs can effectively
restore the physical function of IPF patients, often combining
dasatinib and quercetin. Dasatinib is a selective tyrosine kinase
inhibitor that is commonly believed to mitigate the degree of
pulmonary fibrosis and improve patients’ lung function and
quality of life, whereas quercetin can inhibit inflammatory
responses and fibrotic processes. The combination of both drugs
has a synergistic effect, known as the Dasatinib-Quercetin (DQ)
mixture. Another therapeutic approach called senomorphics works
by intervening in specific mechanisms during the aging process
rather than inducing cell apoptosis (204).

Targeted therapeutic strategies that activate DNA via PRRs can
mitigate inflammatory responses in age-related pulmonary diseases.
By inhaling recombinant DNasel, high levels of extracellular DNA
released by inflammatory cells after pulmonary infection can be
degraded, thereby reducing inflammation (205, 206). H-151 is a
potent STING inhibitor that achieves its therapeutic effect by
inhibiting the ¢cGAS-STING axis. Overall, DNasel and H-151
exhibit potential therapeutic effects in pulmonary injury and
disease models. However, further research is needed to
demonstrate their efficacy and determine their potential impact in
clinical applications.

Targeted therapy for lung cancer involves treatment strategies
aimed at specific molecular targets within lung cancer cells. These
targets can include aberrantly active proteins, mutated genes, or
overexpressed receptors. By attacking these targets, tumor cells can
be targeted more precisely while minimizing damage to normal
cells. EGFR is a tyrosine kinase receptor whose aberrant activation
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or mutation is associated with the development and progression of
certain NSCLC. Drugs targeting EGFR include Gefitinib and
Erlotinib. ALK gene fusion is common in some NSCLC patients,
and drugs targeting ALK include Crizotinib and Alectinib. These
drugs inhibit the activity of ALK fusion proteins, blocking tumor
cell proliferation. Additionally, previously mentioned PD-1 and
PD-L1 immune checkpoint proteins help tumors evade immune
attack by inhibiting immune responses in the tumor
microenvironment. Targeted drugs include Pembrolizumab
and Nivolumab.

We are all aware of the close association between the
development of sepsis and the abnormal release of inflammatory
mediators. Therefore, some research is exploring treatment
approaches that target inflammatory mediators to suppress the
inflammatory response. For example, anti-TNF drugs, anti-IL-1
drugs, etc. inhibit the production of inflammatory mediators,
thereby reducing the inflammatory response and organ damage.
It is also possible to target the modulation of the immune system,
specifically by activating co-stimulatory signals in T cells, such as
anti-CD28 antibodies, to enhance the immune system’s
responsiveness and control infection.

Given that pulmonary diseases can also accelerate aging,
targeted therapy against aging mechanisms could provide broad
clinical benefits, aiming to prevent pulmonary diseases and
complement more specific medical interventions.

Conclusion

Lung aging is a complex process characterized by cumulative
damage and repair changes in the pulmonary cell system. It is
closely related to the microenvironment of the lung. Age-related
intrinsic mechanisms, such as stem cell pool depletion,
mitochondrial dysfunction, increased oxidative stress, and
telomere shortening, disrupt the maintenance of pulmonary cell
homeostasis. Normal lung aging is associated with various
structural and functional changes in the respiratory tract, leading
to declines in pulmonary function, lung remodeling, reduced
regeneration, and increased susceptibility to pulmonary diseases.

The lung has multiple innate and adaptive defense systems to
maintain homeostasis and respond to external stimuli. However, with
aging, various cell types in the lung, such as AECls, AEC2s,
fibroblasts, endothelial cells, and ASM cells, undergo compositional
and functional changes, increasing the susceptibility of older adults to
the development and progression of pulmonary diseases. Immune
senescence exacerbates the production of oxygen-free radicals and
increases the production of pro-inflammatory cytokines, making
persistent lower respiratory inflammation a reason why older
adults are more susceptible to toxic environments and accelerated
lung function decline. The poor prognosis and recovery of pulmonary
diseases are attributed to age-related changes in innate and adaptive
immune responses. Genetic background and lifestyle further promote
pulmonary age-related changes, increasing the incidence and
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progression of airway diseases and susceptibility to infectious stimuli
and toxins. Although research has revealed how the immune system
of older adults is susceptible to bacterial and viral lung infections, the
challenge lies in identifying which age-related molecular changes are
targetable and which will have therapeutic benefits. Therefore, to
prevent and treat pulmonary aging-related diseases, it is necessary to
focus on the changes in the pulmonary microenvironment and take
corresponding measures for intervention. In-depth study of lung
aging mechanisms, exploration of age-related immune changes, and
construction of prevention and immunomodulatory strategies are
crucial for improving the prognosis of elderly patients.
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Selinexor, a selective inhibitor of nuclear export (SINE), is gaining recognition
beyond oncology for its potential in anti-inflammatory therapy. This review
elucidates Selinexor’s dual action, highlighting its anti-tumor efficacy in various
cancers including hematologic malignancies and solid tumors, and its promising
anti-inflammatory effects. In cancer treatment, Selinexor has demonstrated
benefits as monotherapy and in combination with other therapeutics,
particularly in drug-resistant cases. Its role in enhancing the effectiveness of
bone marrow transplants has also been noted. Importantly, the drug’s impact on
key inflammatory pathways provides a new avenue for the management of
conditions like sepsis, viral infections including COVID-19, and chronic
inflammatory diseases such as Duchenne Muscular Dystrophy and Parkinson’s
Disease. The review emphasizes the criticality of managing Selinexor’s side
effects through diligent dose optimization and patient monitoring. Given the
complexities of its broader applications, extensive research is called upon to
validate Selinexor’s long-term safety and effectiveness, with a keen focus on its
integration into clinical practice for a diverse spectrum of disorders.

KEYWORDS

Selinexor, oncology, inflammatory diseases, nuclear export inhibition, therapeutic
mechanisms

1 Introduction

Selinexor, also known as KPT-330, is an oral small molecule drug that Selectively
Inhibits Nuclear Export (SINE). It specifically inhibits exportin 1 (XPO1), which exports
various proteins (including tumor suppressor proteins and growth regulators) from the
nucleus to the cytoplasm (1). By inhibiting XPO1, Selinexor effectively traps these proteins
in the nucleus, leading to the reactivation of tumor suppressor functions and induction of
apoptosis in cancer cells. Selinexor’s mechanism of action distinguishes it from other

75 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1398927/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1398927/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1398927/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1398927/full
https://orcid.org/0000-0002-9196-3640
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2024.1398927&domain=pdf&date_stamp=2024-05-10
mailto:chenlinhx@med.uestc.edu.cn
https://doi.org/10.3389/fimmu.2024.1398927
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2024.1398927
https://www.frontiersin.org/journals/immunology

Li et al.

oncology therapies, making it a viable clinical option for treating
various tumor types, such as multiple myeloma and diffuse large B-
cell lymphoma (1). Additionally, Selinexor has shown potential
therapeutic applications beyond its initial approval for
hematological malignancies, including breast cancer (2), lung
adenocarcinoma (3), and gastric cancer (4), by inducing cell cycle
arrest and promoting apoptosis.

However, Selinexor has emerged as a pivotal agent in the treatment
of certain oncologic conditions, particularly demonstrating efficacy in
scenarios where traditional therapies have failed. It is important to
recognize that Selinexor is not intended as a first-line treatment option,
nor is it reccommended for direct comparison with standard treatment
modalities. Its utility is specifically recognized in the treatment of drug-
resistant or treatment-refractory cases, offering a novel avenue for
patients who have exhausted other therapeutic options. This distinct
role underscores the importance of understanding Selinexor’s unique
mechanism of action, its therapeutic potential, and the need for precise
patient selection criteria to optimize treatment outcomes.

But it is encouraging that Selinexor has demonstrated not only
anti-tumor effects but also anti-inflammatory effects and protection
against other inflammatory diseases, such as COVID-19 (5), sepsis
(6), and Duchenne muscular dystrophy (DMD) (7). The
applications of Selinexor will not be limited to oncology, and
there may be broader areas that can be explored. The role of
Selinexor will be explored in detail.

2 Selinexor in anti-cancer treatment
2.1 Selinexor in hematologic malignancies

Selinexor has shown effectiveness against blood cancers by
inhibiting tumor growth and inducing the death of cancer cells, with
a better safety profile for healthy cells compared to older treatments.
Studies indicate its success as both a solo treatment and in combination
with other therapies across various blood cancer types.

In significant research, the STORM trial investigated Selinexor
in patients with advanced myeloma who had undergone numerous
treatments, finding that approximately 26% experienced a
reduction in cancer severity (8). The Boston trial examined the
combination of Selinexor with bortezomib and dexamethasone in
402 patients, revealing that this regimen extended progression-free
survival to nearly 14 months, offering notable benefits particularly
to older individuals and those with renal issues (9).

The SADAL study evaluated Selinexor in individuals with
advanced Large B-Cell Lymphoma after 2-5 prior treatments,
reporting a 28% response rate and an average survival of 9
months with manageable side effects (10). An additional
investigation into various Non-Hodgkin’s Lymphomas (NHL) in
70 patients showed a 31% response rate, supporting Selinexor’s role
in treating relapsed or refractory cases (11).

Regarding other blood cancer types, a Phase I clinical trial
combining Selinexor with chemotherapy for relapsed/refractory
Acute Myeloid Leukemia (AML) reported a 70% overall response
rate and a 50% complete remission rate (12). Another AML study with
Selinexor, cytarabine, and idarubicin showed a 47.6% response rate
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and a median complete remission duration of 34 days, highlighting
variable outcomes in such AML treatments (13). In chronic
lymphocytic leukemia (CLL), Selinexor has been found to boost the
effects of chemotherapeutic agents like Fludarabine and
Bendamustine, or sustain the impact of PI3K3 inhibitors, effectively
overcoming resistance to single-agent therapies and preserving the
drugs’ ability to kill tumor cells (14).

2.2 Selinexor in non-
hematologic malignancies

Selinexor is broadening its horizons from blood cancers to include
treatments for solid tumors, showcasing its versatility in oncology. This
expansion reflects an active pursuit to uncover its full potential beyond
hematologic applications, emphasizing the necessity for
comprehensive clinical evaluations across various cancer types.

For advanced and metastatic malignancies, Selinexor has
demonstrated a promising safety and efficacy profile. A Phase 1
study underscored its tolerability in patients with a range of
advanced cancers, suggesting a potential for broader applicability (15).

In the realm of soft tissue sarcoma (STS), Selinexor’s combination
with doxorubicin has yielded partial remission in 21% of patients, and
stable disease in 63% (16, 17). This finding is significant, particularly for
a diverse and rare cancer like STS, highlighting Selinexor’s capacity to
fill therapeutic gaps where targeted options are limited.

Gynecological cancers, too, have seen potential benefits from
Selinexor, with a Phase I study indicating partial or complete
remission in patients treated with a combination of Selinexor,
paclitaxel, and carboplatin (18). This promising result opens up
new avenues for treatment in ovarian and endometrial cancers.

Research has broadened Selinexor’s application to encompass a
variety of solid tumors, addressing complex cases such as salivary
gland tumors, recurrent glioblastoma, metastatic triple-negative
breast cancer, and castration-resistant prostate cancer (19-22).
Although the outcomes of these studies vary, they collectively
indicate potential clinical benefits of Selinexor across diverse solid
tumors. Notably, the integration of Selinexor with radiotherapy has
been shown to enhance apoptosis and reduce proliferation in
colorectal cancer cell lines and xenograft tumor models,
compared to either treatment alone. This synergistic effect has led
to decreased tumor sizes and improved responses to radiation (23).

This exploration into non-hematologic malignancies with
Selinexor represents a significant stride in cancer treatment, hinting
at a versatile and effective option for a range of solid tumors. The
ongoing challenge is to fine-tune treatment protocols and deepen
understanding of its optimal use, particularly in combination therapies
and specific patient demographics, to maximize Selinexor’s
therapeutic advantage.

2.3 Summary of Selinexor in
anti-tumor treatment

Selinexor, typically not used as a standalone therapy in
antitumor regimens, excels when combined with other
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treatments, especially for blood cancers. This strategy offers
renewed hope for patients who have exhausted other therapeutic
options. The drug’s ability to enhance the efficacy of combination
therapy regimens is marked by its capacity to attenuate the harsh
effects of chemotherapy and maintain cancer cell sensitivity to
ongoing treatments (24-26). Moreover, the integration of
Selinexor into treatment strategies not only improves outcomes
for resistant cases but also aids in preparing patients for bone
marrow or stem cell transplants. By reducing cancer burden pre-
transplant, Selinexor increases the likelihood of successful
chemotherapy preparatory regimens, broadening the eligibility for
these life-extending procedures (27-29).

While Selinexor introduces significant therapeutic benefits, its
administration is not without challenges. A primary concern is
hematological toxicities such as thrombocytopenia, which affects
approximately 54% of treated patients, necessitating close
monitoring and potential dose adjustments to mitigate severe
bleeding risks (30). Gastrointestinal side effects are prevalent, with
nausea and vomiting reported frequently. These effects can
substantially impact patient quality of life and adherence to the
therapy regime. Effective management strategies often involve
supportive care measures, including the use of antiemetics and
dietary adjustments to help patients better tolerate treatment (30).
Concerns about hepatotoxicity are underscored by instances of
elevated ALT levels, signaling potential liver injury. Though
relatively rare, regular monitoring of liver function is essential for
detecting any hepatic injury early, allowing for timely medical
intervention (30). Additionally, Selinexor treatment has been
associated with a heightened risk of infections, particularly upper
respiratory tract infections, observed in about 17.8% of patients in
clinical trials. This necessitates rigorous monitoring and preemptive
management strategies to mitigate the risk and manage any
infections promptly (30).

The use of biomarkers plays a critical role in monitoring
Selinexor’s efficacy and managing resistance. Studies such as the
BOSTON and STORM trials have uncovered a three-gene signature
(WNT10A, DUSP1, and ETV7) that predicts Selinexor’s efficacy in
treating multiple myeloma, in terms of both depth and duration of
response (31). ABCC4, or ATP-binding cassette subfamily C member
4, has emerged as a significant biomarker for Selinexor sensitivity in
multiple myeloma, with varying expression levels correlating with the
drug’s effectiveness. This suggests ABCC4’s potential as a novel
indicator of drug response, highlighted by weighted gene co-
expression network analysis demonstrating its predictive value (32).
Further, CRISPR-Cas9 screening has identified ASB8 as a critical
element enhancing Selinexor sensitivity in various cancer types
through the modulation of XPO1 proteasomal degradation.
Additionally, the TGF-SMAD4 pathway has been identified as a
significant factor in resistance to multiple myeloma, suggesting its
potential as a biomarker for predicting therapeutic outcomes and
devising strategies to overcome resistance (33). Monitoring the
activity or expression of XPO1 and NF-kB, which are directly tied
to Selinexor’s mechanism of action, can provide valuable insights into
treatment effectiveness. These biomarkers are instrumental in
adjusting therapeutic approaches to maximize patient benefits
while minimizing adverse effects (34-36).
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In summary, Selinexor’s role in overcoming chemotherapy
resistance and facilitating bone marrow transplants underscores
its value in treating blood cancers. This approach could significantly
improve the chances of a cure for some patients.

3 Introduction to Selinexor
and inflammation

The rationale for exploring Selinexor’s role in inflammatory
pathways stems from its unique mechanism of action. By inhibiting
XPOl, Selinexor effectively traps crucial regulatory proteins within
the nucleus, thereby impeding their normal function in the
cytoplasm. This action leads to the modulation of several cellular
pathways involved in cell survival, inflammation, and immune
responses. The nuclear retention of these proteins can result in
the downregulation of pro-inflammatory cytokines and the
modulation of other key components of inflammatory pathways.

This broad mechanism suggests a potential utility for Selinexor
beyond oncology, targeting inflammatory and autoimmune
diseases where dysregulation of cytokine signaling plays a
significant role. The anti-inflammatory effects of Selinexor have
been observed in various models of disease, providing a promising
outlook for its application in treating chronic and acute
inflammatory conditions.

3.1 Mechanism of action of Selinexor
in inflammation

3.1.1 Focusing on proteins involved
in inflammation

Selinexor targets several key pathways central to inflammation,
notably the NF-kB and STATS3 signaling pathways. Under typical
conditions, NF-xB is confined in the cytoplasm bound to IxB
proteins. In response to inflammatory stimuli, IxB degrades,
allowing NF-kB to enter the nucleus and activate genes that
escalate the inflammatory response. Selinexor intervenes by
stabilizing IxBa, thus hindering the nuclear translocation of NF-
KB. This prevention reduces the transcription of pro-inflammatory
cytokines and mediators, critical components that perpetuate
inflammation. The suppression of these mediators is crucial for
controlling inflammatory processes across various conditions (6).

Building on this mechanism, Selinexor also modulates the
STATS3 signaling pathway, which plays a pivotal role in mediating
inflammation. By retaining STAT3 in the nucleus, Selinexor limits
its capability to activate downstream genes responsible for the
inflammatory response. This containment reduces the overall
inflammatory activity, providing therapeutic benefits especially in
diseases where STAT3 is overly active (37).

Selinexor’s influence on immune regulation is primarily
achieved through its action on NF-«xB and STATS3, critical
transcription factors involved in immune cell activation. By
retaining these factors in the nucleus, Selinexor prevents them
from promoting the expression of genes that drive the
inflammatory and immune responses. This results in a reduction
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of immune cell activation and inflammatory signaling, making it
beneficial for treating conditions with excessive immune
activation (6).

3.1.2 Changes in cytokine profiles due to
Selinexor treatment

Cytokines, small proteins crucial for cell signaling, play
significant roles in the immune response during inflammation.
Key cytokines like tumor necrosis factor-alpha (TNF-o),
interleukins (IL-1PB, IL-6), and interferons (IFNs) drive
inflammatory responses, and their dysregulation can exacerbate
disease severity and progression. Selinexor’s ability to modulate
cytokine production largely stems from its inhibition of nuclear
export. By blocking the nuclear export of transcription factors such
as NF-xB and STATS3, Selinexor prevents them from activating
genes responsible for pro-inflammatory cytokine production. This
suppression leads to a notable reduction in cytokine levels, directly
impacting the inflammatory process (6).

Clinically, Selinexor’s effect on cytokine levels has profound
implications. It has been shown to significantly reduce
concentrations of key pro-inflammatory cytokines, thereby
alleviating symptoms and lessening disease severity. For instance,
in diseases like rheumatoid arthritis or inflammatory bowel disease,
where cytokine overproduction leads to tissue damage, Selinexor’s
ability to modulate cytokine production can prevent tissue damage
and reduce symptoms (38).

Furthermore, by altering cytokine profiles, Selinexor offers a new
therapeutic approach for conditions inadequately managed by existing
medications. This includes diminishing chronic disease flare-ups,
reducing reliance on steroids or other immunosuppressants, and
potentially improving patient quality of life. Additionally, the altered
localization of signaling molecules through Selinexor’s action affects
downstream signaling pathways essential for immune cell development
and function, notably reducing the proliferation and differentiation of
pro-inflammatory T cells crucial in autoimmune and
inflammatory diseases.

3.1.3 Specific effects on T cells

Selinexor modulates T cell function primarily through the
indirect effects of inhibiting nuclear export, which is crucial since
T cells are central to both cell-mediated immunity and the
modulation of other immune responses through cytokine
production. By altering the localization and activity of key
transcription factors such as NF-xB and STAT3, which are vital
for T cell activation and proliferation, Selinexor prevents these
factors from triggering the gene expression necessary for T cell
responses. This retention within the nucleus significantly curtails
the proliferation and activation of T cells, particularly those
implicated in inflammatory responses (38).

Furthermore, T cells are prolific producers of cytokines like
interleukin-2 (IL-2), interferon-gamma (IFN-y), and tumor
necrosis factor-alpha (TNF-ot), which drive inflammation. By
reducing the availability of transcription factors necessary for
cytokine gene activation, Selinexor effectively diminishes cytokine
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production (39). This reduction is crucial for alleviating the
inflammatory response, offering therapeutic benefits in diseases
characterized by cytokine storms or persistent inflammation.

The suppression of inappropriate immune responses by
Selinexor, especially in autoimmune diseases where T cells target
self-antigens, alleviates symptoms associated with these conditions.
By dampening T cell activation and reducing inflammatory
cytokine levels, Selinexor aids in managing inflammatory diseases
and contributes to maintaining immune homeostasis. These actions
underscore Selinexor’s potential to modulate the immune system in
ways fundamentally different from traditional immunosuppressive
or immunostimulatory therapies, providing a novel approach to
treating conditions where immune regulation is beneficial, such as
autoimmune disorders and chronic inflammation.

Furthermore, Selinexor’s ability to prevent the creation of
neutrophil extracellular traps (NETs) while maintaining
neutrophil function provides strategic benefits in the treatment of
illnesses defined by high NET activity (40). It affects cell death
mechanisms, such as PANoptosis (pyroptosis, apoptosis, and
necroptosis), by controlling the nuclear export of ADARI-p150,
highlighting its potential for treating cancer and inflammatory
illnesses by modulating cell death pathways (41).

The therapeutic scope of Selinexor in anti-inflammatory
therapy is complicated, encompassing nuclear output inhibition,
cytokine production control, modulation of critical signaling
pathways, and antiviral actions, as illustrated in Figure 1. These
features make Selinexor and other SINE compounds intriguing
candidates for the treatment of chronic inflammatory disorders and
viral infections, paving the way for further study into their broad
therapeutic applications.

3.2 Clinical implications of Selinexor’s
anti-inflammatory actions

3.2.1 Sepsis

Clinical studies have established Selinexor’s efficacy in
modulating key inflammatory pathways in sepsis. In animal
models, treatment with Selinexor has been observed to
significantly improve survival rates. Specifically, it reduces lung
damage caused by lipopolysaccharide (LPS) and decreases the
accumulation of inflammatory cells in the peritoneal area. These
effects are linked to reduced levels of pro-inflammatory cytokines
such as TNF-a, IL-6, and HMGBI1 (6). Selinexor’s mechanism of
action in sepsis involves the inhibition of crucial inflammatory
pathways, notably NF-kB and MAPK p38, which are integral to the
inflammatory cascade in sepsis. This inhibition is significant as it
directly affects the pathways that exacerbate sepsis, providing a
targeted approach to reducing acute inflammatory reactions (6).

3.2.2 Antiviral applications

Selinexor and Verdinexor, members of the SINE chemical
family, demonstrate potent antiviral properties by inhibiting the
nuclear export of viral proteins crucial for assembly and replication.
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[llustration of Selinexor’'s Mechanism of Action in Modulating Inflammatory Pathways. This diagram depicts the mechanism of action of Selinexor in
inhibiting inflammation. It shows the stabilization of IkBa, which prevents the translocation of NF-kB to the nucleus and the subsequent reduction in
pro-inflammatory cytokine transcription. The image outlines Selinexor’s effect on various components of the inflammatory pathway, highlighting its
role in downregulating cytokine production and modulating immune responses.

In animal models, including ferrets in COVID-19 studies, Selinexor
has effectively reduced viral loads and mitigated inflammatory
damage, indicating its role in managing severe viral infections
through immune modulation and cytokine storm reduction (37).
Verdinexor disrupts the lifecycle of Respiratory Syncytial Virus
(RSV) by sequestering RSV M proteins in the cell nucleus,
inhibiting replication of both A and B strains. This action
simultaneously enhances p53 activity and reduces XPO1 levels,
offering a strategic advantage against RSV (42).

In the context of COVID-19, Selinexor blocks the nuclear
export of essential viral proteins such as ORF3b, ORF9b, and the
nucleocapsid N protein, crucial for SARS-CoV-2 replication. It also
reduces the cell surface presence of the ACE-2 receptor, limiting
viral entry. Furthermore, Selinexor modulates immune responses
by controlling the release of inflammatory cytokines, potentially
alleviating cytokine storms commonly associated with severe
COVID-19 cases through the inhibition of NF-kB pathways and
direct effects on STAT3 and IL-6 transcription (37). Conversely,
research by Rahman et al. suggests that pretreatment with Selinexor
may enhance coronavirus replication, including in SARS-CoV-2
and mouse hepatitis virus (MHV), illustrating the complex effects of
Selinexor on viral replication and inflammation, and underscoring
the necessity for precise administration timing (40, 43).

These findings reveal the dual potential of Selinexor and KPT-
335 in combating viral infections, showcasing their ability to control
viral growth and inflammation. Despite promising initial results,
the complexities and some contradictory findings underscore the
need for further research to fully understand their therapeutic
potential beyond cancer treatment and to integrate them into
broader therapeutic frameworks.
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3.2.3 Chronic inflammatory diseases

Selinexor, along with other SINE compounds such as KPT-
8602, exhibits potential in treating both acute and chronic
inflammatory diseases, spanning conditions like Duchenne
Muscular Dystrophy (DMD), Parkinson’s Disease (PD), Calcific
Aortic Valve Disease (CAVD), and pulmonary fibrosis. These
compounds inhibit key inflammatory pathways, offering new
therapeutic strategies across a spectrum of diseases.

In chronic conditions like DMD, Selinexor and KPT-8602 have
shown promise by modulating inflammatory cytokines and
pathways, improving muscle function, and slowing disease
progression. Specifically, KPT-8602 not only enhances muscular
architecture but also reduces serum levels of biomarkers associated
with bone and muscle turnover, fostering conditions conducive to
muscle healing and renewal (7). This dual approach targets both the
structural damage and inflammatory underpinnings of DMD,
making KPT-8602 a valuable therapeutic option. For PD, these
compounds protect dopaminergic neurons by mitigating
neuroinflammation, thereby potentially delaying the progression
of the disease. The inhibition of critical pathways such as NF-kB
and the NLRP3 inflammasome underscores their capacity to protect
against neuronal degeneration, a hallmark of PD (44). In the realm
of CAVD, Selinexor has demonstrated the ability to modulate
inflammatory responses that contribute to pathological
calcification, suggesting a role in managing diseases characterized
by such calcifications (42). Recent insights into Selinexor’s impact
on pulmonary fibrosis reveal its effectiveness through the inhibition
of the XPO1 protein, influencing GBP5/NLRP3 inflammasome
signaling pathways crucial in the inflammatory responses
associated with fibrosis. This action suggests that Selinexor could
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be instrumental in treating conditions marked by widespread
inflammation and fibrotic transformations (45).

Overall, the exploration of SINE compounds in treating benign
diseases has garnered significant attention due to promising results
that suggest a potential to control, if not decelerate, the progression
of these conditions (42, 44). The broad applicability of SINE
compounds in diverse inflammatory and autoimmune conditions
supports continued research into their comprehensive anti-
inflammatory effects across various diseases.

4 Limitations and future directions

As Selinexor’s role in treating both cancerous and non-
cancerous conditions continues to be explored, it is evident that
while the drug offers promising results in managing inflammation,
there are significant gaps and limitations in our understanding that
necessitate further investigation. One primary concern is Selinexor’s
specificity as an XPOI inhibitor, which influences a broad spectrum
of proteins and can lead to unintended consequences, including
severe side effects. This broad activity presents challenges, especially
in chronic conditions where long-term treatment is required, as
balancing efficacy and safety becomes critical (46, 47). The need for
optimal dosing to achieve the desired anti-inflammatory effects
without compromising safety is a significant hurdle, with higher
doses potentially increasing the risk of adverse effects.

Additionally, while it is recognized that Selinexor modulates
several key inflammatory pathways, the precise mechanisms by
which it impacts specific conditions remain poorly understood.
This incomplete mechanistic insight hampers the development of
targeted therapies that could enhance Selinexor’s efficacy while
minimizing side effects.

Looking ahead, future research should focus on developing
targeted delivery systems that can localize Selinexor’s action to
specific tissues or organs. This strategy would potentially reduce
systemic side effects and enhance efficacy in localized inflammatory
conditions, such as inflammatory bowel disease or rheumatoid
arthritis. Exploring combination therapies that include Selinexor
and other anti-inflammatory agents may also improve therapeutic
effects and possibly reduce the necessary dosages, which could be
tailored to specific pathways active in various inflammatory diseases.

Longitudinal studies are crucial for assessing the long-term
effects and safety of Selinexor in chronic inflammation. Such studies
would provide a more comprehensive understanding of its benefits
and risks. Further research into identifying biomarkers that predict
responses to Selinexor could improve patient selection and
treatment monitoring, facilitating personalized treatment
approaches that optimize therapeutic outcomes while minimizing
adverse effects.

Moreover, expanding research to explore Selinexor’s effects in
non-cancerous inflammatory diseases could uncover additional
therapeutic uses and provide new insights into its anti-
inflammatory properties, potentially opening new avenues for
treatment across a broader range of inflammatory disorders. This
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ongoing research and the development of new clinical strategies are
essential for fully realizing the potential of Selinexor in the
management of both malignant and benign diseases, ensuring
that treatments are both effective and safe for long-term use.

5 Conclusion

Selinexor is distinguished by its unique nuclear inhibition,
exhibiting extensive effects. By trapping tumor suppressor
proteins within the cell nucleus, Selinexor induces apoptosis in
cancer cells, proving effective against various types of tumors,
including hematologic malignancies and solid tumors. This
positions it as a key therapeutic approach in oncology, especially
valuable in cases resistant to conventional treatments.

Similarly, Selinexor demonstrates robust anti-inflammatory
action through its key mechanism of XPO1 inhibition, which
suppresses the activity of regulatory factors such as NF-kB and
STATS3. This action effectively modulates immune responses and
inflammatory pathways, enhancing its utility in treating both acute
and chronic inflammatory diseases such as sepsis, DMD, and PD.
This dual functionality not only broadens its therapeutic
applications beyond oncology but also highlights its potential to
manage a diverse array of diseases.

However, the transition of Selinexor from an anti-cancer to an
anti-inflammatory agent has unveiled both its versatility and the
complexities associated with its broader applications. Ongoing
research is crucial in further unraveling its full potential, aiming
to harness its capabilities while addressing any associated risks more
effectively. The extensive clinical trials and continuous research
efforts are essential to ensure the long-term safety and efficacy of
Selinexor, optimizing its use in clinical practice.

As research advances, Selinexor continues to stand out not only
for its significant therapeutic implications but also as a paradigm
shift in the management of complex disorders. Its ability to
concurrently address oncological and inflammatory diseases
underscores its potential as a versatile therapeutic tool. This
highlights the importance of continued investigations into its
mechanisms and therapeutic applications to fully realize and
utilize its extensive benefits.
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via the Olfr2 signaling pathway
in vitro and in vivo
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Introduction: Atherosclerosis, a leading cause of global cardiovascular mortality, is
characterized by chronic inflammation. Central to this process is the NOD-like
receptor pyrin domain containing 3 (NLRP3) inflammasome, which significantly
influences atherosclerotic progression. Recent research has identified that the
olfactory receptor 2 (Olfr2) in vascular macrophages is instrumental in driving
atherosclerosis through NLRP3- dependent IL-1 production.

Methods: To investigate the effects of Corilagin, noted for its anti-inflammatory
attributes, on atherosclerotic development and the Olfr2 signaling pathway, our
study employed an atherosclerosis model in ApoE~~ mice, fed a high-fat, high-
cholesterol diet, alongside cellular models in Ana-1 cells and mouse bone
marrow-derived macrophages, stimulated with lipopolysaccharides and
oxidized low-density lipoprotein.

Results: The vivo and vitro experiments indicated that Corilagin could effectively
reduce serum lipid levels, alleviate aortic pathological changes, and decrease
intimal lipid deposition. Additionally, as results showed, Corilagin was able to cut
down expressions of molecules associated with the Olfr2 signaling pathway.

Discussion: Our findings indicated that Corilagin effectively inhibited NLRP3
inflammasome activation, consequently diminishing inflammation, macrophage
polarization, and pyroptosis in the mouse aorta and cellular models via the Olfr2
pathway. This suggests a novel therapeutic mechanism of Corilagin in the treatment
of atherosclerosis.

KEYWORDS

atherosclerosis, inflammation, Olfr2, NLRP3 inflammasome, corilagin, therapeutic strategies
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Introduction

Cardiovascular diseases, the leading cause of death globally,
represent a severe health burden across both the high-income and
developing nations (1-3). Atherosclerosis is the dominant risk
factor for cardiovascular events including myocardial infarction,
strokes, and peripheral arterial disease (4). Although various
treatments exist for arteriosclerosis, including lipid-lowering and
anti-platelet aggregation therapy, issues such as drug resistance,
intolerance, and increased risk of sever bleeding events are
prevalent (3, 5-7). Atherosclerosis is recognized as a chronic
inflammatory condition characterized by the presence of immune
cells in lesions, which produce a range of pro-inflammatory
cytokines (8, 9). Macrophages, the pro-inflammatory cells, make
significant contributions to the development of atherosclerosis (10).
Normal and modified lipoproteins are accumulated in
macrophages, promoting foam cell formation and activation of
innate immune receptors likes NOD-like and Toll-like receptors
(NLRs and TLRs) to exacerbate inflammation and plaque
progression (11, 12).

The NOD-like receptor pyrin domain containing 3 (NLRP3)
inflammasome, a complex of multimeric cytosolic proteins, is
pivotal in atherosclerotic progression (2, 8, 13, 14). Additionally,
dysregulation of TLRs is a crucial mechanism for inflammation and
atherosclerosis, primarily due to their role in regulating the
expression of key molecules (8, 15-17). The activation of the
NLRP3 inflammasome in macrophages typically requires two
distinct signals: priming and activation (2, 8, 18). During priming,
TLRs or cytokine receptors, stimulated by damage-associated and
pathogen-associated molecular patterns, transcriptionally
upregulate NLRP3, pro-IL-18, and pro-IL-1B via NF-xB
signaling, thus facilitates NLRP3-mediated inflammasome
assembly (2, 8, 19-21). In the activation phase, factors such as
phagolysosomal rupture, disrupted ion homeostasis, mitochondrial
damage, or reactive oxygen species are identified as common
triggers for NLRP3 activation (2, 22-24). Subsequently, NIMA-
related kinase 7 (NEK7) interacts with NLRP3 to recruit pro-
caspase-1 through the apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC). Activated
caspase-1 then converts pro-IL-13 and pro-IL-18 into their active
forms, also triggering gasdermin D (GSDMD) production (2, 25-
28). NLRP3 inflammasome activation could cause the
overexpression of inflammatory factors involved in atherosclerosis
progression (8, 29), the polarization of macrophages into M1 type
that fosters tissue destruction and secretion of pro-inflammatory
factors (30, 31), and the increasing expression of GSDMD resulting
in pyroptosis to enhance vascular permeability and membrane
damage (32-34). Recently, Orecchioni et al. have revealed that
olfactory receptor 2 (Olfr2) interacts with TLR4 in vascular
macrophages leading to NLRP3 inflammasomes activation via
adenylate cyclase 3 (Adcy3) to drive atherosclerosis development,
provides a new target for the prevention and treatment of
atherosclerosis (35).

Corilagin, a polyphenolic monomer isolated from Phyllanthus
urinaria, exhibits diverse pharmacological properties including
antitumor, antioxidant, and anti-inflammatory effects (17, 36). It
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can ameliorate inflammatory lesions in macrophages by inhibiting
NLRP3 inflammasome activation and pyroptosis (37, 38).
Nonetheless, the specific impact of Corilagin on NLRP3
inflammasome activation in atherosclerosis necessitates further
investigation. TLR4 can provide the priming signal of NLRP3
inflammasome activation via NF-xB pathway (12). Several
researches have indicated Corilagin’s potential in preventing and
treating atherosclerosis (17, 39-42), and find Corilagin probably
mitigate atherosclerosis by inhibiting the TLR4 signaling pathway
(17, 40). However, its regulatory mechanisms remain unclear,
necessitating further investigation into its anti-atherosclerotic
efficacy. Consequently, we hypothesize that Corilagin can suppress
the activation of NLRP3 inflammasome to alleviate atherosclerosis by
disrupting the Olfr2 signaling pathway. This study aims to examine
the potential effects and mechanisms of Corilagin on atherosclerosis
through the Olfr2 pathway, employing treatments on Ana-1 cells,
primary mouse bone marrow-derived macrophages (BMDM:s), and
atherosclerotic models in ApoE™™ mice.

Materials and methods
Reagents

Corilagin standard substance (SC9500, purity > 98%) for cells
and aspirin for animals (A8830, purity > 98%) were purchased from
Solarbio (Beijing, China). Corilagin for animal experimentation
(N0272, purity 90% ~ 99%) was obtained from Hengcheng Zhiyuan
Biotechnology (Sichuan, China). Aspirin for cells (B21505, purity >
98%) was purchased from Yuanye Biotechnology (Shanghai,
China). Oxidized low-density lipoprotein (Ox-LDL) was
purchased from Yiyuan Biotechnology (YB-002, Guangzhou,
China). Lipopolysaccharides (LPS, 1L8880) was purchased from
Solarbio. Fetal bovine serum (FBS, 10099-141) and Roswell Park
Memorial Institute (RPMI)-1640 were obtained from Gibco (New
York, USA). Phosphate buffer saline (PBS) was obtained from
Servicebio (G4202, Wuhan, China) and 4% paraformaldehyde
(PFA) was purchased from Biosharp (BL520, Guangzhou, China).

Cell culture and infection

The Ana-1 cell line, a murine macrophage line Ana-1 cells, was
obtained from the Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China). Cells were cultured in RPMI-1640
medium containing 10% FBS and maintained at 37°C in a saturated
humidity incubator with 5% CO2. The lentivirus of short hairpin
(Sh)-Olfr2 (Sh-Olfr2), Olfr2-overexpression (Olfr2-OE), Sh-
Control (Sh-Ctrl), and Control-OE (Ctrl-OE) were constructed by
GeneChem (Shanghai, China). Ana-1 cells were planted into 6-well
plates with a density of 1x10°/well for 24h and then infected with
lentivirus with a multiplicity of infection of 40 according to our
previous experiment (17). The medium was replaced within 12h
after infection and were cultured for an additional 72h. Then, 2pg/
ml of puromycin (Sigma-Aldrich, St. Louis, MO, USA) was added
to the complete medium to kill the wild-type cells for 2 weeks, and
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the culture medium was changed every 2 days. The efficiency of
infection was determined by quantitative real-time PCR (RT-
qPCR). We cultured the remaining lentivirus-infected cells for
further experimentations.

BMDMs generation

The femora and tibiae from C57BL/6] were flushed with 5ml ice
cold RPMI-1640 medium to isolate mouse bone marrow. Bone
marrow cells were filtered by a 70um cell strainer (BS-70-XBS,
Biosharp) and red blood cell lysis buffer (R1010, Solarbio) was
utilized to lyse red blood cells. The remaining cells were cultured in
RPMI-1640 medium supplemented with 20ng/ml of mouse
recombinant macrophage-colony stimulating factor (315-02,
Peprotech, NJ, USA) for 7 days. The culture medium was
changed every 2 days to obtain BMDMs for further studies.

Cell stimulation and treatment

Ana-1 Cells or BMDMs were seeded at 6-well plates overnight.
They were divided into 6 groups: the Control group, the Model
group, the Aspirin group (Positive control group), the Corilagin
(100png/ml) group, the Corilagin (50pug/ml) group, and the
Corilagin (25ug/ml) group. Except the Control group, the other
groups were stimulated with LPS (1pg/ml) and Ox-LDL (100pLg/ml)
for 24h. Subsequently, the Aspirin group and the Corilagin (100, 50
and 25ug/ml) groups were treated with aspirin and different
concentrations of Corilagin. In addition, the lentivirus-infected
cells were grown on 6-well plates for 24h and divided into 8
groups: the Sh-Ctrl group, the Sh-Olfr2 group, the Sh-Ctrl
+Corilagin (100ug/ml) group, the Sh-Olfr2+Corilagin (100ug/ml)
group, the Ctrl-OE group, the Olfr2-OE group, the Ctrl-OE
+Corilagin (100ug/ml) group, and the Olfr2-OE+Corilagin
(100pg/ml) group. After all groups stimulating by LPS+Ox-LDL
for 24h, the Sh-Ctrl+Corilagin group, the Sh-Olfr2+Corilagin
group, the Ctrl-OE+Corilagin group, and the Olfr2-OE+Corilagin
group were treated with Corilagin. After treating with Corilagin for
24h in our study, cell culture medium and cell lysates were gathered
for subsequent experiments (Supplementary Figure 1).

Animal treatments and sample collection

All animal experimental protocols are approved by the Animal
Care and Use Committee of Bainte Biotechnology (Wuhan, China)
[[2023] TACUC number: 004]. ApoEfF mice (male, 5 weeks, 18-
24¢g) were provided by Bainte Biotechnology and exposed to a 12-h
light/dark cycle in plenty of water and food. After a week of adaptive
feeding, mice were randomly divided into 14 groups with six mice
in each group: the Control group, the Model group, the Aspirin
group, the Corilagin (40mg/kg) group, the Corilagin (20mg/kg)
group, the Corilagin (10mg/kg) group, the Sh-Ctrl group, the Sh-
Olfr2 group, the Sh-Ctrl+Corilagin group, the Sh-Olfr2+Corilagin
group, the Ctrl-OE group, the Olfr2-OE group, the Ctrl-OE
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+Corilagin group, and the Olfr2-OE+Corilagin group. The
Control group was fed a normal diet while other groups were fed
a high fat and cholesterol diet (D12108C; HFK Bios) for 8 weeks.
After feeding 8 weeks, the Sh-Ctrl group, the Sh-Olfr2 group, the
Sh-Ctrl+Corilagin (40mg/kg) group, the Sh-Olfr2+Corilagin
(40mg/kg) group, the Ctrl-OE group, the Olfr2-OE group, the
Ctrl-OE+Corilagin (40mg/kg) group, and the Olfr2-OE+Corilagin
(40mg/kg) group were injected lentivirus (4x10”Tfu, 20ul) via tail
vein. Simultaneously, the same amount of physiologic (0.9%) saline
were gave in the Control group, the Model group, the Sh-Ctrl group,
the Sh-Olfr2 group, the Ctrl-OE group and the Olfr2-OE group, and
other groups were treated with aspirin or different concentrations of
Corilagin through intragastric administration every 2 days for 2
weeks (Supplementary Figure 2). Finally, mice were sacrificed and
perfused with PBS. Aortas were divided into two segments: the
vessel closed to aortic root was reserved in 4% PFA for hematoxylin
and eosin (HE), Oil Red O, and immunohistochemical (IHC)
staining, whereas the other section was placed at -80°C for RT-
qPCR and western blotting (WB) analysis. Blood samples were
collected by removing mouse eyeballs. Serum was separated by
centrifugation at 4°C (2500rpm, 15min) and stored at -80°C for
serum lipids detection and Enzyme-Linked Immunosorbent Assay
(ELISA) analysis.

Quantitative real-time PCR analysis

The mRNA expressions of Olfr2, iNOS, Adcy3, NLRP3,
GSDMD, Caspase-1, Arg-1, NEK7, ASC, IL-1B, IL-18, and TNF-
o were measured by RT-qPCR. Total RNA was isolated from Ana-1
cells, BMDMs, or aortas by Trizol reagent (R401-01, Vazyme,
Nanjing, China). The isolated total RNA was reverse transcribed
into complimentary (c)DNA via the HiScript II Q RT SuperMix
(R223-01, Vazyme). The RT-qPCR was performed on StepOneTM
Plus device (Applied Biosystems, Foster City, CA, USA) following
the protocol of HiScript II One Step RT-qPCR SYBR Green Kit
(Q221-01, Vazyme). The 2722€T method was used to analyze the
relative mRNA expression normalized to the reference gene
GAPDH. All primers were synthesized by TSINGKE (Wuhan,
China). The primer sequences of genes were presented in Table 1.

Western blotting analysis

The protein expressions of iNOS (A3774, Abclonal), Adcy3
(19492-1-AP, Proteintech), NLRP3 (ab270449, Abcam), GSDMD
(66387-1-1g, Proteintech), Caspase-1 (22915-1-AP, Proteintech),
Arg-1 (16001-1-AP, Proteintech), NEK7 (A19816, Abclonal), and
ASC (67824, Cell Signaling Technology) were measured by WB.
Total protein was isolated from Ana-1 cells, BMDMs, or aortas by
RIPA lysis buffer and protease inhibitor (P0013B and P1005,
Beyotime, Shanghai, China), and quantified according to the
instructions of the BCA Protein Assay Kit (P0012, Beyotime).
The protein samples were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes. Membranes were blocked
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TABLE 1 Primer sequences used in this study.

10.3389/fimmu.2024.1364161

Primer Forward Reverse

Olfr2 CTTGCTGGCTTCATTGGTTCCG CCATGACAGCAAGAAGGACACAC
Adcy3 CCAACTTTGCTGACTTCTACAC TGTCCAGGAGAGAGTCAAAATC
NEK?7 GCTGTCTGCTATATGAGATGGC CCGAATAGTGATCTGACGGGAG
NLRP3 ATTACCCGCCCGAGAAAGG TCGCAGCAAAGATCCACACAG
ASC GCTACTATCTGGAGTCGTATGGC GACCCTGGCAATGAGTGCTT
Caspase-1 CACAGCTCTGGAGATGGTGA GGTCCCACATATTCCCTCCT
GSDMD CCATCGGCCTTTGAGAAAGTG ACACATGAATAACGGGGTTTCC
IL-1B TTCAGGCAGGCAGTATCACTC GAAGGTCCACGGGAAAGACAC
IL-18 GACTCTTGCGTCAACTTCAAGG CAGGCTGTCTTTTGTCAACGA
Arg-1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
iNOS CCCTTCAATGGTTGGTACATGG ACATTGATCTCCGTGACAGCC
TNF-0, CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
GAPDH GAGCAAGGACACTGAGCAAGA GCCCCTCCTGTTATTATGGGG

with 5% non-fat milk in Tris-buffered saline and Tween 20 (TBST)
for 1h and incubated with primary antibodies at 4°C overnight.
After washing thrice with TBST, membranes were incubated with
horseradish peroxidase-conjugated secondary antibody (SA00001-
1 and SA00001-2, Proteintech, Wuhan, China) for 1h at room
temperature (RT). These membranes were exposed in a dark room
via electrochemiluminescence reagent (BL520, Biosharp). Finally,
the grayscale values were measured by ImageJ software to quantify
the WB bands contracted with GAPDH (60004-1-Ig, Proteintech).

Serum lipids and inflammatory
cytokines analysis

Triglyceride (TG), Total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C), and low-density lipoprotein
cholesterol (LDL-C) in the serum of mice were detected by an
automatic biochemical analyzer (Shenzhen Leidu Life Sciences,
China). The level of IL-1B, IL-18, and TNF-o in the mouse
serum or cell supernatant was measured through ELISA Kits
from Ruixin Biotechnology (Quanzhou, China).

Histological analysis

Sections were stained with HE to visualize pathological changes
in the vascular tissue and Oil red O staining was applied for lipid
plaques analysis. Images were captured by an electron microscope
(Olympus, Tokyo, Japan) and analyzed by Image] software. Besides,
Olfr2 expression in animal model was examined through ITHC
staining. The tissue sections were stained with Olfr2 antibody
(1:500, OSR00025G, Thermo Fischer) followed by Goat Anti-
Rabbit IgG (1:200, G1213, Servicebio, Wuhan, China). The
sections were incubated with 3,3-diaminobenzidine and
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counterstained with hematoxylin. Finally, images were captured
by an automatic scanning microscope (Zeiss, Germany) and
analyzed via Image]J software.

Flow cytometric analysis

Cluster of differentiation (CD) 86 and CD206 expressions were
measured by flow cytometric (FC) analysis. Ana-1 cells or BMDMs
treated as indicated above were incubated with Mouse Fc block
solution (553141, BD Biosciences, San Jose, CA, USA) for 5min
at 4°C. Then they were stained with fluorescein isothiocyanate
anti-F4/80 antibody (123107, BioLegend, San Diego, CA, USA),
phycoerythrin anti-cluster of CD 86 antibody (E-AB-F099D), and
peridinin chlorophyll protein/Cyanine5.5 anti-CD11b antibody (E-
AB-F1081], Elabscience, Wuhan, China) for 30 min at 4°C. All cells
were washed two times with cold PBS and incubated with BD
Cytoﬁx/CytopermTM Fixation and Permeabilization Solution
(554722) for 30min at 4°C. In order to permeabilization, the fixed
cells were washed two times and incubated in 1X BD Perm/Wash' ™
buffer (554723) for 15min at 4°C. The fixed/permeabilized cells were
thoroughly suspended in 100uL of 1X BD Perm/Wash' " buffer and
stained with allophycocyanin anti-CD206 antibody (141707,
BioLegend) in the dark for 30min at RT. After washing twice with
PBS, cell suspensions were analyzed on a BD FACSCalibur™" flow
cytometer and calculated by Flow]Jo software (Treestar Inc).

Immunofluorescence analysis

The Olfr2 expression was performed by immunofluorescence
(IF) analysis. Ana-1 cells or BMDMs were cultured on 14 mm
round coverslips (BS-14-RC, Biosharp) in the 24-well plate (703001,
Nest) and treated as described above. Cells were fixed with 4% PFA
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for 10min at RT. After washed three times with cold PBS, samples
were incubated with 5% BSA (G1208, Servicebio) for 10min at RT
and maintained in Olfr2 antibody (1:500, Thermo Fischer) at 4°C
overnight. Subsequently, cells were washed three times and stained
with secondary antibody (1:200, GB25303, Servicebio) for 1h at RT.
DAPI (G1012, Servicebio) was used to stain nuclei in the dark for
10min. After washed three times, coverslips were sealed with anti-
fluorescence quenching reagent (G1401, Servicebio) on glass slides.
Images were captured by Zeiss scanning microscope and analyzed
via Image] software.

Statistical analysis

All statistical analyses were performed by using GraphPad
Prism 9.0 software. Data were presented as the mean + standard
deviation (SD). Shapiro-Wilk test was performed to assess the
normalcy, and p > 0.05 was defined as normally distributed.
Brown-Forsythe test was performed to assess the equality of
variances, and p > 0.05 was defined as equal variances. Student’s
t-test was performed to compare data between two groups and one-
way analysis of variance (ANOVA) test was performed for multiple
comparisons, and p < 0.05 was defined as statistically significant.

Result

Effects of corilagin on atherosclerosis
in vivo

To investigate the impact of Corilagin on atherosclerotic lesion
formation, we established an ApoEfl* mouse model for in vivo
experiments. HE staining, as depicted in Figure 1A, demonstrated
that the aorta intima in the Model group was notably deformed and
thickened, with the formation of plaques predominantly composed
of foam cells and fibrous tissue. In contrast with the Model or
Aspirin group, the Corilagin (40mg/kg) group exhibited a reduction
in intima thickness and foam cell numbers. In addition, the
percentage of red lipid plaques in the Corilagin groups was lower
than that in both the Model and Aspirin group (Figure 1A).
Furthermore, serum lipid levels of TG, TC and LDL-C in the
Corilagin (20 and 40mg/kg) groups were reduced, while HDL-C
levels were elevated compared to both the Model and Aspirin group
(Figure 1D). These results indicated that Corilagin effectively
mitigates atherosclerotic lesions in this animal model.

Effects of corilagin on Olfr2 and
downstream molecules in vivo and vitro

To explore the effect of Corilagin on Olfr2 expression, qRT-
PCR, IHC and IF were performed to assess Olfr2 levels in aortic
tissues and cellular models. Olfr2 expression was significantly
reduced in the Corilagin (40mg/kg or 100pug/ml) group compared
to both the Model and Aspirin group (Figures 1A, 1B, 2A, 2C, 3A,
3C). The reduction in Olfr2 expression in atherosclerotic mice and
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cellular models probably suggested a potential pathway through
that Corilagin regulated atherosclerosis development. To elucidate
the underlying molecular mechanisms of Corilagin’s anti-
atherosclerotic effects, we further analyzed downstream molecules
associated with Olfr2 in vivo and vitro experiments. The mRNA and
protein levels of Adcy3, NLRP3 inflammasome eftectors (NLRP3,
Caspase-1, NEK7 and ASC) and the cell pyroptosis-related
molecule (GSDMD) were lower in the Corilagin (40mg/kg or
100pg/ml) group than in the Model group (Figures 1B, 1C, 2A,
2B, 3A, 3B). In the Corilagin (40mg/kg) group, both mRNA and
protein levels of iNOS in mouse aortic tissues were significantly
reduced compared to the Model group, as evidenced in Figures 1B,
1C. Conversely, Arg-1 levels demonstrated a reverse pattern,
indicating an anti-inflammatory effect. Similarly, in cellular
models, the Corilagin treatment (100pg/ml) led to a reduction in
M1 macrophage polarization markers (iNOS and CD86), while
markers associated with M2 macrophage polarization (Arg-1 and
CD206) were elevated, compared to the Model group (Figures 2A,
2D, 3A, 3D). Additionally, inflammatory factors such as IL-1f, IL-
18, and TNF-o measured via RT-qPCR and ELISA, showed reduced
expression following Corilagin (40mg/kg or 100ug/ml) treatment
when compared to the Model or Aspirin group (Figures 1B, 1E, 2A,
2E, 3A, 3E). Consequently, these results led us to hypothesize that
Corilagin could suppress NLRP3 inflammasome activation and
subsequent cytokine production, macrophage polarization, and
cell pyroptosis by inhibiting the Olfr2 signaling pathway.

Effects of corilagin on atherosclerosis after
downregulating Olfr2 in vivo

We specifically downregulated Olfr2 expression in the animal
model to further demonstrate the mechanism behind Corilagin
therapeutic effects. As depicted in Figures 4A, 4D, the Sh-Olfr2
group exhibited improvements in pathological changes, percentage
of lipid deposition, and serum lipid levels of TG, TC and LDL-C
compared to the Sh-Ctrl group. These data might illustrate that the
attenuation of Olfr2 expression may contribute to prevent
atherosclerotic lesions. Additionally, when Olfr2 expression was
decreased, the therapeutic effects of Corilagin on pathological
changes, lipid deposition percentages, and serum lipid levels were
diminished (Figures 4A, 4D). These outcomes indicated Olfr2
might serve as a critical pathway for Corilagin’s atherosclerosis
prevention effects.

Effects of corilagin on Olfr2 and
downstream molecules after
downregulating Olfr2 in vivo and vitro

To validate our hypothesis that Corilagin could suppress
NLRP3 inflammasome activation and subsequent cytokine
production, macrophage polarization, and pyroptosis by
inhibiting the Olfr2 signaling pathway, we investigated the
changes of Olfr2 and downstream molecules expression after
downregulating Olfr2. Compared to the Sh-Ctrl group, Olfr2
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FIGURE 1

Effects of Corilagin on atherosclerosis and Olfr2 signal pathway in vivo. (A) Pathological changes, plaque coverage percentage, and Olfr2 expression in
mouse aorta were visualized by HE, Oil red O, and IHC staining respectively and quantitative analyses of intima thickness and foam cell number based
on HE, plaque coverage percentage based on Oil red O, and Olfr2 expression based on IHC. Black arrows indicated aorta intima and blue arrows
indicated foam cell and fibrous tissue in HE. Yellow arrows indicated lipid plaque in Oil red O. Green arrows indicated the area of Olfr2 expression in
IHC. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, “p < 0.05 compared with the Aspirin group determined by
one-way ANOVA test (n = 6). Data was presented as the mean + SD. Scale bars, 50um. (B) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC,
NEK7, GSDMD, IL-1B, IL-18, Arg-1, iNOS, and TNF-o in mouse aorta was measured by RT-qPCR. *p < 0.05 compared with the Control group, "0 <0.05
compared with the Model group, “p < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the
mean + SD. (C) Protein expression of iNOS, Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, Arg-1, and ASC in mouse aorta was measured by WB and
quantitative analyses of protein level based on WB. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, “p < 0.05
compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean + SD. (D) Serum lipids of mice were
detected by an automatic biochemical analyzer. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, “p < 0.05
compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data were presented as the mean + SD. (E) IL-1B, IL-18, and TNF-a. in the
mouse serum were measured by ELISA. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, “p < 0.05 compared
with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean + SD.
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FIGURE 2

Effects of Corilagin on Olfr2 signal pathway in LPS+Ox-LDL-induced Ana-1 cells. (A) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC,
NEK7, GSDMD, IL-1, IL-18, Arg-1, iNOS, and TNF-o. in Ana-1 cells was measured by RT-qPCR. *p < 0.05 compared with the Control group,

*p < 0.05 compared with the Model group, “p < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was
presented as the mean + SD. (B) Protein expression of Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, and ASC in Ana-1 cells was measured by WB
and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group,
4p < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean + SD. (C) Olfr2
expression in Ana-1 cells was visualized by IF and quantitative analyses of Olfr2 level based on IF. *p < 0.05 compared with the Control group,
#p < 0.05 compared with the Model group, Ap < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 6). Data was
presented as the mean + SD. Scale bars, 20um. (D) CD86 and CD206 expression in Ana-1 cells were measured by FC and quantitative analyses
of CD86 and CD206 level based on FC. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, “p < 0.05
compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean + SD. (E) IL-1f, IL-18, and TNF-o.
in Ana-1 cell supernatant were measured by ELISA. *p < 0.05 compared with the Control group, *p < 0.05 compared with the Model group,

*p < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean + SD
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FIGURE 3
Effects of Corilagin on Olfr2 signal pathway in LPS+ox-LDL-induced primary mouse BMDMs. (A) mRNA expression of Olfr2, Adcy3, NLRP3,
Caspase-1, ASC, NEK7, GSDMD, IL-1B, IL-18, Arg-1, INOS, and TNF-a in primary mouse BMDMs was measured by RT-gqPCR. *p < 0.05 compared
with the Control group, #p < 0.05 compared with the Model group, “p < 0.05 compared with the Aspirin group determined by one-way ANOVA
test (n = 3). Data was presented as the mean + SD. (B) Protein expression of Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, and ASC in primary
mouse BMDMs was measured by WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Control group,

#p < 0.05 compared with the Model group, “p < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was
presented as the mean + SD. (C) Olfr2 expression in primary mouse BMDMs was visualized by IF and quantitative analyses of Olfr2 level based
on IF. *p < 0.05 compared with the Control group, *p < 0.05 compared with the Model group, “p < 0.05 compared with the Aspirin group
determined by one-way ANOVA test (n = 6). Data was presented as the mean + SD. Scale bars, 20um. (D) CD86 and CD206 expression in
primary mouse BMDMs were measured by FC and quantitative analyses of CD86 and CD206 level based on FC. *p < 0.05 compared with the
Control group, #p < 0.05 compared with the Model group, “p < 0.05 compared with the Aspirin group determined by one-way ANOVA test

(n = 3). Data was presented as the mean + SD. (E) IL-1B, IL-18, and TNF-o in primary mouse BMDMs cell supernatant were measured by ELISA
*p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, “p < 0.05 compared with the Aspirin group determined
by one-way ANOVA test (n = 3). Data was presented as the mean + SD
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FIGURE 4

Effects of Corilagin on atherosclerosis and Olfr2 signal pathway after downregulating Olfr2 in vivo. (A) Pathological changes, plaque coverage
percentage, and Olfr2 expression in mouse aorta were visualized by HE, Oil red O, and IHC staining respectively and quantitative analyses of intima
thickness and foam cell number based on HE, plaque coverage percentage based on Oil red O, and Olfr2 expression based on IHC. Black arrows
indicated aorta intima and blue arrows indicated foam cell and fibrous tissue in HE. Yellow arrows indicated lipid plaque in Oil red O. Green arrows
indicated the area of Olfr2 expression in IHC. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 6), *p < 0.05
compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 6), “p < 0.05 compared with the Sh-Olfr2 group determined
by Student's t-test (n = 6). Data was presented as the mean + SD. Scale bars, 50um. (B) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC,
NEK7, GSDMD, IL-1B, IL-18, Arg-1, iNOS, and TNF-oa in mouse aorta was measured by RT-qPCR. *p < 0.05 compared with the Sh-Ctrl group
determined by one-way ANOVA test (n = 3), *p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3),

Ap < 0.05 compared with the Sh-Olfr2 group determined by Student's t-test (n = 3). Data was presented as the mean + SD. (C) Protein expression of
iINOS, Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, Arg-1, and ASC in mouse aorta was measured by WB and quantitative analyses of protein level
based on WB. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 3), *p < 0.05 compared with the Sh-Ctrl
+Corilagin group determined by one-way ANOVA test (n = 3), “p < 0.05 compared with the Sh-Olfr2 group determined by Student's t-test (n = 3).
Data was presented as the mean + SD. (D) Serum lipids of mice were detected by an automatic biochemical analyzer. *p < 0.05 compared with the
Sh-Ctrl group determined by one-way ANOVA test (n = 3), ¥p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA
test (n = 3), “p < 0.05 compared with the Sh-Olfr2 group determined by Student's t-test (n = 3). Data was presented as the mean + SD. (E) IL-1B,
IL-18, and TNF-o in the mouse serum were measured by ELISA. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test
(n = 3), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3), “p < 0.05 compared with the Sh-Olfr2
group determined by Student’s t-test (n = 3). Data was presented as the mean + SD.
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mRNA levels in the Sh-Olfr2 group fell nearly 50% and 60% in the
ApoE™" mouse and Ana-1 cell models (Figures 4B, 4A). These
results confirmed the effective inhibition of Olfr2 expression in this
study. As illustrated in Figures 4A-C, 4E, 5A-5E, the reduction in
Olfr2, iNOS, Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, ASC, IL-
1B, IL-18, TNF-0, and CD86 induced by Corilagin was less
pronounced when Olfr2 expression was decreased. Therefore, we
inferred that Corilagin could suppress NLRP3 inflammasome
activation to prevent inflammatory cytokines secretion, markers
of M1 macrophage polarization expression, and pyroptosis-related
molecule production via inhibiting the Olfr2 signaling pathway.

Effects of corilagin on atherosclerosis by
upregulating Olfr2 in vivo

To verify that Corilagin exerted anti-atherosclerotic effects via
the Olfr2 signaling pathway, we conducted in vivo experiments
involving the upregulation of Olfr2 to monitor changes in
atherosclerotic conditions. As depicted in Figures 6A, 6D, the
Olfr2-OE group exhibited more severe pathological changes,
increased lipid deposition percentage, and elevated serum lipid
levels of TG, TC and LDL-C compared to the Ctrl-OE group.
These findings suggested that boosting Olfr2 levels could intensify
atherosclerosis. Moreover, when Olfr2 expression was augmented,
the therapeutic effects of Corilagin on reducing histological changes
and lipid deposition were more pronounced (Figures 6A, 6D). These
results indicated that Corilagin’s influence on atherosclerosis was
indeed associated with Olfr2 expression.

Effects of corilagin on Olfr2 and
downstream molecules after upregulating
Olfr2 in vivo and vitro

We augmented OIfr2 expression in ApoE™~ mice and Ana-1
cell models to further elucidate the molecular mechanisms of
Corilagin anti-atherosclerotic effects. Compared to the Ctrl-OE
group, the level of Olfr2 mRNA in the Olfr2-OE group increased
by approximately 120% and 150% in vivo and vitro samples,
respectively (Figure 6B, 7A). This elevation indicates a successful
increase in Olfr2 expression following upregulation. Notably, with
enhanced Olfr2 expression, Corilagin more effectively reduced the
expression of molecules involved in the Olfr2 signaling pathway in
the Olfr2-OE+Corilagin group (Figures 6A-6C, 6E, 7A-7E). This
trend supported and potentially strengthened the conclusion
illustrated in the second part of results, affirming the role of
Corilagin in modulating the Olfr2 signaling pathway.

Discussion

Atherosclerosis and its associated complications represent
significant sources of morbidity and mortality, making the
development of effective therapies for both prevention and
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treatment crucial (1-4). Although a variety of pharmaceutical
options are available for managing atherosclerotic disease,
limitations persist, such as resistance or intolerance to statins (43)
and increased bleeding risk associated with antiplatelet medications
(44). Concurrently, Chinese herbal medicines are often regarded as
complementary or alternative treatment for atherosclerosis (45).

Inflammation is a critical driver of atherosclerosis. Thus,
targeting therapeutic interventions at inflammatory pathways is
essential for improving atherosclerotic outcomes (2). Several
signaling pathways implicated in the inflammatory response are
associated with atherosclerosis, including the NLRP3
inflammasome, TLRs, proprotein convertase subtilisin/kexin type
9, Notch, and Wnt signaling pathways. Notably, the NLRP3
inflammasome pathway has emerged as a prominent target for
atherosclerotic disease treatment (2, 8, 46). In conjunction with
TLR4, Olfr2 expressed in mouse vascular macrophages can active
NLRP3 inflammasome to promote the development of
atherosclerosis (35). According to previous findings, Corilagin can
inhibit NLRP3 inflammasome activation and pyroptosis in
ischemia-reperfusion induced intestinal and lung injury (38), and
ameliorate atherosclerosis by restraining the TLR4 signaling
pathway (17, 40). Consequently, this study aims to explore
whether Corilagin can influence atherosclerosis through the Olfr2
signaling pathway.

After administering Corilagin to ApoE™'~ mice on a high-fat
and cholesterol diet, we observed a reduction in serum lipid levels of
TG, TC, and LDL-C, alongside alleviated pathological changes and
lipid deposition. These results suggest a pronounced therapeutic
effect of Corilagin on atherosclerosis. In both the mouse aorta and
cellular models, expressions of the Olfr2 signaling pathway related
molecules (Olfr2 and Adcy3) and NLRP3 inflammasome associated
effectors (NLRP3, Caspase-1, NEK7 and ASC), were diminished
following Corilagin treatment. Additionally, inflammatory factors
(IL-1B, IL-18, and TNF-or), M1 macrophage polarization markers
(iNOS and CD86), and the pyroptosis-related molecule (GSDMD),
were also reduced. In conclusion, we hypothesized that Corilagin
mitigated atherosclerotic development by suppressing NLRP3
inflammasome activation, thereby curtailing the expression of
inflammatory cytokines, M1 macrophage polarization, and
pyroptosis through the inhibition of the Olfr2 signaling pathway.

To further validate the effect of Corilagin, we modulated Olfr2
expression both in Ana-1 cells and in animal models, involving both
upregulation and downregulation. According to Orecchioni et al.,
enhancing Olfr2 levels can intensify atherosclerosis, and genetic
manipulation to reduce Olfr2 in mice has shown a significant
decrease in atherosclerotic plaques (35). In our experiments that
modulated Olfr2 expression both in vitro and in vivo, we observed
analogous outcomes confirming that the Olfr2 signaling pathway indeed
activated the NLRP3 inflammasome, exacerbating atherosclerosis
development and progression. Upon downregulation of Olfr2, no
substantial differences in LDL-C levels or pathological changes were
noted regardless of Corilagin treatment, while lipid plaque percentages
were reduced, and the expression levels of Olfr2, iNOS, Adcy3, NLRP3,
GSDMD, Caspase-1, NEK7, ASC, IL-1p, IL-18, TNF-0, and CD86 were
similar or decreased with Corilagin treatment. Conversely, when Olfr2
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FIGURE 5

Effects of Corilagin on Olfr2 signal pathway after downregulating Olfr2 in vitro. (A) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC, NEK7,
GSDMD, IL-1B, IL-18, Arg-1, iINOS, and TNF-a in Ana-1 cells was measured by RT-gPCR. *p < 0.05 compared with the Sh-Ctrl group determined by
one-way ANOVA test (n = 3), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3), “p < 0.05 compared
with the Sh-Olfr2 group determined by Student's t-test (n = 3). Data was presented as the mean + SD. (B) Protein expression of Adcy3, NLRP3, GSDMD,
Caspase-1, NEK7, and ASC in Ana-1 cells was measured by WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Sh-
Ctrl group determined by one-way ANOVA test (n = 3), p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test

(n = 3), “p < 0.05 compared with the Sh-Olfr2 group determined by Student's t-test (n = 3). Data was presented as the mean + SD. (C) Olfr2 expression
in Ana-1 cells was visualized by IF and quantitative analyses of Olfr2 level based on IF. *p < 0.05 compared with the Sh-Ctrl group determined by one-
way ANOVA test (n = 6), *p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 6), “p < 0.05 compared with
the Sh-Olfr2 group determined by Student's t-test (n = 6). Data was presented as the mean + SD. Scale bars, 20um. (D) CD86 and CD206 expression in
Ana-1 cells were measured by FC and quantitative analyses of CD86 and CD206 level based on FC. *p < 0.05 compared with the Sh-Ctrl group
determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3),

4p < 0.05 compared with the Sh-Olfr2 group determined by Student's t-test (n = 3). Data was presented as the mean + SD. (E) IL-1B, IL-18, and TNF-o.
in Ana-1 cell supernatant were measured by ELISA. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 3), o < 0.05
compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3), “p < 0.05 compared with the Sh-Olfr2 group determined by
Student's t-test (n = 3). Data was presented as the mean + SD.
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FIGURE 6

Effects of Corilagin on atherosclerosis and Olfr2 signal pathway after upregulating Olfr2 in vivo. (A) Pathological changes, plague coverage percentage,
and Olfr2 expression in mouse aorta were visualized by HE, Oil red O, and IHC staining respectively and quantitative analyses of intima thickness and
foam cell number based on HE, plaque coverage percentage based on Oil red O, and Olfr2 expression based on IHC. Black arrows indicated aorta
intima and blue arrows indicated foam cell and fibrous tissue in HE. Yellow arrows indicated lipid plaque in Oil red O. Green arrows indicated the area of
Olfr2 expression in IHC. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 6), *p < 0.05 compared with the Ctrl-OE
+Corilagin group determined by one-way ANOVA test (n = 6), “p < 0.05 compared with the Ctrl-Olfr2 group determined by Student's t test (n = 6). Data
was presented as the mean + SD. Scale bars, 50um. (B) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC, NEK7, GSDMD, IL-1B, IL-18, Arg-1,
iNOS, and TNF-o in mouse aorta was measured by RT-qPCR. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 3),
#b < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3), %p < 0.05 compared with the Ctrl-Olfr2 group
determined by Student's t test (n = 3). Data was presented as the mean + SD. (C) Protein expression of iNOS, Adcy3, NLRP3, GSDMD, Caspase-1, NEK7,
Arg-1, and ASC in mouse aorta was measured by WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Ctrl-OE
group determined by one-way ANOVA test (n = 3), *p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3),
Ap < 0.05 compared with the Ctrl-Olfr2 group determined by Student's t test (n = 3). Data was presented as the mean + SD. (D) Serum lipids of mice
were detected by an automatic biochemical analyzer. WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Ctrl-OE
group determined by one-way ANOVA test (n = 3), *p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3),
b < 0.05 compared with the Ctrl-Olfr2 group determined by Student's t test (n = 3). Data was presented as the mean + SD. (E) IL-1B, IL-18, and TNF-a
in the mouse serum were measured by ELISA. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 3), *p < 0.05
compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3), “p < 0.05 compared with the Ctrl-Olfr2 group determined by
Student’s t test (n = 3). Data was presented as the mean + SD.
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Effects of Corilagin on Olfr2 signal pathway after upregulating Olfr2 in vitro (A) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC, NEK7,
GSDMD, IL-1B, IL-18, Arg-1, iINOS, and TNF-a in Ana-1 cells was measured by RT-gPCR. *p < 0.05 compared with the Ctrl-OE group determined by
one-way ANOVA test (n = 3), p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3), “p < 0.05 compared
with the Ctrl-Olfr2 group determined by Student's t test (n = 3). Data was presented as the mean + SD. (B) Protein expression of Adcy3, NLRP3, GSDMD,
Caspase-1, NEK7, and ASC in Ana-1 cells was measured by WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the
Ctrl-OE group determined by one-way ANOVA test (n = 3), *p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test
(n = 3), “p < 0.05 compared with the Ctrl-Olfr2 group determined by Student's t test (n = 3). Data was presented as the mean + SD. (C) Olfr2 expression
in Ana-1 cells was visualized by IF and quantitative analyses of Olfr2 level based on IF. *p < 0.05 compared with the Ctrl-OE group determined by one-
way ANOVA test (n = 6), “p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 6), “p < 0.05 compared with
the Ctrl-Olfr2 group determined by Student's t test (n = 6). Data was presented as the mean + SD. Scale bars, 20um. (D) CD86 and CD206 expression in
Ana-1 cells were measured by FC and quantitative analyses of CD86 and CD206 level based on FC. *p < 0.05 compared with the Ctrl-OE group
determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3),

*p < 0.05 compared with the Ctrl-Olfr2 group determined by Student's t test (n = 3). Data was presented as the mean + SD. (E) IL-1B, IL-18, and TNF-o.
in Ana-1 cell supernatant were measured by ELISA. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 3), ﬁp <0.05
compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3), “p < 0.05 compared with the Ctrl-Olfr2 group determined by
Student’s t test (n = 3). Data was presented as the mean + SD
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Schematic of the study. Corilagin can inhibit the Olfr2 and Adcy3 expression, then suppress NLRP3 inflammasome activation to prevent
inflammatory cytokines expression, M1 macrophage polarization, and cell pyroptosis-related molecule expression.

expression was increased, the effects of Corilagin in mitigating
atherosclerosis and suppressing the Olfr2 signaling pathway were
enhanced. Consequently, our findings suggested the anti-
atherosclerotic effects of Corilagin might be attributed to its
interaction with the Olfr2 signaling pathway. Previous studies have
shown that Corilagin can reduce serum lipid levels in atherosclerotic
animal models (40, 41). Our study found a same trend and it might be
related to the Olfr2 signaling pathway. Corilagin may directly or
indirectly affect various lipid regulatory systems, to reduce lipid
uptake and lipogenesis in cellular and animal experiments (47-49).
Nevertheless, there is a limitation in our research that the mechanisms of
Corilagin’s effects on serum lipid levels in atherosclerosis, are warranting
exploration remains. Additionally, future research should also consider
the interaction between Olfr2 and NLRP3, and whether alternative
molecular pathways or additional mechanisms within the Olfr2 pathway
might contribute to Corilagin’s atherosclerosis-mitigating effects.

In summary, Corilagin exhibited therapeutic effects in
experimental atherosclerosis models, potentially through the
inhibition of the Olfr2 signaling pathway (Figure 8). However, a
notable limitation of our research was the lack of exploration into
whether Corilagin might inhibit downstream molecules through
alternative mechanisms.

Conclusions

Corilagin exerts the anti-atherosclerosis efficacy by inhibiting
the Olfr2 signaling pathway in vitro and in vivo, leading to the
suppression of NLRP3 inflammasome activation, reducing
inflammatory cytokines expression, M1 macrophage polarization,
and expression of pyroptosis-related molecule. This study
highlights the promising strategy and significant potential of
Corilagin as a treatment for atherosclerosis. Consequently, further

Frontiers in Immunology

investigations into the mechanisms of Corilagin are warranted to
identify novel therapeutic approaches.
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Inflammatory bowel disease (IBD) is a group of recurrent chronic inflammatory
diseases, including Crohn'’s disease (CD) and ulcerative colitis (UC). Although IBD
has been extensively studied for decades, its cause and pathogenesis remain
unclear. Existing research suggests that IBD may be the result of an interaction
between genetic factors, environmental factors and the gut microbiome. IBD is
closely related to non-coding RNAs (ncRNAs). NcRNAs are composed of
microRNA(miRNA), long non-coding RNA(Inc RNA) and circular RNA(circ RNA).
Compared with miRNA, the role of Inc RNA in IBD has been little studied. Lnc RNA
is an RNA molecule that regulates gene expression and regulates a variety of
molecular pathways involved in the pathbiology of IBD. Targeting IBD-associated
Inc RNAs may promote personalized treatment of IBD and have therapeutic value
for IBD patients. Therefore, this review summarized the effects of Inc RNA on the
intestinal epithelial barrier, inflammatory response and immune homeostasis in
IBD, and summarized the potential of Inc RNA as a biomarker of IBD and as a
predictor of therapeutic response to IBD in the future.

KEYWORDS

inflammatory bowel disease, long non-coding RNA, intestinal barrier, immune
homeostasis, biomarkers

1 Introduction

Inflammatory bowel disease (IBD) is a group of immune-mediated chronic, non-specific
and recurrent inflammatory diseases, which can involve the whole digestive tract, mainly
including Crohn’s disease (CD) and ulcerative colitis (UC) (1). CD is characterized by
affecting all layers of the intestinal wall in any part of the gastrointestinal tract in a
discontinuous manner most commonly at the end of the terminal ileum or perianal
region. The main symptoms are abdominal pain, weight loss, and varying degrees of
diarrhea, often accompanied by complications such as stenosis, abscess, and fistula. In
contrast, UC is characterized by inflammation that begins in the rectum and spreads
proximally in a continuous manner, but the inflammation is limited to the mucosa and
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submucosa of the gut. Diarrhea, mucopurulent bloody stool and
tenesmus are typical symptoms of active UC. As the incidence of IBD
continues to increase globally, this disease is receiving increasing
attention (2). Currently, the commonly used drugs for the treatment
of IBD include aminosalicylic acids, glucocorticoids,
immunosuppressants and biological inhibitors, which are mainly
aimed at inducing and maintaining remission. 5-aminosalicylic acid
(5-ASA), an active ingredient of aminosalicylic acid drugs, can treat
IBD by anti-inflammatory and antioxidant effects (3). In UC patients,
5-ASA can also prevent colon cancer by regulating immunity and
correcting intestinal flora imbalance. The adverse reactions of 5-ASA
containing sulphapyridine (SP) were great, so the new preparation
mesalazine was developed for clinical use. Mesalazine has a good
effect on mild to moderate UC, but the effect on CD is not uncertain.
The ECCO guidelines published in 2020 clearly state that it is not
recommended for the induction and maintenance of remission in CD
(4). Glucocorticoids can inhibit the activation of pro-inflammatory
genes by regulating the transcription of anti-inflammatory protein
genes and induce the degradation of pro-inflammatory gene mRNA
to achieve anti-inflammatory effect (5). In the treatment of IBD with
steroids, we should not only pay attention to hormone-related
adverse reactions, which are related to the dose, administration
method and duration of drugs (6), but also pay attention to
hormone resistance. Immunosuppressants reduce the body’s
immune response by inhibiting lymphocyte proliferation and
activation. Because immunosuppressive agents need to be treated
for a period of time to reach a stable plasma concentration, they are
not suitable for the treatment of IBD in the acute phase. Studies have
found that long-term use of immunosuppressants can increase the
incidence of infection (7), which is an important factor leading to
death in IBD patients. Biological agents can bind to specific targets
and improve intestinal mucosal injury in IBD patients by blocking
downstream inflammatory response and lymphocyte migration,
thereby controlling symptoms and disease progression. At present,
many biological agents have been used in the clinical stage for
different pathways and targets. Common adverse reactions include
infections, gastrointestinal reactions, allergies, headache and even
severe infections, opportunistic infections and malignant tumors.
Although the above drugs are effective at present, they have many
limitations, because the etiology and pathogenesis of IBD are unclear.
A growing body of evidence suggests that IBD may be the result of an
interaction between genetic factors, environmental factors and the
gut microbiome. Therefore, understanding its pathogenesis will help
to explore better treatments.

RNA can be divided into messenger RNAs (mRNAs) that have
the ability to encode proteins and non-coding RNAs (ncRNAs) that
do not have the ability to encode proteins. Studies have found that
only a small part of the 3 billion base pairs of the human genome
has the ability to encode proteins, and the remaining about 98%
of RNA is ncRNAs (8), including microrna (miRNA), small
nucleolar RNA (snoRNA), long non-coding RNA (IncRNA), and
circular RNA (circ RNA). NcRNAs play a key role in the regulation
of some intracellular processes in prokaryotic and eukaryotic
organisms. It involves the transcriptional and post-transcriptional
levels of gene expression regulation, including mediating chromatin
modification, regulating the activity of transcription factors,
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affecting the stability and processing and translation of mRNA,
and regulating the function and localization of proteins. MiRNA,
about 18-24 nucleotides in length, is post-transcriptional regulator
that regulate post-transcriptional gene silencing to block translation
by targeting the 3’ -untranslated region (3’UTR) of specific mRNA
(9). At present, we have conducted the most thorough research on
miRNA, and found differences in miRNA expression in IBD. In
addition, miRNA plays a pro-inflammatory or anti-inflammatory
role in regulating the pathogenesis of IBD, such as dysautophagy,
activation of necrosis factor-k B (NF-kB), and increased
permeability of intestinal epithelium (10).

In contrast to miRNA, the role of Inc RNA in IBD has been
poorly studied. Lnc RNAs are more than 200 nucleotide RNA
molecules that are structurally similar to miRNA and may have A
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